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1.
I. INTRODUCTION

A. Introductory Remarks

The investigation herein described representas an
analysis of certain aspeots of the dynamics of skeletal
growth, differentiation and internal metabolism in the
Rhesus monkey (Macaca mulatta) observed during oritiecal
pericds of fetal life. Data presented in this study are
anslygzed in the light of current concepts of bone structure
and metabolism which are briefly reviewed in this initial
section. | |

For most of man's history bones were thought of as
essentially little more than "bioclogiec struts.” The ancient
Biblical story of the bones being revived and reassembled %o
form living men (Ezmekiel 37) heralds & comnotation long
since held by many scientlsts, that bone was essentially a
dead supporting struoture for the vertebrate body. Bone was
a structure that one eould eut, shape, and treat as inanimate
building material. Most recent monogrephs refer to Frey, a
histologist of the last century, for his summary on what
vas, until recently, thought to be the funetion of hone:
"Owing to their hardness and solidarity, the bones are
peculiarly well adapted for the mechanical construction of
the bodys « » «+ They serve to protect internal organs, and

form systems of levers." But Frey goes on to say "the bones
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take part also, to a great extent, in the chemical oceur-
rences of the organism, owing to the lively interchange of
matter going on in tham."(li} Such a statement is, in
faet, the modern outlook on bone.

Investigators in the last half century have elucidated
and defined the living participation of the skeleton inm
many vital processes. New biochemiocsl, morphological, and
blophyeical technigues have allowed better identification
of cellular and subcellular gonstituents. Knowledgs has
advanced in many areas with sach new experimental parameter
tending to preoipitate accelerated use of others., 4
decided impetus to investigate the skeleton hasz been given
by bone-seeking nuclides.

It is impossible %o isolate én- facet of the
metaboliem of the skeleton from another., The structure of
bone, its formation, reactivity, and response to physiologio
regulators are all intsrﬁapcﬁﬁont events oceurring in
relation to the total bdody metabolism., Fundamental %o
ideas regarding the partieipatidn of the skeleton in body
processes is the relationship of bone to its surrounding
fluids, Only recently has s unified concept of the solu~
bility of bone mineral in the body rested on a framework of
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subgtantial experimental data.(Sﬁ) Thie coneept developed
by Heumsn and Weuman is formulated in terms of activities of
ions, rather than ion concentrations. If such ecorrection
factors are not used in the case at‘ﬂaﬁka4uzﬁaﬁg ite
solubility at physiological ionic strength is stated %o be
in error by over 1200 per eaat.(sa) The activity product,
atat xa BP04‘. of normal serum at physiological eondit-
ions has been calowlated to bs about 1 x 1077.¢?) Neumen
and Neuman have shown that this mean wvaluwe is both under-
saturated and supsrsaturated at one and the same time, Such
& paradox ls resclved in terms of two different mineral
solids. The solid phase initially precipitating is seoond-
ary calcium phosphate, & solid undersaturated with respect
to serum, The only solid phase stable a® physiological pH
is hydrozyapatite, a solid supersaturated with respect to
aarun.(gs) Bone mineral does not exhibit a fized sclubility
product and is greatly influenced in its solubility by the
presence of other ions in the body flui&sﬂtsa) derum is
thus postulated to be supersaturated in bone and in aress
of forming bone, but undeorsaturated in arems of resorption
of bonﬁ.(46) Such wariable solubility 1ls probably dependient
on loeal changes of ¢arbonate and hydrogen jon and citrate
concentration, Cellular mechanisme in bone are thought %o

be responsible for the malntenance of these variable
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differsnces in ion coneentration and are likely under
eontrol of the parathyroid hormone and other unknowns,

(The role of parathyroid hormone will be discussed in a
follovwing subsection.)
2. Bone Structure

Roentgen~-ray diffraction studies, as early as
1926, showed that the erystals of bone were similar to
apatite minerals. The subjeet has since been constantly
investigated and there have been various divergent views as
to ionie relationships in the bone erystal; the problem
remaine umruaol?ud,(ls'la} The apatite lattice is not a
compound; rather, it is an arrangement in space of the
various ions contained in the minergl.(43) The theoretical
molar ratio of caleium/phosphorus should be 1.67; the compo=-
gition of most hydroxyapatite preparations does not agree
with the above prediction, though they give the same x-ray
diffraction pattern., It ie mainly this divergence between
predicted and gbsgrved composition that has resulted in
several names and formulas for bone mineral. Mest workers
use GalG(P04)5(QH)2 as the general formula for the
hydrozyapatite unit cill,{sg)

5+ BPurfage Exchange
Exchange of ionie elements on the bone erystal sure

face is an important cause for the wvuriable composition of



5.
bone minuralwfsg) The orystalline surface iz large; values
range from ten to more than two hundred sgusre meters per
gram wet ashed bana,{5g} f-ray diffrection and electron
microscopic studies have shown the sime of the eryestals to
be 200 by 30-T70 Angstrom unita.eﬁaj The apatite bone oryst-
ale are thus small and have a large surfa¢e area. In addi-
tion, strong asymnetric electric fields exist at the erystal
surface, probably accounting for the fact that these crys~
tals can bind a large wolume of water (1.9 times their own
volume); therefore, bound lon layers at the surface acjuire
an insulating hydration shell,'>®)

The exchange of iona between the surrounding solutien
and hydration shell ls extremely rapid. Exechange between
ions in the hydratlon shell snd the orystel surface is less
rapid, beling dependent on the ion in guestion and the rats
at which the surface ion diffuses out from its lnttice
position, Though the ecaloium and phosphate ions ave of
primary importance, a wide variety of heterions ave able %o
substitute for caleium or phosphate on the crystel sure
faeo.{50) Thies permite the hydroxyapatite c¢ryestals to
eontain variable ratics of ions and to "mirre?;” 40 & cerw
tain extent, the composition of fluids with which $hey are
in eontact.(ég) Intraorystalline exchange also ocours; this

progess is slow and depends to some exisnt on lattice
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exahangé.(lz)

6,
Strontiun’C can perteke in intracrystalline

Qualitative features of ilon exchange and fixation have
been eluclidated using radiocactive isotopes. Quantitation

has not been
occurring at

Some idea of

possible because of the many simultansous events
varying rates from erystal to arystaigiﬁg}
the complexity of these skeletal exchange

meghanisms and their modifying ianfluences may be obtained
from a listing of phenomena that are known to influence
an lon entering or leaving the mineral phase. The l1list

presented is

modified from the literaturg‘(ﬁg)

1. PFPhysiochemical mechanismsi

B

b.

S

d.

B

Hew orystal formaticnt the formation of new
erystals in ovganie matyrix.

Hleorystallization of recently deposited
erystals.

Surfage exchange: exchanse for an unlabeled
ion on a pre-esfsting erystul surface,
Intraorystalline exchange: diffusion of an
exchanged surface ion ianto the orystal interior.
Crystal growth: continuing growth of crystals
in established calcified structures.

iI, Hodifying influencest

B

Matrix formation: eynthesis of new endochondral
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gartilage and ssteocid in growth and remodsling.
b, Resorption of previously ealecified bone and
gartilage in the growth and remodeling of bone.
6. HMaturity-maturation: age of the structural
element influences the rates of diffusion and
reerystallisation, the extent of intracrystal-
line exchange and growth,
d., Nutritional and endoorine influences, including
parathyroid hormeone, vitamin D, diet, ete.
@. Motion and trauma. A
4. Zhe Skeleton as 2n Impordant Physiolozig Reservolr
Radioisotope studies have helped to identify the
importance of bone as a major electrolyte reservoir for the
body eand its particular importance in disorders of hydrogen
imn'eonasuirntian.(sﬁi Bersides caloium and phosphate, the
skeleton's role in buffer processes includes provision of
H50", wat, ng't, 00,” and eitrate. The extent %o waich ions
of the bone mineral are able %o exchange with body fluid
congtituents has been studied largely with ﬁodiungau The
availability of bone sodium is relatively reduced as age and
maturation progress. Some 40% of the sodium in bone is
available in the adul$ rn%.(25) The awvallability of skele~
tal ions is probably alse influenced by many other faotors,

including parathyroid hormone.
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The effect of maturation of the skeleton poses a most
diffioult problem for the raﬁi@tian biologist, for matura~
tion is largely responsible in making "aveilable" osteons
"unavailable® as new erystal growth progresses. For example,
over 90% of & caleiun®® intraperitonesl injection is
retained in the skeleton of 2 normal immature rat.(ﬁaj ‘
After a parieé of time this radioisotope resides alumost
wholly in the stable mimerasl fraction of the skeletom snd
is unavailable to the body fiuids.®3) Bone seeking
iscotopes thus incorporated remain inescapably fixed.

5. Ehysiological Regulators

s. Perathyroid Hormong
Parathyroid hormone appears t¢ have a unigque

and direct effect on the skolatun.(‘a) Through its
acticn on the skeleton, parathyroid hormone has a
significant role in regulating calecium ion concentration
in the blood, Experimental sberrstions and glinieal
diseass of this gland produce certain well~known effecis
in aniiala and nan:{sg}

{a) Remowal of the parsthyroid glands causes
gharp drep in caleclum goncentration in serum
from a usual value of 10 mg. % to 6 %o T mg. %
guch valucs are fregquently aceompanied by
tetany. ZThereafter, skeletal mineral and other
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unknown factors maintain the serum calecium at
this level,

{b) An excess of the parathyroid hormone leads to
an inerease in the ecalcium ion coneentration
of the dlood and may induce profound morpho-
logiesl and chemieal changes in the akeleton.

Conflicting concepts as to the primary mode of

action of parathyroid hormone have $raditionally been
bifurcated between a primary bone effect and a primary
kidney effeot. Although the precise chemieal nature of
the active prineiple is still unknown, esperizental
evidence now seems to give both sites a primary role.
The bioghemieal events by which the hormone mediates
its effects are mwknown, though it appears to reside in
eortain pathways of internediary metabolism. MHecent
work has pointed to a direot effect of the hormone on
the aell praaessga of bone itself, since part of the
skeleton not bathed by the body fluids is liberated when
the hormone is administered exogenously. Such a diteet
affeot on the bone cell may be ¢losely relsted to the
produetion of eitrate. ©reat inoresses in citrate out-
put from bone have been observed almost immediately
following the injeetion of parathyroid extr&etu(4a)
Sixty to eighty per cent of the body's citrate is found
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in the :kalctan.(lq) Its source, however, has not been
proven to be bone. Citrate is kmown to solubilize
hydroryapatite by surface ¢oxzchange, to be an efficlent
chelator of ealeium, %o lower pH, and t¢ be rapildly oxi~
dized by the kidney and other tiaauga.(Bﬁ) Cliniecally,
serum oitrate is high ir hyperpersthyroidism and low
in h:pnpnruthrrniéism.{so) Dixon and Perking have found
that mature bone has grestly reduced amounte of isoecitrie
dehydrogenase in velation to the condensing engyme and
aaonitaaa.(17) Isocitric dehydrogenase is nesded for
efficient citrate utilization in the Krebe aycle., These
findings have been intsrpreted to support the concept
that parathyroid seeretion induces bone cells to produce
¢itrate which brings abont an efficient bone-~blosd transe
fer, thus maintaining the supersaturated state of the
gerun and preventing spontaneous growth of the hone
erystale,.

b. Yitomin D
Hueh evidence now points to the existence of a
direct effect of vitarin D on the skeleton, ms well as
its long-known effects on the gut ahsorption of ealeium.
Like parathyroid hormeone, its mede of action is unlmown;
recent studieas also suggest that its effeet involves

intermediayy mebabolism, For example, citrete levels
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have been shown ¢0 be low in many organs in the rat dure
ing vitamin D deficiemey, and %o increase after adminis-
tration of naloiferolﬁ(aa) In prolonged vitamin D
deficiency, cartilage is unable to oxidize pyruvic acid
as substrate in Yarburg atuﬁit&.(7§} (Such an effect
gould alsoc be secondary %o an oeccult hyperparathyroidism,)
Zetterstrom and Ljunggren have shown that §hespharylatad
vitanin 32 activates kidney motochondrie, metabolizing
glutamate as -uha%xatc.{az} Host ocurrent hypotheses
suggeat that vitamin D mobiliges gelcium from bone by an
alteration in carbohydrate metabolism that somehow also
affects oitrate. Thus, parathyroid hormone and vitamin
D are thought to act synergistically on the skeleton, but
at different points in the ceycles of intermediary metabw
o1tsm.(4%) 1% has long besn well known that the activity
of these regulators is not identical. One cannot substiw
tute for the other. ©&Such a tentative scheme provides a
valuable framework for future investigation in this
field even though it leaves many questions unanswered.

6. Rrocese of Caleification
The most oritical problem of caleification is its
initiation. Oaleification has been studied in many ways for
many yenr:»(la) Hoat studies have been done in yifroe on car-
tilage slices. DMany techniques have been so wnphyziological
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that the applicebility of data %o in yive conditions remains
daubtful&€4*3 Robison's finding in 1923 of the enszyme alka-
line phosphatase in areas of forming bone focused attention
on the mechanies of the caleifiemstion process. He theorigzed
that the enzyme simply liberates phosphate ioms from organie
gombination %o precipitate with ealeium., %hie theory wae
found untenable and Robison himeelf later abandoned it.
Despite this, one etill finds this concept in the nmedical
literature, even though “its ghost has been properly laild
to rest* by ocurrent 1nvu@tigators.(5°}

The concept that amlkaline phosphatass has some close
connection with caleification has been broadened to include
the glycolytic cycle. Hany of the enzymes and intermediates
of the glycogen ¢ycle have been shown te exiast in ecaleifiable
cartilage.'2) The identification of an intermediate in this
eycle that would be the substrate for alkaline phosphatase
has been nnrtwnrding&(43) '

1% hag also been e¢laimed that alkaline phosphatase has
to do with the properity of caleifiability rather than ecalsi~
fication per se; i.e.; it has to do with the production of a
calecifiable protein matrix,

ATP is alsc thought to be intimately associated with
oaloification., This consideration has been strengthened by
the demonstration of pyrophosphate as a constituent of normel
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hana.(54) The role of ATP suggested is thal of transferring
pyrophosphate to some componect of the orgaenic matrix with a
tronafexence meehanism.{44} The glyeolytie eyele would then
function %o syntheisze ALY,

The observation by the eleetron mieroscope of a close,
wellw-oriented reletionship of the bone minersl with its
ostecld matrix has suggeeted a role for collagen as the
initiatér of the mineralization process. Crystals are seen
40 be oriented in the direction of the long axis of the
riﬁer.(ag} Urystals have been reported inside the collagen
fibrils as ﬁﬁliu(za) Several proposals have been offered
which imply a template property in the collagen siructure

for nucleation and growth of the hydroxyapatite arya%ala.(44)

Terms such as gpitexy and grystal geeding have been used to
deseribe this concept. A recent study by Glimcher is of
interest in this rmgnrd,cgg) He dissolved the collagen
fibers from rat teil tendon using neutral buffers and weak
acids and subsequently reaggregated the macromolegules into
native~-like fibrils with typical axzial repeat and intra-
period find structurs. He wam 2ble to induce the formation
of apatite crystals in these reconstituted fibrils. He next
prepared other reconstituted fibrils with different axial
periods, and some fibrils with no periodieity. He eowld
aot induce mineralization in such preparations. Such a
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finding indicates that mineraligation is dependent on the
grouping and configuration of the fibril and not on an
intrinsic property of the tropocollagen magromolecules,

From his electron mieroscopic studies of in vive calei~
fication of embryonie bone, @limcher claims that mineral
salis are first deposited in & regular fashion along the
fibrils. These areas he terms nucleation centers. Such
centers have not been accurately iﬁwnt;:iaa with respect to
the intraperiod fine structure of the collagen fibrila, but
seem to correspond to certain of the band (electron dense)
areas, Amino acids with long polar side chains are postu~
lated to reside in these rugiansﬁiza)

In this regard, Solomons and Irving have been able to
distinguish the collagen of soft and mineralized tissue by
their respective content of I-amino 5:0&@3;‘57) Progressive
demineralization of dentine and bone increased the content
of I-amino groups of lysine and hydroxylysine in c¢ollagen,
These amino scids may have an important chemical relation to
mineral sslt bonding.

The ¢ollagen of bone has been diffiocult to study, but
has characteristics in common with those of other forms of
connective tianua;(44) Why mineralization gcours only in |
selected locations, and why most of the tollagen goes through
life uncaleified are questions which are at present

unanswered.,
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Ground substance with its eontent of polysaccharides
containing hexosamines existe in bone., Its role is unknown,
though it has been postulated to be eritiecal both to the
;gzgggign_@f mineral salts and t¢ protect the collagen
from mincralisatiﬁn.(ﬁs’zaj

Some unanswered questions necessary for a more exact
definition of the mineraliszing system are as f@llawa:iﬁs}

(1) Whet is the chemical potential of mineral

formation?

{2) What groups in the csteocid matrix participate in

the capture of caleium and phosphate ions?

(3) What is the role of the mucopolysacchardies or

magoproteins?

(4) Vhat is the degree of specificity and seleotivity

of the minersliszing mechanism?

{5) what are the sircumstances that bring about miner-

alization at abnormal sites in the body?

This review of current concepis and problems of caloi~
fication could be greatly extended. It does reveal that from
the physieal to the physiologieal, bone is an actlve, ¢ouplex
participant in the total body processes of growth, develop-
ment and homeostesis. An integrated application of many
diseiplines and fechnigues is undoubtedly the key to a more
erudite eluecidation of exact mechanisms and relationships.
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C. Study Plag

The purgose of this study is to define normal skeletal
growth and developuent im the ihesus monkey (HMacaca mulatta)
fetue from T5 ihrough 150 days conceptional age by chemical,
radiographic and histological parameters.

Yetuses were removed from their mothers by cesarean
section ot oonceptional ages of 75, 90, 105, 120 and 150
days. Analyses were performed on selected bone samples as

well a3 the total skeleton.

D, -._::.:..‘.-“‘ Li3X

The present study is introduetory to a long renge inves-
tigation of skeletal metabolism in the immature Rhesus monkey
(Hacaos mulatta), Metabolic studies performed with this
animal have been few, but lesions induced and data obtained
from such studies have demonstrated a great similarity to the
huﬁan. For example, studles in this laboratory have revealed
& distinet morphological and medabolic lesion in the Rhesus
monkey on pure vitamin D deficisney closely resembling its
huwsan aeuntorpart.{ﬁa} In contrast, skeletal studies with
vitamin D deficiency in the rat have had dubious appllieablilie
ty to man singe the rat does not demonstrate gross ricketic
features on a pure vitamin Dedeficient diet, but requires a
markedly distorted celcium $o phosphorus ratio to effect such
changes. (82123)  yoreover, thyroid sblation at birth in the
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Rhesus monkey results in a picture of oretinism that mimies
the olinical and pathological features of this disease in
the human.(sé) Additional advantages inciude the adequacy
of tissue from 2 single specimon for detalled studies using
a variety of techniques, the ease with which the monkey's
diet is standardized and controlled, and the acoursey of
determining age from the date of eoﬁoqptienagzs) Such facts
permit a persual of an integrated approach on a staendardiszed
preparation that is neither desirable with man or possible
with smaller mammals.

A discoid placenta identieal in structure to that of
the human nourishes the Rhesus monkey fetus for a normal
gostational period of 168 days.'?9) e ages selected for
study in this iuvestigatlion cover the period from early
fetal life to viasbility, and have been selected with care
to elicit distinet changes in growth and differentiation
using a relatively swall number of animals.

B. Justification of Methods Used
Several parsmeters of estimating skeletal growth and

differentiation utilized in this study have been applied in
an attempt to define as completely as possible the growth
dynamics of the fetal skeleton. The tibla has been selected
for detailed regional analysis, being sectioned into nine
separate regions as shown in Pigure one. The tibia has
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frequently been used in other studies as a represeantative
long h@hlt{l4’53)

The divieion of the tibia into separate regions was
undertaken in an attempt to define and distinguish the
compoaition and growth of morphologiecally distinet areas
within a long bone. The morphology of natuphyaealﬁbana
formation in which delicate trabeculae are laid down on a
core of caleified ecartilage matrix is distinetly different
from bone which forms under the periosteum and is rapidly
developed into Haversian nymtoma.(‘z) The bone formed by
virtue of these two morphological patterne is analyszed chem-
ioally in a separate fashion in the present study. Another
consideration invelves different growth rates in different
areas. The turnover of bene in the metaphysis is much more
rapid than that in the shaft.'®) Growth of a long bome is a
coordinated pattern of growth in different areas, each area
at sny one time proeeeding at an intrinsie rate.

Thus, the division of the tibia into separate areas was
based on morphological featuree of bone formation and
differentistion, such that interpretations of chemical and
growth data would have an anatomieal basis.
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II. METHODS AND MATERIALS

The adult animals used in this study were dlsease-free
and meintained on the standard reginen of the coleny for a
minimum of four months before entering the study. All
animals were kept indoors in separate cages in 2 room main-
tained at 75° ¥, £ 2% the year around. COages were cleaned
daily. BRach enimal was weighed at monthly intervals.

The maternal diet oonsisted of three main items:
{1) mnounkey biuouit,(gg) {2) reconstituted milk formula, and
(3) fresh banana. From this diet, each adult animal was
offered daily approximately 23 gns. of protein (including
2ll epsential amino acids), 85 gme. of carbohydrate and 22
gns. of fat, with a complete source of vitamins and minerals.
The daily caleoium intake from this diet was caloulated to be
1.3 gue, and the phosphorus intake 0.7 gms., with a caleium/
phosphorus ratio of 1.9, The daily intake of vitamin D was
appr@xinaﬁely 400 USP units. A detailed breakdown of the
gonetituents in each food item is listed in the spprendix.

B, Breedisg Procedurs'™’

Pen days after the first day of a femsle animal's
menstrual period she was exposed to a male breeder. Twenty-
four hours later a vaginal smear was teken and examined for

the presense of sperm. If none were present, another male
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was used on the following dey. Bach animal was then immedi-
ately isolated from the male. Six weeks later the exposed
animal underwént a rectal examination for palpation of the
uterus, If enlarged, the animal was conslidered pregnant
and the age of the fetus caleulated from the day of concep-
tion. If the uterus were norsal in sige, the animal was
subssquently re-ecxposed ten days after commencing her next
mnenstrual period.
¢. Osleulation of Fetel Age

The age of each fetus was éotermin»ﬁ from the date of
gonception, This day of conception was termed day serc.
Subsequent age was therefore expressed as the gongeptions]

age in days.

Bach fetus was delivered from the mother by cesarean
section under ether anesthesia., After remowval from the
uterus, the fetus was imumediately waighed, entopsied, and
appropriate paris were xmrnre&.' The left tibia was utilized
for chemieal analysis by freeing 1t of muscle, fascia, and
surrounding fibrous periosteum. It waa sectioned according
to the prﬁetduxa described below. From the x-ray the
presente or absence of secondary centers was noted, If no

ossification centers were present in the proximal or distal
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+ibial cartilage, this cartilage was cut in aprroximately
equal parte: the upper, sections 1A and 7B and the iewcr,
gections 1B and TA (see Figure one), If cesification were
present, the proximal and distal épiphyaas were again cut in
two meotions; areas 1A and TB now were cut to include the
secondary centers of ossifioation while seotions 1B and TA
represented the ecartilage of the epiphyseal plates.

After both epiphyseal areas were removed, the remaining
ghaft, arbitrarily c¢alled the "diaphyseal length," was meage
ured and sectioned as shown in Figure one. SHeotions 2, 3, 5
and 6 represented 15% of the total dimphyseal length while
section 4 represented 40% of the total diaphyseal lengih,
Cortain sectionas conform generally %o known ansbtomiocal
regions of long bones. Sections 2 and 6 contained the
primary and secondary spongiosa, while section 4 was
representative of compact, cortical bone.

The eleaned, sectioned regions of the left tibla were
processed as followa:

(a) They were crushed and placed in a 1:1 ether,
aleochol soluticn for fat extraction, and were
mechenically shaken for am hour in sach of three
changes of suoh a solution.

() The skeletal tissues were placed in weighed 10 ml.
beakers, dried at 115-120° ¢. for sixz hours,



Pigure (ne: Tibial section scheme for chemical studles.
{Radiochemical data are not included in this

study.)
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TIBIAL SECTION SCHEME
for chemical and radiochemical studies
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The right tibia was removed for histological and histo-
chemical studies. Excess soft tissues were removed, but the
periosteun was left intmct. After measuring its length and
determining its midpoint, the right tibia was seoctioned
according to the scheme shown in Figure two. One of the
paired, longitudinal sections was placed in chilled veronal
buffered (pH 7) formalin and the other in ehilled (4°C.)
agetone, These sections were cut to demonstrate and visua~-
lize endochondral bone formation, Bone formetion under the
periosteun was studied by using cross sections from the mid-
shaft as shown in Figure two. One section was placed in
chilled, buffered formalin; the other, in chilled acetons,
as before.

The remaining skeleton, after removel of the bones
mentioned above, was freed of excess tissue, fat extracted,
dried under the heat lamps, and finally ashed for 12 hours
at 400° ¢, and for 48 hours at 800° C. The ashed bone was
dissolved in approximately 40 ml. of concentrated nitric acid
and diluted to 100 ml. or 250 ml., total volume with deminer-
alized water. ZThis solution was then used in the determina~-
tion of total skeletsl ealeium. Several workers have shown
that the caleium of soft tiessmes makes no significant contri-
bution %o the total body oaloium.(26'53) Hence totel caleium
deternined in this way is termed skeletal celcium. %The
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TIBIAL SECTION SCHEME
for morphological studies

4 A-In chilled acetone
for histochemistry

B-In veronal buffered formalin
(pH 7.2) for histology

v —  mid-point of tibial
diaphyseal length




Figure iwo: Tibial secuion schewe for histologleal and

histocheniocal studies
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calcium content of the left tibia (x 2) plus the left
femoral caleium content were added to the above value to

obtain total skeletal calcium,

Sections to be sitained with hexmstoxlyn and ecsin were
removed from their fizative solutions and placed in a 70%
alechol, 5% nitriec acid solution for &umineraliﬁatian.{4°}
When complete, the specimens were washed in water for 24
hours and neutralized in versene. Af%er again washing for
24 hours they were plaged for four hours time each in 60%,
70%, 80%, 90% aleohol and absolute alechol, respectively.
Next, they were immersed in two changes of alcohol ether
(12 hours) and then inte paraffin.

The paraffin blocks were mounted, sectioned et 10 mu,
and stained.

Specimens for alkaline phosphatase staining were left
at 4% Q. for at lesst three days., DThey were then deminerale
ized and stained sccording to a modification of the Gomori
teahnique.‘sv)

P, )23 i F
1. ZIopitioning of %he specimen
The specimen was positioned by taping the dismem-
bered left lower limb to eardboard., Anterior-posterior and

lateral views of this extremity were obtained.
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2, Film

Xodak Blue Brand medical x-ray film, 11 x 14 inches,
was used with a hi-gpeed sereen casette. In addition, 11 =z
14 ineh no-goreen medical z-ray film was used,

3. Kachine

A VWestinghouse Autoflex unit was used in taking
all films.

4. Bxposureg .

Two target distances were used. 4 distance of 40
inches was used for filme intended to record bony configura-
tion and secondary ossification centers, Hachine settings
at this distance were: kilovolts, 40; milliamps, 50; time,
1/2 second, with no-sereen film being used. A distance of
72 inches was used to obtain films for long bone measurew-
ments. Settings at this distance were: kilovelts, 60;
milliemps, 50; time, 1/20 second, with sereen film.

5. Hegsureuwents

, The linear measurements of tibia and femur were
obtained directly from the 72 inch roentgenograme with the
aid of a sensitive ealipers (John Bull, British Indiecators,
1%d.). The tibial and femoral measurements via x-ray were
identical with measurements obtained at autopsy, thereby
demonstrating the validity of the roentgen technique.
Diaphyseal length of the tibia and femur was the parameter
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used to record linssr growth, Diaphyseel length is defined

in Figure one.

G« Miorochemigal Frogedures
Bone guloium vas determined from & modification of the

method for determining serum calcium as described in the
Beclkman application data sheet Bﬂ—snn.tv) This method
employed the Deckmen Model DU Spectrophotometer with flame
and photommléiplier attachments. The sample was precipi-
tated as caleium oxalate to eliminate interfering
substances.

Phosphorus in bone was determined by a modification of
the method of Taussky and Shorr.(va)

Hitrogen was determined by a wodifiecation of the
aloro-Kjeldahl method after Kabat and Msyer, and Kirk,(>%s
54)  gme digestion rack and distilling apparatus were
purchased from Microchemical Speclalties, Berkeley,
California. |

An outline and analysis at each of these three

chemioal procedures can be found ia the agpahﬁix.
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II1. RESULTS

in this section cuemical data peritaining to the nine-
teen monkey fetuses analyzed at the five different concept-
ional ages are presented as a besie for the graphiec
presentation and correlative interpretation that will follow
in the DISCUSSICN.

fhe radiographic and histological material will be
presented in the DISCUSSION snd will be correlated with
chemical findinge. 'Table one records the body weight and
gertain chemioal and linear growth measurements on each
Rhesus nnnkey.(ﬂaaasa mulatta) fetus.

Pable two presents the mean and standard deviation of
the chemiecal determinations and selected molar ratios for
each age group on the tibiel diaphysis. The tibial diaphy-
gies im defined in Figure one. It includes regions 2 through
6 and excludes the cartilags ends and secondary centers.
Galeium, phosphorus and nitrogen are expressed in terms of
extracted, or fat-free, dry weight to minimize discrepancies
between animals and areas considered. Such an expression is
superior to a wet weight basis for aamparisant{ag} The molay
ratios of calcium/phosphorus and caleium/nitrogen are also
given in Table two. CUalcium and phosphorus are, of sourse,
4he main mineral elements in the hydroxyapatite strueture of
the bone oryaﬁal;cla) The ecaleiun/nitrogen ratioc has been



Table One: Fetal growth date
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Table Two: OChemical Anatomy of the Fetal Tibvial Diaphysis
(includes sections 2 through 6--see Figure one)
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shown to express the ratio of the change of combustible and
non-goubustible elements in growing bano.(ga) It thersfore
relates the uinoersl phase of bone to its organic matrix.
Tabhle three presents P waluss for a comparison of the mean
at T5 days with the means st subsequent ages for the
slements and ratioce presented in Table two. P valuss from
05 %o 0,1 will be interpreted as "suggeative;™ from .05 to
01, as Malgnificant;? and greatsr than .01, as "highly
significent."

The nine regicns of the sectioned left tibla, as shown
in Figure ome, hove been analyzed separately for caloium,
- phosphorue and nitrogen. Valuee ave again expressed in
torne of fat-froe dry welght., Teblea four, five, six,seven
and eight give the resulis of these snalyses, the ¢aleium/
phosphorus and eslcium/nitrogen molar ratios for each fetus,
and the cwversge for each age group. PTables ning, ten and
eleven pregent F values for the comparison of selected
mesns. (Mot all calculated P values have been given).
Attention will be fooused on areas 2, 6 and 4. Areas 2 and
€ contain the primary and secondary aponglosa of endochon-
dral bone formation while area 4 contains cortical bone

formed under the periosteum,



 fable Phree: Qoupurisgons of meauns or the total diaphyseal
tibial chemienl sonstituents, as caleulated
on & fat-free dry weight basils, and of

peleoted molar ratlos.



Caleium

Fhosphorus

Nitrogen

Hplar ratio,
Caleiums: Phosphorus

Holar ratic ’
Caleoium:liitrogen

TABLR THRIR
P Values
75 day wve.
90 day 105 day 120 day
ol " nl < ch
3”,,4 > 093; -~ #1
< L05 .
> .8 > o0 ~ .9
o § > .8 > .05,
< »
- ‘5 > o2 ~ nli
< 05

53

150 day
> .05,

*

> .5

> .5

+05,

*

> .4

vy



Table Four: Bkeletal Parts: Oaleium (ontent
~ {Geleium [mg,)/Pat-free Dry VWeight [gm.])



TABLE

FOUR

4.

Goneept~|  retus Tibial Sectiom
Age Wo. laa [ (2 (3 |a |56 7a! 78
g [E9-8f | % | ® L185.181 11670169 163] + |
days [PE=39-9f | * | * 11521256 [17012270132| ¢ | »
Average | * | * 126911691179(248 /248 * | »
PP-58-1f | % | * 11691186 177273/379] * |
PP-58-42 | # | # |201 224|214 |520|215] # | =
o0, lee=sosr |+ |+ 1971200 180 100 se| = | »
PPe59-112| * | « D7sliysh7e heyligs| « | «
Average | * * 1186 (196 [187 (215 (186 * d
CP-58-62 | * | # 2190194 o4 196 203 » | #
PP-58-T¢ | * | * 1200191 195199 |213| » | «
105  [PP-59-1f | * | » 225|530 237 (238 (252 & |
4898 lppes59-2¢ | * | * 1o 180 176 neo 77| * | *
PP=59-102| * | » 11940100278 e li76| * | o
Average * hd mmmm 00| * *
PP-58~2f | * | ® 217(208)203 [212 [213]| * | =
PP-58-3¢ | * | ® 206 210 (213 [222 [235| * | =
dove |PP=58-82 | * | » [230(215/201 [202fona | # |
PP~59-5¢ | * | # (2101209202 195 |209| * |
13@...53..5 * L * *
PP=59=3f 160,7119.5 1193202 | 197 112.3(54.7
150  [PP-59-4f [50.5/11.6 [181[175 181 19.02/58.9
%78 |pp-59-7¢ PL.707.2 236 (219 217 [32,2160.4
Average |47.6/16.1'203]199(215 1194 198 |17.8158.0
*Imm than 10 mg. calocium per gram fat-free dry weight
p of bone
122 deys




Pable Five: Skeletal Parte: FPhosphorus Content
(?hogphom# (mg« }/Pot=free Dry Veight [gu.])
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Pable Siz: Skeletal Parts: Hitrogen Jontent
. (Witrogen [mg.}/Fat-free Dry weight [sm.])
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Table Seven: Skeletal Parts: lolar Ratio of Cslcium %o

Phosphorus
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Table Bight: Skeletal Parts: MHolar Ratio of Calelum %o
Hitrogen
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Table Nine: Oommimvaf the mean of seotion 2.at T% days
%o means st succeeding ages. OChemical
constituents are expressed in mg./fat-free
dry weight (gm.)



Caloium

Phosphorus
Litrogen

lolar ratio,
Caleiun/Fhosphorus

Holay ratio,
Caleiwn/Nitrogen

LABLE HINE
¥ Values:
15 day wve.
90 day 105 day 120 day
* »3 > o024 ~ 02y
- g S 405
> o7 < +01 > .2
29 > o3 > .8
> 1 ~ o4 & o4
> +5 > 2024 > «05,
< .05 < W1

9.

150 day

- 2%

2 29

- 08,
S

> .8



Table Ten: GComparison of the mean of section 4 at 75
days to means at sugceeding ages. Chemical

constituents are expressed in mg,/fat-free

dry weight {(zm.)



TABLE 1EN
P Values:
15 day vs.
90 day 105 dey 120 day 150 day

Caloiunm | > «6 # «5 5: :gg, : :gﬁ,
Phosphorus > 5 > .3 > .5 > .6
Hitrogen > .4 > .2 > .2 > .6
H;ﬂ:&ﬁ%gésphom > 9 > .6 > o >
Holar ratio, > .9 > .8 > .5 > 42

Caloium/Nitrogen




Table Eleven: Coaperison of the means of sections 2 and 4
at 75, 90, 105, 120 end 150 days congeptional
age. Chemiocal censtituents are expressed
in mg./fat-free dry weight (gm.)



faleium

Phosphorus
Hitrogen

Holar ratio,
. Qaleium/Phosphorus

¥iolar ratio,
Calcium/Hitrogen

TABLE BLEVEN

15 90
N > .9
> B -
> .9 & W5
}'a ‘}ta
> .6 > .8

1035
> 43

> «Q5,

~ 3

> ol

1

120

AV v

AV

o4
o4

&95;
«02

.8

+05,

L
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150
> .6

~ .7
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iV. DISCUSSION

The chemical data presented in the previocus section,
and certain radiographiec and histologicsl findings, will
provide the basis for s discussion of several features of
fetal skeletal growth and development. Points for consider-
ation will inelude the maternal dietary, the growvth of the
total skeleton, the relation of various growth parameters %o
total skeletal chemicsl growth and the growth dynamies of
the tibie and ite regions, ineluding rsdiographic configuw
ration and morphologic changes. The complexity of the
structure, formation and reactivity of skeletal tissue
presented in the INTRODUCLIION is compounded in the develop-
ing monkey fetus by the dynamics of skeletal growth.
Interpretations will be made with these comcepts in mind.

Any application of these dataAto other studies must be
considered within the total framework of all experimental
conditions. These include the environmental factors of
diet, caging, temperature, as well as the age, genstic
pattern and state of the maternal skeleton,

A+ Thg laternal Diet

0f obvious, erueial importance is the dietary of the
maternal organism. This diet, as listed in the appendix,
was felt to be optimal in terms of essential nutrients,
minerals and vitaming, ineluding vitamin D. Studies in the
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literature regarding the growth, differentiation and COmpPoO~-
sition of the human fetal gkeleton as related to the matermal
diet are sparse, incomplete and conflieting. That rickets
can be observed in newborsn infants ie a well-known, frequent
obgervation in the Orient, thus demenstrating thé occurrence
of a dietary deficiency in the fa%us,(§3) However, other
studies relating the composition of a seleoted fetal skele-
tal part te a clinicel eveluation of maternal diet failed
to detect significant changes in mineral composition when
correlated with the adeguaoy of the aiut‘(?&'lo} The relaw
tionship of well-controlled variations in metermel diet %o
the growih and maturation of the fetal skeleton, as well as
its composition, remains essentially undefined, The
Rhesus monkey (Macaca mulatta) would seem a logicel experi-

mental animal for use in this regard,

B,

Pigure three relates csloium contalned in the total

skeleton, tibia and fewur %o ccnceptionsl age. 4 log scale
was used %o facllitate the expression of the changes with
age. Between ages 75 and 150 days, the incorporation of
ealeium into the growing skeleton was extremely rapid,
During these T5 days of fetal life, skeletal calcium
inereased from 105 milligrems to over 4700 milligrame., A



Figure Three: Total skeletal, tibial, and femoral calcium
{ng.) as a function of conceptional age
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roughly proportional inerease cccurred in the tibias and
fenurs.

The daily rate of calecium upteke by the tibia, femup
and total askeleton at the various ages studied has been de-
rived by interpolating the date from the graphs presented
in Figure three. These uptake data, presented in Table
twelve, demonstrate that the totsl fetal skeleton's demand
for caleium inoresased with age, Yet if this uptake is
expressed on a relative basis, i.e., per unit of existing
skeletal ecaloium, it decreased with age. For example, the
average total skeletal uptake of calcium at 90 days was 28.8
mg. (Table twelve) or 7 mg. per 100 mg. skeletal eeleium,
At 120 éars the total skeletal caloium uptake was 79 mg.,
but only 4 mg. per 100 mg. skeletal ealeium.

These uptake values have been compared with ether
radiocaleiun studles performed on the same fetal prepara-
tions.{ﬁs) Caloulations from the 24~hour diastribution of
maternal IV-injected eslcinnﬁg gave ¢aleium incorporation
valuea in the femur and tibia very similer %o the above
values derived from interpolation of chemigal data.tsg)
This important finding suggests that, at least in 24 hours,
the calecium that orosses the placenta and is incorporated
into the fetal skeleton remeins therein, even though the
fetal skeletal calcium turnover rate is high.



Table Twelve: Average daily fetal skeletal incorporation
of caleium (milligrams)
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TABLE TWELVE
Conceptional |Total Skeleton | Femir Tibia
Age ng./day ng./day |mg./day
75 11.0 0.402 0.36
90 28.8 1.02 0.636
105 45.6 1.47 1.02
120 79 2.62 2.18
150 118 | 5.03 4.75
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C. Chemigel Analyses of the Zibia

Several observations on the chemical analyses of the
tibia and its regional parts are presented. These findings
will be enlarged upon in subsequent discussion. All cheme
ical values are expressed as the unit content of the element
in question (milligram per gram fatefree dry weight).

(1) The total tibiml diaphysis at 120 dayt had a

highly significant increase in unit calcium content

compared %o what was found at 75 days. A% 150 days

the average content showed a suggestive increase over

the 75 day value, having dropped slightly from the mean

at 120 days (see Tables two and three).

(2) There was a significant increase in unit celcium

contained in areas 2 and 4 at 120 days over their

respective TH-day wvelues. At 150 days this inorease

vas not maintained (see Tables four, nine and ten).

(3) The mean nitrogen content per unit bone in the

total diaphyseal tibia and in areas 2, 4, and 6 showed

no significant changes when TS-day values were compared

with their respective means at subsequent ages (see

Tables two and six).

(4) The ocaleium/phosphorus molar ratio did not reveal

a statistically significant pattern of change during

the period of fetal life studied. This was true for
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the total diaphysis, and areas 2, 4 and 6 when the mean
valuze at 75 days were compared to their respective
‘mean values at subsequent fetal ages (see Tables two,
seven, nine and eleven).

(5) Values for the molar ratio of ealeium/nitrogen
per unit bone at 120 days showed increases of auggeﬂtw
ive statistical significance when compared to the TS5~
day values. ©Such was true of the total tibial |
diaphysis, and areas 2 and 6. No significant or sug-
gestive differences were found between mean values at
150 days and those at 75 days (see Tables two, thres,
eight and nine).

(6) When the mean unit caleium, phosphorus and nitro-
gen values in area 2 were compared with their respect-
ive values in area 4 at each of the fetal ages atudiaa;
ne statistically significant patterns of change were
demonstrated. Identical comparisons of the caleium/
phosphorus and caleium/nitrogen molar ratios likewige
showed mno gignifieant differences (eee Table eleven).
(7) The cartilage ends of the tibia contained only
very small amounts of calcium, Through the first 120
days, less than 10 mg. ecalecium per gram fat-free dry
welght was found in cartilage sectione 1A, 1B, 74 and
TB. The greatly increased amounts of ecaleium and
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phosphorue at 150 days in areas 1A and 7B reflect the
then well-established secondary centers of vesifioa-
tion., A%t this age the unit content of both esleium
and phospborus in the proximal secondary center is
ecomparable to that in the distal secondary center {see
Tables four and five).

(8) The unit nitrogen content in aress 1A and 7B at
105 and 120 days i greater than the 75-day values in

these same arsss (see Table six).

D.

Length measurements and chemical analyses performed

on various selected bones end bone samples have been used
to interpret over~-all skeletal grnw%h‘(§’51) S8everal such
comparisons are made in the present study, with the total
calecium content at each fetal age being used as a messure
- of total skeletal growth.

FPigure four relates the increasing content of skeletal
caleium to increasing body weight over the porio& studied.
The ratic of skeletal chemical growth to somatic growth
(body weight) is seen to undergo continuing increases dure
ing this period in fetal life. Pickering, et al demonsirated
a disproportionate change in skeletal mass with respeet %o

somatic mass in young rats up to 25 days of extra-uterine



Figure FPour: Skeletal calecium (mg.) and body weight {(gm.)
&8 & function of conceptional age
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1ifa.(58) After 25 days, the ratioc between them tended to
be conatant. Sherman and Macleod found that the percentage
caleium in the hody of the rat undérwunt a similar increase
with age.(ﬁﬁ)

An anslysis of the relationship between increments of
tibial diaphyseal length and caleium content ie shown in
Figure five. The increase in the length of the ghaft of the
tibia tended to be linear with age from 75 to 120 days,
whereas from 120 fo 150 days the rate fell slightly. The
average dally growth rate in tibial length is 0.47 milli-
meters from 75 through 120 days and 0.41 millimeters from
120 to 150 days. The lack of a consistent relationship
between growth in length and growth measured by increasing
amounts of caleium is aleo shown in Figure five. This
disorepancy is similar to that reported by Pickering, et al
for the immature rat tibin.Cﬁ?l The present study supports
their contention thet interpretations of skeletal chemiecal
growth may not be satiefactorily implied by an analysis of
changes in linear proportions of skeletal parts. The pres-
ent studies also indioate no consistent relationship when
tibial calcium was plotted against the diaphyseal length
oubed. Such a correlation wae attempted in hopes that it
might permit using a key paramc%ér for estimating skeletal

mass without chemleal analysis. In human prepubertal growth,



Figure Pive: Tibial diaphyseal length (mm,) and skeletal
caleium (mg.) as a funetion of conceptional

age
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the body weight (mass) ¢an be roughly related to the cubs
of the height (a measure of skeletsal growth).{é‘) The data
in this study do hot support such a relationship for the
monkey fetal tibia, and it is probably true that such a
relationship would not hold in eguivalent humen fetal bons.

An attempt to estimate the total sieletal mase by
chemicel znalysis of a part or sample must also be under-
taken. In this study the tibia hes been comprehensively
analyzed as & representative long bone snd will be used
for such s comparison.

The total diaphyseal tibias, and aress 2, 4 and 6 were
found to significantly incresse in caleium eontent per gram
fat-free dry welght from 75 to 120 days. At 150 days the
unit caleium content had fallenvte values resembling the
T6=day fetal tibia. In addition, the total tibial content
of calcium, expresced as the per cent of the total skeletal
caleium contained in the fetus, varied from 1.9% at 75 days
to 2.78% at 150 days, Thus, the chemical growth of the
total skeleton does not seem to be a simple multiple of
chemloal growth in the tibia, Bstimations of the total
skeleton by chemicel analysis of the tibia or its parte
thersof without additionsl datae would be inaccurate.

Such a conclusion seemsg to be the case for the adult

skeleton as well as for the monkey fetus. Mitchel, et sl
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in an extensive ohemical analysis of an adult human cadavar
found the mineral content in different bones to vary signi-
ficantly, pointing out the error inherent in predicting
total skeletal composition from one beﬁﬁ*‘éﬁ) Stabino and
Farr found that sdult ox bones showed marked ash and nitro-
gen variations in different areas of one bone, as well as
in different bones.!T0) Recent diophysical teshniquss have
been responsible for demonstrating the complexity of indivie
dual Haversian systems in this regard. Newly formed Haver-
sian systems show highest mineral concentrations elome %o
the central canal, with decreases toward the periphery of
the system, With maturation, mineraliszation of the Haver-
slan system becomes evenly aistributad.(gl} Phus, the
complexity of the growth mechanisms and siructure of the
skeleton preclude any reliable interpretations about total
fetal skeletal chemical growth from somatie data, linear
measuremsnts of long bones, or selected chemical analyses
on single bones. This is not %o detract from the valwe of
such measurements as important parameters in estimating
effects of experimental wvariables; however, such a limite-
$ion must be kept in mind when interpretations are made.

The total diaphyseal tibia, as well as tibial areas 24
4 and 6, shoved & distinot inerease in c¢aleium per gram
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fat-free dry weight from 75 to 120 days. Z%This patiern was
then reversed at 150 days in aress 2 and 6, whers new eado-
chondral bone is formed and rapidly remodeled, ZFhe calcium/
nitrogen molar ratio changed in a paraliel fashion over the
game time interval, Such & change 1s paradoxical in the
sense that existing bone usually ineresses in mineral con-
tent with age and maturation, as# individual Haversian sys-
tems incorporate new orystals and inorease ithe size of
existing crystals. Some of the many varisbles involved in
producing such a2 paradex inelude the placental transfer of
caloium, the rate of bone turnover, the raie of long bone
growth, and the appearance of secondary centers and small
bones, It would appear that up through 120 days, the
caloium made available by virtue of turnover of exleting
skeletal caleium and ¢aleium being added by placental ftrans-
for is adequate to permit increasing mineralization of newly
formed bone with inoressing age. Yet from 120 to 150 days,
while the linear growth rate has not acecelerated and the
total fetal skeletal calcium uptake has continued to
increase (Table two), the unit ﬁinaral content in the
+ibial shaft has decreased. During this time a rapid suo-
gession of small bones and secondary oenters appesr in the
band snd wrist (see Figures eleven and twelve). In addi-
tion, both %ibial secondary centers are forming., Thersfore,
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from 120 {0 150 daya, the demand for ealclum needed to main-
tain increesing mineralization as growth proceeds and new
bones fora exceeds the suprly from $wmover and placental
transfer. As a result, the unit mineral content of the
groving tibia decreases. Juch a (inding ie 1llustrative of
the faet that the nmineral content of one growing bone at any
time is a refleetion of many rate proceases otourring in
the +otal arganiam.‘se)

Although the tiblal caleium content per gram fat-froe
dry weight is seen to be heterogenous with age, no signifi-
cant changes in unit calcium contend oceurred among arcas
2, 4 and 6 at any one age (Table eleven), The caleciuwm/
nitrogen ratio likewlse underwent no significant changes
anong these arcas at any one age. Radloisotope studiles
with ﬂal@iu:§5 on these same fetuses have shown that bouno
in areas 2 and § is rapidly remodeled, whereas in area 4
it is reformed at a much alawar’rata,(gs) This suggests
that new bone matrix, when formed, is quickly mineralized
to & degree not strikingly different from "older" fetel
bone. Such a finding is in egreement with current ideas
on the rate of the mineraligation process, which shall now
be briefly revieved.

Orystals of bone have been shown to replace water on a

volume basis with intererystal fluid spaces calculated to
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approsch atomic dimensions in fully mineraliszed tiﬂsu:ggls’
50) Diffusion of ions is therefore restricted as mineral-
ization begomes maximal. Sinee the driving foree for
mineralization of osteoid most likely comes from the super-
saturated aerum,(46) formed matrix rapidly minef&lisel
until the process is slowed by restricted diffusion of tons.
From then on the rate of the minersligzation process is very
slow until complote. This concept has received support
from biophysicel studies. Wallgren, snalysing humen fetal
femurs by mieroradiography and z-rey diffraction techniques,
concluded that following its initial appearance, the miner-
al aantént in bone repidly increases over a perilod of three
weeks to values which are TO0=~80% of adult bana.(vg)
Inereasing erystel size is associated with this rapid
inerease in mineral content. Therefore, if new matrix is
formed, only a short time is required for 1ncar§arat1an of
the bulk of the mineral aonxent*(se) The erucial problem
of the initiation of the mineralizmation process has been
discussed in the INTRODUCTICH.

Although veriable, the ealoium/phosphorus molar ratio
was found not to change significantly with age. Neither
did the ratio show a significent pattern of change when

the newly formed bone in regions 2 and 6 was compared with

area 4 or with the total diaphyseal %ibia at any one age



58.
(Table eleven). Thus, bone mineral formed during fetal life
does not appear o wanifest stabtisticelly significant varia-
tion in the relative content of ides two major inorganie
elements. Foruwula weighte for the apatite erysial have, in
the past, been calowlated from the ealciws/phosphorus ratio,
(65,18) but this ratio may vary wideiy and stilli represent
an hydroxyapatite mineral§(49) The variation is atbributed
$0 the extremely smanll size of the erystals and the corres-
pondingly large influence of the conitributions of their
surface ions to an analysis of the total uineral¢§44)

Surveys of the literature on bone composition pose
formidable problems in interpretation end comparison be-
gouse of the diverse means by which bone tissue is process-
ed and the wvalues axyr%sse&.{z4) Some data are given in
terms of fresh bone tiaaua,‘lg’ﬁa’?e) others us dry
weight,(él) or fat-frese 4ry waight,(l’4) and stlll others
in terms of bone ash.‘ze} Likewise, the résulis of the
analyses of human fztuses are somewhat at variance among
diffarant investigutora. No study relating an analysis of
one bone to total akelﬁ%ai aaﬁpositinm sould be found for
the fetus. Swanson and Iob analyzed the minersl composiw
tion of verious long bones of 21 hunan fetuses of varylung
weighta*{?l) They concluded thet the composition of the

main inorgsnic elements in these bones remain consfant
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during intrauterine life. iacDonald, however, analyzed
fetal skull bones and found o small but significant inerease
in per cent calecium betwean early fetuses and Pfull term
1n£anta.(39) Follis, in reviewing the literature, found
ne appreciable difierence betwesn the human fetal rib and
adult r»ib in terwms of per cent calcium and phosphorus on &
fat-free dry weight bssia»(22>v

Suack findings are of chief walue in pointing to the
need for a systemetic, integrated, standardized approach
in analyszing bone and expressing the result obtained.

Xwrays provi&a a graphlic demonstration of changing
length and configuration of bones during growth. Pigures
siz and seven provide a comparative sketoh of the tibie
and femur at sach sge studled. These drawings have been
taken from rapreasntnt;ve radiographs of the animals and
agourately anlarged. Thelr length repreaents the average
for each age group (see Table one),

48 well as incressing in length, the tibla and femur
are seen to undergo changes in configuration with age.
They become wider along the shaft with the metaphyseal
regions flaring to assume the definitive shape of mature,
long bones. Tet, throughout the entire period, both the
femur anﬁ tibla are veoognizable as distinet bones. Such



Figure Sixs: Right tibial diaphyseal length and configura-
tion, demonstrating secondary centers
(magnified 3-1/2 times)
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Pigure Seven: Right femoral diaphyseal length and
configuration, demonstrating secondary
centers (magnified 3-1/2 timea)



(sAop)abo |puoijdasuo)
0glI 02l SOl 06 Gl

) OES

lllllllllllllllllllllllllllll ®Es
NOILVHNIIINOD ANV H1I9NIT TVISAHAYIO TVHOWIH LHIIY

%
~N

S4948W U3

|
|
|
|
I
l
|
1
|
l
|
|
|
|
|
l
|
!
|
|
|
!
I
i
%
™




62.
is true for long bones in geueril in most all vertebrates,
(9) This feat is sll the wore remarkeblie when one gonside
ers that bone ticave with iia uﬁyielding}minaralimed inter=-
collular substance is incapable of expansive or interstitial
growth, Yrowth occure only et the suriece by the apposition

(80) Bxiensive remodeling must take

of new bone on old.
place whereby long bones inersase in length, yet maintain
thelr distinctive confisurstion. ZThe complexity of thie
remodeling jrocess has been graphically demonstrated by
using radicautogruphs o irace the deposition and turnover
of radiéaativa maverials in long bones at various time
intervals after in;actian¢{3g}

Radlographs not only reecord changes in the linear
grovwth of long bones, but also demonstrste skeletal matura-
tion, Pigures eight through twelve are radiographs of the
hand and wriet at each fetal age studied. Along with a
eontact photograph of the x-ray, & magnified sketeh of the
same area l1s presented %o facilitate the wisunlization of
detall in these swall fetal bones.

Figure eighi shows that at 75 days of age the meta-
earpals and phalanges have 7 ormed but are very small, No
secondary centers have appeared,

At 90 days noticeable growih ocourred in width and
length of these bones in the hand, Again at 105 days



Figure Bight: Left hand and wrist at 75 days conceptional
age. (Contact photo and enlarged sketch of

same. )






Figure NHine: ILeft hand and wrist at 90 days conceptional
age. (Contact photo and enlarged sketeoh of

am.)






Figure Ten: Left hand and wrist at 105 daye conceptional
age. (Contact photo and enlarged sketech of

game. )






Figure Eleven: Left hand and wrist at 120 days conceptional
age. (Contact photo and enlarged sketch

of same.)






Figure Twelve: Left hand and wriast at 150 daye conceptionsl
age. (Contect photo and enlarged sketoch

of same.)
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growth continued to be marked; yet the carpal bones and
secondary centers are absent (see Plgures nine and tem).
The human newborn hand and wrist approximate in general
appearance this 105 day monkey fetal hand and #riﬁﬁﬁizgj

The radiograph of the hand and wrist at 120 daye of
age demonstrates a well-formed secondary center in the
epiphysis of the distal radius (see Pigure eleven). This
is the first epiphyseal center to appear in the hand and
wrist of the monkey and precedes any of the carpal bones.,
In the human, this epiphyseal center sppears between 12
and 15 months, after the capitate and hamate are well
forned.{??) 4 remarkable maturation of the monkey fetal
hand and wrist occurs between 120 and 150 days. The 150
day rediograph (Pigure twelve) shows the appearance of many
secondary centers and six of the eight carpsl bones. The
second to fifth middle and proximal phalanges, and the
second to fifth metacarpals all demonstrate secondary
genters at this age. The distal row of four carpal bones
vigible at 150 days are, from left to right, the pisiform,
the $#iguestral, hamate, and capitate. The two bones prox-
imal %o the three mentioned sbove, but distal to the radial,
epiphyseal center are, from left to right, the lunate and
s&aphoid.{77) It is nov impossible to coupare asocurately
the hand and wrist of the 150 day monkey fetus to the human
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hand and wrist because of the different sequence of skeletal
maturation processes; however, the general appearance of
the human iﬁnﬁ and wrist between three and four years
roughly resembles thie 150 day-zetnagiﬁg)

Ho difference in skeletal maturation was apparent be-
tween male and female through 120 days. All the 150 day
specimens were males; hence, no definitc statenent regard-
ing sex diffevences in rate of skeletal maiuration can be
made. An early radiographic work dome on human fetuses
showed definite skeletal differences in males and females
at seven monthe gnsﬁatian.(az) _

The extensive work of Greulich and Ryle(ag) in study-
ing skeletal growth and maturation of humans from birth to
maturlty has maie it possible to use skeletal features in
elinieally assessing the normal growth and development of
¢hildren, &Such an assessment would seem %o be desirable
in studying the development of the monkey, as an additional
parameter in measuring the effects of experimental variables.
No eolprthenlive radiographic etudy of the monkey fetus and

newborn is as yet available, though such a study is now in
(55)

PYOETERB.

Hajor hlstological and histochemical features of the
right tibia of the 19 monkey fetuses are presented in this
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section as selected microphotographs from each age group in
Figures thirteen to twenty-one. (Histologilecal details of
the specimens in each age group studied were remarkably
uniform.) 4 detailed deseription of the histology can be
found in the appendix.

The microphotographe of the proximal tibiz of these
fetuses demonsirate elassical histological features of
endochondral bone formation (Figures thirteen through
aixtean;)(a) A distinet inerease in nitrogen content was
found in areas 1A and TB at 105 and 120 days when compared
to the 75 day value. This chemical finding can be correl-
ated with histological appearsnces., Unfortunately, no 75
day histological specimen was available. At 105 days one
observes a very active sone of proliferating cartilage
colls with & large formation of intercellular matrix. Sueh
eellular activity is unﬁnubtadly responsible for the unit
nitrogen differences.

A major event imn the proximal epiphysis from 120 to
150 deys is the appearance and rapid growth of the &e@onﬂa&y
ossification center. The histological features of this
center at 150 days, when combined with its "chemical anat-
omy® and radiographiec appearance should prove $0 be a
valuable and sensitive indicator for alterations in skel-
atal growth and differentiation induced by experimental
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varisbles. MHoveover, intensive studies of the blochenistry
of bone formation could logiemlly Pfocus here. IThe same is
true of the distal tidbial secondary ecenter which contains
comparable amounts of mineral eonstituente at 150 days.

A distinet, histologioal transition ocours in the mid-
sheft of the tibia from 90 to 150 days (Figures seventeen
through twenty). 4% 90 days a uniformly cancellous pattera
of rather delieate bony spicules forming large tunnels is
observed. By 150 days the mid-shaft appearance is that of
cortieal bone with well-developed Haversian systems. The
miorophotographe at 105 and 120 days demonstrate the
intermediate states of this tramsition.

Saﬁtiana stained for alkaline phosphatase show the
appearance of the enzyme in the zone of cartilage hyper-
trophy, in vascular endothelial cells, osteoblasts, and
possibly newly formed osteoid at all fetal ages studied.
Sueh findings agree with the vesults of alkaline phospha-
tase studies in other apoeimans‘(43} Opinion is still
divided as to whether %the enzyme is #atuallx present in
oeteold tiaauu.(gl) The possible role of this énsyma in
gkeletal processes has been presented in the INTRODUCTION.



Figure Thirteen: iicrophotograph of a sagittal section of
the proximel tibia at 90 days. (115 x)
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Figure Fourteent {icrophotograph of & saglttal sectiom
of the proximal tibis at 105 days
{115 x)
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Figure Fifteen: Hierophotograph of & saglittal section of
the proximal $ibia at 120 days (115 x)
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Figure Sixteen: HMierophotograph of & sagittal section of
the proximal tibia at 150 days (19 x)
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Pigure Seventeen: IHicrophotograph of a eross-section of
the mid-shaft tibia at 90 days (95 x)
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Pigure Bighteen: IHicropheotograph of a cross-section of
the mid-shaft tibia at 105 days (27 x)
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Pigure Nineteen: Microphotograph of a cross-section of
the mid-shaft tibia at 120 days (22 x)
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Pigure Twenty: iicrophotograph of s eross-section of the
mid-shaft $ibia at 150 days (22 x)
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V. BSUMMARY AND CONCLUSIONS

A pombined study of skeletal growih in the Kuesus
monkey fetus (Macace mulatta) using chemical, radiographie
and histological parameters is deseribed in the light of
current concepte of skeletal metabolism. The following
econelusions are made.

1. %ZTotal skeletal, tibial, femoral calsium, and the
daily uptake of calcium in the fetal skeleton were found to
inorease markedly with ege.

2, CJonmparisons of total skeletal caloium to body
welght and ¢tibial disphyseal length revealed a aiaprvporu'
tionate relationship during this periecd of fetal life.

3. The nihnral composition of the tibila did not
accurately reflect total skeletal chemical growth, The
inagcuracy of predicting total skeletal growth from an
analysis of one bone was discussed.

4, The unit mineral gontent of the total diaphyseal
tibia and of various regions within this bone were no$
uniform as growth and development proceeded. ZThe unit
ocaleium content inereased significantly from 75 to 120 days
of age and subsequently fell at 150 days of age. Suoch a
paradoxical drop of unit ealeium content at 150 days is
presumably due %o an ilassufficient supply of ninersl constite-
uents to meet the demands of continued lonmg bome growth,
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and the rapid development of new bones and secondaury ossifie
cation centers.

5., The unit caleium content and the caleiun/nitrogen
molar retlio did not show significant patternme of change in
different areas of the tibial diaphysie at any one age.

Sueh a finding suggests & repid rate of mineraliszation in
areas of new bone formation and is compatibls with other
studies in this regard.

6. The molar ratic of ecaleium/phosphorus showed no
significant changes with age or with a coumparison of
selected areas along the tibial disphysis.

7. The radiographic appearange of the femwr und tibila
demonstrated the preservetion of distinet configurztion
despite rapid changes in length and width., The rodiographic
sppearance of the hand and wrist revesled a rapld appearance
of carpal bones and secondary ossification centers from 120
to 150 days conceptional age.

8. Uajor histological features of the proximal and
mid-ghaft tibia are presented along with a hisiochemical
study of alkeline phosphatase in these same arsas. Alka-
line phosphatase was Tfound in the eartiiage cells of the
hypertrophic zoue, in osteoblasts, vasculer endothelial
cells and possibly osteoid tissue.
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9+ The proximel and distal bibial secondery ossifi-
cation centers contsin eomparable amounts of mineral
constituents at 150 days. Their chewical anntouy, bhe radio=
graphlc configuration, and histologieal feauturce are defined
in this study and are suggested es usefu] growth perameters
for future studies.

10, The umit nitrogen contont of ithe proximal and
distal tibial epiphyseal areas increased mariedly from 75
%o 105 daye, a chemical feature reflected histologically in
the intomse proliferation of cartilage cells with increasing
amounts of natriz laid down during this period of time.
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ATPENDIX A
I.

a. OCunranteed Annlysis

Grude Frotein not less than 15.0%
Grude Fat not lesa than 5.0
Crude Piber not hore than ‘ 2.0
H.F.E. ﬂ$§ lass than 57.0

b. Ingrediente

Ground wheat, ground oat groats, grownd yellow
gorn, dried skimmed milk, soybean oil meal, cormn sugar,
animal fat (preserved with bduylated hydroxysnisole),
vitemin 312, riboflavin supplement, caleium pantothe-~
nate, nisecin, folis =0id, pyridoxine hydrochloride,
thiamin, ascorbic acid, vitanin & feeding oil, D acti~
vabed plant sterol, vitamin E supplement, 1.5% caleium
carbonate, 1% defluorinated phosphate, .5% lodimed
s8lt, and tracer of iron oxide, nanganese sulphate,
eopper oxide, cobalt sarbonate, sine oxide.

¢. Chenicel Composzition

Protein, % 15.22
Pet, % 6.08
Fiber, % 2.60
H.FP.B., $ 57.97

Ash, % 5.20



Caleium, %
Trogphorvs,
Totamsivm, %
Hagnesium, %
Sediun, %

Chlerine, %

IZ0n, pPaPelie

Zine, DePedie
Hangangse, Pepails
Copper, pPePeils
Oobald, pepslis
Iodine, pep.a.
Sarotena, P.psbe
Vitanin &, I.U./gu.
Vitawin D, V.3.Ps wnits/gran
Vitendn B, p.psu.
Ribeflavin, pPepeids
Thiawin, pepes.
Jiaein, p.p.na
Pantothenic Acid, p.p.o.
Cholire, p.p.m.
Polle Aclid, p.p.oe

Fyvidoxineg, psp.B.

97.
«97
+54
+54
«15
+ 24
«28
175.89
16,19
44.92
13.57
o 26
«80
1.36
13.80
2.20
22,95
9.00
776
91.41
66.02
906.29
2.92
4.14
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Vitamin O, mg./1b. (added) 150,00
Vitamin 5,, supplement, mog./lb. 5.13
II. Siailad”
Approximate analysis of powder:
Fat . 26.85%
Carbohydrate 53.40%
Protein 13.75%
Minerals | 4.,00%
Caloium +60%
Phosphorus +40%
Iron | | trace
Moisture | , 2,00%
Calories per oz. avoir. 145
$ar liquid quard

Vitamin A 2500 USP units
Vitemin D 400 USP units
Vitamin ll (thianmine) +65 mg.
Vitamin B, (riboflavin) 1.00 mg,

Vitamin ¢ 50.00 ng »
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APPERDIX B
s for Cal

#e Frineiple:

Qaleoium in bone was determined from a modification
of the method for determining serum caleium as deseribed
in the Beckman sppliication data sheet DU—Q-B.(?} This
method employed the Beckman Model DU epectrophotometer
with flame end photomultipliier attachments. Rach
sample was precipitated as caleium oxalate to eliminate
the interfering substances.

Bs Reagentis:

i. Buffered oxalate solution, pH 5. One volume
of saturated ammonium oxalate, one volume of molar
sodium acetate buffer (pH 5) and three volumes of
deunineralized water. |

2, 2% amsonium hydroxide saturated with cslcium
oxalate and filiered.

3. Working standerd ocalcium solution: 40 niero-
grams (pge) caleium per ml, is prepared using ealcium
carbvonate of primary standard grade,

4, 6N hydrochloriec acid.
¢. Preparation of the sample:

Yo an aliguot of ashed, neutraligzed bone solution

goutaining 20-100 pg. caleium, 4 ml. buffered oxalate
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solution was added and allowed to stand at least 4 hours
or overnight for complete preeipitation of caleium
oxalate.

The preeipitate was centrifuged at 2200 rpm for 10
minutes. The supernatant was removed, leaving approx-
imately 75 microliters (ul,) solution in the tube over
the precipitate,.

The precipitate was washed with 1 ml. of 2%
amponium hydroxide solution and centrifuged again at
2200 rpm for 10 minutes. The supernatant was removed
and the tube dried in a sand dath.

The calecium oxalate precipitate was then completely
disseolved in 0.1 ml. of 6N HOL and finally diluted
with 2.0 ml, of demineralized water, ocare being taken
to mix completely.

D. FPlame Spectrophotometric Procedure:

An oxygen-acetylene flame was used with the Beckman
HModel DU aspectrophotometer and the emission read on the
per cent transmission scale. The emission nf a sample
was compared ta'a working standard and the sample con~
centration was read dirveetly from & prepared standard
ourve. The response of the ¢aleium emission at 554 mp
was found %o be linear over the concentration range

used,
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Instrument settings were selected as followe:

s, wavelength 554 mp

b. Dblue sensitive phototube with a 10,000
megaohm load resistor

e. range 0.1

d. o1it width 0,055 am,

@. photomultiplier sensitivity 3

£+ a final oxygen pressure of 10 lbs, per
sguare inch and secetylene pressure of 2
ibs. per square inech.

E. Range and accursoy:

In an analysis of 2 replicate series of 10 bone
samples, & meen variastion of 0,73 ug. caleium per ml.,
and a standard deviation of 0.86 vg. Ca/ml. was found.
This represents & maximum error of = 2,2% in 95%
confidence range. In addition, the recovery of standard
calelum in 6 bone solutions that had been ashed and
analyszed ranged from 99 to 103%.

F. Comments:

Both cations and anlons exert significant alterations
on the flame emission of calaiun»(4'*7'73) Hence it was
felt desirable in our microsnalysis %o remove interfering
substances by precipitation of caleium as its oxalate,
monohydrate salt. ﬂalaiun_phnaphate and caloium
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carbonate precipitates were found not to be as desirable
as the ecaleium oxalate. The phosphate anion exerts a
powerfully depressant action on the fiame emission of
ﬂal&ium;(‘} Both calecium phosphate and csleium carbone
ate are precipitated in alkaline solution. A% thie pH,
magnesium phosphate is also preeipitated. FHagnesium
likewise exerts s depressant effect on the spectral
emission of aalcium.{?y)

1t is essential that the pH of the oxalate solution
be kept at 5§ in preeiplitating caleium as its oxalate
salt. A% & pH below 4.5 calcium oxalate is incompletely
precipitated, since the salt is acld soluble. At a pH
above 5.5, the possibility of bringing down caleium
phosphate and magnesium oxalate is greatly emhanced.
Henove, the pH of the bone semple in ite oxalate precip-
itating solution was checked.

To remove any possible magnesium oxalate precipl-
tated with the caleium oxalate, the precipitate was
washed with two per cent ammonium hyiroxide. This

removes the alkaline soluble magnesium oxalate.

4. Prineiple:
Phosphate reacts with molybdie aseid to form phose
phomolybdic acid. Reduction of phosphowmolybdie azeid by
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ferrous sulfate produces & deep bine color. The optiesl
density of the color was read in a Becimen DU spectro-
photometer. With ferrous sulfate as the reducing agent
it is necessary to add sulfurie seid in order %o prevent
eolor proéunticﬁ through reduction of molybdiec aeid.

The gquantity of sulfuric acid used is not enough to
gause hydvolysis of labile ?haaphato estors.
B. Reagents:

1. 10N sulfurie acid

2, Ammoaium molybdate, stoek sclution: 10% in
100 sulfurie seid

%+ Perrous sulfate-ammonium molybdate reagent made
fresh before use. 4 ml., of the stock molybdate were
delivered into & 50 nl. amber, gradusted cylinder and
deminerslized water was added to the 35 ml. mark. 2.0
gu, of ferrous sulfate was then added. The salt was
dissolved by shaking, and the solution made to 50 ml.

4. Potaszium scid phosphate, stock solutiont
10 mg. phosphorus per 100 ml.
C. Procedure:

Into 2 suitable size teet tube one volume of bone
solution was added to one volume of fresh eolor resgent.
is & reference blank, cne volums of 0.7 N sulfuric acid

was added to one volume of the eolor resgent., The
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color developed within 5 minutes and was stable for at
least one hour. The opiiocsl density of the solution
was reed at 720 mp with a stendard and with a reference
blank,

D. BRange and accurscy:!

Construction of a stendard curve dewonstrated that
solor development followed Beer's law from one to
twelve ug. phosphorus per tube, All determinations
wers made in this range.

Reprodueibility of the method was determined by
perforning 10 unalyses at different days on a phosphorus
standard solution. A maximum error of = 4% in the 95%
confidence range was deteramined for these 10 semples.

Regovery of a standard phosphorus selution from 6
samples of ashed bone ranged from 100.2% to 100,.9%.

4. Principle:

The sample was decomposed by boiling with a
digestion mixture consisting of sulfurie scid, potas~
sium sulfate and copper selenite. This digestion
converted the nitrogen to ammonium sulfate. With
excess alkali, the liberated ammonis is steam distil-
led into borie acid, then titrated with standard

hydrochloric aeid.
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B. Reagents:

1. Digestion mixture: Sulfuris acid is diluted
with an equal volume of water saturated with potessium
sulfate and containing 0.1% sopper selenite.

2. Indicator mixture:

a. 95 parts 0,1% brom erssol green
b, 1 part 0.1% methyl red
in 95% ethyl alcohol

5+ One~half saturated sclution of boric acid.

4 ml, of the indicator mixture is added to one liter of
half-paturated boriec acid solution,

4. Baturated sodium hydroxide solution

5. Standard 0.1¥ hydrochlorie acid,
¢. Procedure:

To a 30 ml, digestion flask add 1/2 %o 5 ml, of
bone sample (50-500 pg. nitrogen), 2 ml. of digestion
mixture, a boiling stone, and place on the digestion
rack, Digest until 15 minutes after the disappearance
of fumes from the neck of the flask. Cool,

Transfer digested solution into the distilling
apparatus by washing the flask two or three times with
distilled water. Add 3 ml. of saturated sodium hydrox-
ide solution, Distill the ammonie inte an Erlenmayer
flask containing 10 ml. of bWorie secid-indiecstor



eixturs, Distillation takes from 5 ~ 10 ainutes.

Titrate distillate with 0.1 Normal standard hydro-

chlorie aeld,

De QCalculations:

ml, HOl x normality HOL = 14 = mgm. nitrogen in sauple
E. Range and asouraoy:

As 1ittle as 50 pg. of nitrogen can be guanilta-
tively anslyzed with this method. A series of §
nitrogen standards containing approximately 200 pg. of
nitrogen gove a maximum error of 1% in the 957 econfid-
ence ronge. The digestion step was evaluated by
adding nitrogen %o 6 bone samples whiol wexe then
digooted snd dlotilled. Recoveries of these nitrogen
samples ranged from 98.7% to 101%.
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APPENDIX C

This appendix is concerned with histological and
histochemical abaarvatians on the tibise of selected mon~
key fetuses from 90 through 150 deys., (Adeguate histolog-
ical specimens were not obtained at 75 days.) The
preparation and staining of bone specimens has been
previously described in METHODS AND MATERIALS.

20 days

The head of the proximal tibia is entirely cartilags,
most of which is eumbryonic in type. BSeveral vasoular chan-
nels are seen couvsing through this cartilage. The trans-
ition to the sone of proliferating cartilage cells is
rather irregular and gradual. Proliferating cells are
seen to be markedly basophilie, truncated, and surrounded
by increasing amounts of intercellular matrix. DBelow thie
erea, one sees hypertrophied cartilage cells which appear
as a distinet gone. However, a gradual enlargement of the
lacunae of the proliferating cells is noted as they
approach the zone of cartilage hypertrophy. The cells in
this area take s light stain and undergo a progressive
sequence of eytoplasmic, degenerative changes with accomp-
anying nuelear pyknosis and disintegration. Diaphyseal
capillary erosion of the last cell layer is orderly and
appears vigorous. The thin matrix between the
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hypertrophied cartilage cell columms forms the scaffolding
for delieate, regularly spaced primary bone trabeculse.
Osteoblagtie activity is vigorous, as is true in all the
sectione studied at these fetal ages. The zone of secondary
spongiosa is characterised by shorter, coarser spicules of
bone which are found immediately below the more delicate
primary $rabeculae.

A eross-section through the mid-dlaphysie at this ege
shows the two layers of gafiwgtéum surrounding a wniformly
cancellous bony pattern. Thin, interconneeting spicules
form bony tunnels, which, by sppositional growth of new
bone, will form the definitive Haversian systems of ecortical
bena.‘zg) From the inner cambjum layer of the periosteum,
eapillery tufto and osteoblasts ¢an be seen to sxtend into
uneven grooves of adjacent bone. By further appositional
growth, these grooves will enclose periosteal buds to form
new bony tunnels, thus increasing the width of the shaf%.izg)

403 days

The proximal eartilage head has now become smalley
with a relative decrease in the gone of embryonal cell
partilage. Vascular channels are again ppréminent, 7The zone
of proliferating ecartilage now oceupies & somevhat larger
area of the cartilage head. The area of cartllage hyper~
trophy is essentially unchanged in general aprearance.
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The mid~shaft cross-section of the tibia at this age
has the same general features deseribed in the 90 day fetus,
However, most bony tunnels zre formed by shorter, thicker,
less delicate trabeculae at thie age.

420 daye

The cartilage head is now broader and relatively
flattened. No secondary center in the epiphyseal area is,
as yet, sesn, but cartilage cells in the center of the |
embryonal zone are undergoing vesioular changes that will
shortly be followed by & definitive ceseous epiphysis.

The width and character of the zonee of proliferating and
hypertrophied cartilage cells remains in general appearance
28 deseribed previously. Likewise, capillaries tend %o be
direocted against each cell column, and the cartilage~bone
margin retains 1ts regularity.

A% the mid-shaft, the peripheral surface of bone
adjaocent to the periocsteum is considersbly less trabecu~
lated than ot earlier ages. liany periosteal buds still
extend into shallow bony grooves. %he general osseous
appearance is still that of a lattice work bf ganeellions
bone, though the dlameter of the bony tunnels is still now
much smeller in relation to the surrounding lamellae. This
appearance foreshadows the subsequent compact Haversian

gystems of cortical bone.
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450 days

The epiphysenl center of ossification is now well
established in the proximal +ibla and thereby largely
replaces the area of embryonal cartilage. The secondery
center is surrounded c¢ircusferentially by vesiculated cart-
ilage eells which underge the same meturational and degen-
erative sequence as described for cartilage replaced by
metaphyseal boneé. The formed, epiphyseal plate is now
mainly composed of proliferating and hypertrophied ecartilege
cells. The amount of matriz observed between columns of
hypertrophied cells remains a thin core, Capillaries are
not attacking esch individual cell ¢olumn with as great a
regularity as before. The primary trabeculae are now acme-
vhat coarsened, and are not regularly formed around a
single cartilage matrix core, but usually cccupy the area
of two or three cartilage columns. The secondary spongiosa
is likewise coarser than at esarliesr fetal ages.

The appearance of the tibial midshaft at this age
spproximates typical compact, cortical bone. ZThe exterior
of the bony shaft is now relatively emooth, dul perissteal
vessels with accompanying osteoblasts continue to be seen
in their task of forming new periosteal bone. In asddition,
occasional osteoclasts are seen, apparently eroding the

adjacent exterior bone surface. The bony tunnels of
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earlisr ages now eppear as typical Haversian canals of
sortical bone.

Listochemical Studies

Segtions obtained foy alksline phosphatase showed the
appearance of this enzyme in the zone of cartilage hyper-
trophy, in vascular endothelial cells, osteoblasts, and
possibly newliy formed ocsteold at all fetal ages studied.

in the sone of cartilage hypertrophy, alkaline phos-
phatase is detected firet in the npucieuns, then quiuklj
appears in the cytoplasm and the interceliular matrix.
Heavy staining in the area of invading capillaries and
ostecblasts with the formation of the primary spongiasa is
due to the presence of the enzyme in the vascular elements
as well as in active osteoblasts. Endotnelisl cells in
the vascular channels of the eartilage head also show the
presence oi alkaline‘phaaphntaae. A pogitive stain appears
88 & fine rim along some sections of the primary trabecuise.
Whether this is enzyme in the newly forming osteoid or is
an artefactual diffusion of stain from closely adjacent
csteoblasts is impossible 1o slate categorieally. Upinions
are divided in the literature as tb whether alkaline Phog=—
phatase is actually present in ostecid tissue.CEl)

In cross-sections of the tibial mid-shaft one sess a

heavy positive stain in the vaseular and o¢steogenic cells
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of the inner, cambium periosteal layer. Again, the marrow
elemenis in the bony tunnels and the ceteoblasts adjacent
to bony spicules are seen to stain poasitively.

No mierophotographs of the alkaline phosphatase stain
in the tibia are awvailable.





