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ABSTRACT

This paper describes the effect of parathyroid extract on the fine structure of bone cells in
the proximal metaphysis of the tibia. The extract was given to rats intraperitoneally, in
single or repeated doses of 1-14 units (USP) per gram body weight, over short or extended
periods, and the tissue was examined between 6 and 26 hr after the commencement of in-
jection. During this period, osteoblasts showed the greatest changes. Their mitochondria
became swollen and contained dense granules; both rough- and smooth-surfaced vesicles
were distended; ribosomes were separated from the membranes; and various dense bodies
appeared in the cytoplasm. Osteocytes were similarly but less affected, and osteoclasts
differed little from those in normal animals. Eventually after repeated injections, the fine
structure of many of the cells was disrupted. These changes were accompanied by erosion
of the bony trabeculae without any great increase in numbers of osteoclasts. It is possible
that the alterations in fine structure were the result of damage to the cells by the parathy-
roid extract. However, since the extract did not seem to stimulate classical osteoclastic
activity, the mitochondrial swelling and dense bodies could have been related to the re-

moval of mineral and matrix, respectively.

INTRODUCTION

The parathyroid glands control the level of calcium
ions in the serum by acting chiefly at three sites:
the gut, the kidneys, and the skeleton (Rasmussen,
1961; Bartter, 1961, McLean and Urist, 1961).
An extract of the glands injected intraperitoneally
into experimental animals has been shown to pro-
duce a rise in serum calcium and extensive bone
resorption (McLean, 1958). When large amounts
are injected the osteoblasts seen in the normal
animal are replaced by spindle-shaped cells and
multinucleated osteoclasts (Heller et al., 1950).
The extract presumably has a direct eflect on the
bone cell population because glands transplanted
to the calvarium in vivo (Barnicot, 1948; Chang,
1951) or explanted with bone in vitro (Gaillard

1961) can produce local resorption. It has been
proposed that the extract alters the metabolic
processes (Firschein et al., 1958; Nichols, 1963) in
the bone cells in such a way that the mineral and
organic matrix can be dissolved and dissipated
into the extracellular fluid, but there is no infor-
mation about accompanying structural alterations
in the cells.

Studies of the fine structure of bone cells have
shown that there are characteristic differences be-
tween osteoblasts and osteoclasts (Scott and Pease,
1956; Dudley and Spiro, 1961; Gonzales and
Karnovsky, 1961; Cameron, 1963; Hancox and
Boothroyd, 1963; Robinson and Cameron, 1964).
Osteoblasts have a structure organized for the



synthesis of protein for export to form bone matrix
(Fitton Jackson and Randall, 1956), but the ap-
pearance of multinucleated osteoclasts suggests
that they are equipped to do the opposite; that is,
to break down what osteoblasts have built up.
Their endoplasmic reticulum is not well developed,
and loose inorganic crystals and fragmented col-
lagen matrix under and between intricate folds of
the brush border (Scott and Pease, 1956) are clear
evidence of bone destruction. Because bone re-
moval is increased by excess parathyroid extract,
it is reasonable to expect that there might be an
increase in the number of multinucleated osteo-
clasts, or of cells with only one nucleus having the
same ability as osteoclasts and that this increase
should be accompanied by a change in the fine
structure of the previously existing cells.

Heller et al (1950), in their classical paper on
the relationship between the parathyroid gland
and bone, have described the transformations in
the cells that can be seen with the light microscope

as the result of the injection of large amounts of
parathyroid extract (PTE.). We have used their
work as a starting point, and our object was to
study the changes in the fine structure of bone cells
that could be seen with the electron microscope
after PTE had been given to young rats.

MATERIALS AND METHODS

The rats were given PTE (Parathormone, Eli
Lilly & Co., Indianapolis), inactivated PTE, or a
substitute solution (Vaes and Nichols, 1962) by
intraperitoneal injection. Table I gives the weight
of each animal, the number of units injected, and
the time at which each was killed. The animals
were kept on a normal laboratory diet. Untreated
animals provided further material for comparison.

The bone for study was taken from the proximal
end of the tibia after each animal had been killed
by dislocating the cervical vertebrae. The tissue
was embedded in Araldite and the procedures for
fixation, etc. were the same as those previously

TABLE I
Antmal Weight, PTE Dose, and Time Interval

Time rat killed

Rat No. Weight Dose after 1st injection
g hr
PTE
26 100 100 units single injection 13
29 135 300 units single injection 13
30 125 100 + 100 units | hr apart 1319
45 40 40 units every 4 hr 2614
46 40 80 units every 4 hr 2614
47 48 48 units every 4 hr 16
48 48 96 units every 4 hr 16
49 50 50 units every 4 hr 914
50 53 106 units every 4 hr 9ly
52 100 500 + 500 units 1 hr apart 67
53 100 1000 units single injection 1614
54 100 1000 units single injection 934
67 95 500 + 500 units 4 hr apart 12
68 113 500 4+ 500 units 14 hr apart 9
69 139 500 units single injection 6
94 31 100 units single injection 13
95 39 120 units single injection 1014
Inactivated PTE (Controls)
251 40 200 units (equivalent) single injection 17
256 50 200 units (equivalent) single injection 814
Substitute solution
255 160 600 + 600 units (equivalent) 1 hr apart 814
257 100 500 4+ 500 units (equivalent) ¢ hr apart 1634
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described in detail (Robinson and Cameron,
1964).

OBSERVATIONS

Light Microscopy

The histological picture depended on the size of
the dose of PTE and on the time that had elapsed
between the administration of the 1st dose and the
killing of the animal. In the animals given the
smallest dose or killed within 6 hr of a larger dose
the changes were minor. Some of the osteoblasts
were more elongated and spindle shaped than
those in the normal animal, but there was no evi-
dence of resorption of calcified tissue. After about
9 hr, an animal given a single injection of 3 units/g
or 3 injections of 2 units/g at 4-hr intervals (Fig. 2)
showed increased spindling and separation of the
osteoblasts, and occasional dense bodies in their
cytoplasm.

When larger single or repeated small doses of
PTE were used, a loss of trabeculae became ap-
parent between 9 and 16 hr (Fig. 3). Most of the
cells were spindle shaped, separated from one
another, and more of them contained dense bodies,
but still there was no obvious increase in number
of osteoclasts. Occasionally osteoclasts contained
cells in vacuoles in their cytoplasm, but there was
no evidence of fusion of spindle cells or osteocytes
to form multinucleated cells. Some single nucleated
cells had pyknotic nuclei, and small areas of hem-
orrhage were common. The bone from the animals
given a large dose at the beginning of the experi-
mental period showed maximum resorption and
cellular alteration by about 16 hr, but, with re-
peated small doses, the changes progressed. In the
animal given 2 units/g at 4-hr intervals and killed
at 2614 hr (Fig. 4) most of the primary spongiosa
had disappeared, many of the bone cells were
necrotic or contained dense bodies, and there was
a large amount of hemorrhage. The osteoclasts
were more numerous than earlier, but there was
still a preponderance of spindle cells on and be-
tween the few remaining trabeculae. Dividing cells
were present in small numbers at this time as well
as earlier. In the animal given half this dose, the
destruction was not so extensive and necrosis and
hemorrhage were less obvious.

In the animals given inactivated PTE or the
substitute solution, the bone was similar to that in
the normal animal (Fig. 1).

Electron Microscopy

The changes seen with the light microscope
were paralleled by changes in fine structure. Fig. 5
shows the appearance of many of the cells between
9 and 16 hr after administration of 3—-10 units of
PTE.

osTEOBLASTS: These cells showed the great-
est difference from the normal. The earliest
changes (6 hr after 4 units/g) were the swelling of
mitochondria and the appearance of numerous
dense bodies before the cells became elongated.
By 9 hr, the mitochondrial swelling was widespread
(Figs. 5 and 6), although not every spindle cell
was affected. The swollen mitochondria were also
seen in dividing cells. The cristae did not pass
from one wall to the other and were often widely
separated, so that the organelles appeared vacuo-
lated (Fig. 6). Many mitochondria contained
small, dense bodies, each composed of a rosette of
fine granules (Figs. 7 and 7 a).

The Golgi region was present in the spindle-
shaped cells (Figs. 6, 6 a, and 11) although the
smooth-surfaced cisternae became increasingly
swollen as time passed (Fig. 8). Two changes ap-
peared in the rough-surfaced endoplasmic retic-
ulum. In some cells, much of the membrane
system had disappeared and the ribosomes lay free
in the cytoplasmic matrix (Fig. 9). In other cells,
the cisternae were widely dilated (Figs. 1 and 8)
and were eventually disrupted. Polysomes could
often be seen in the cytoplasm (Figs. 7-9). Dense
bodies of various types (Figs. 5, 6, 9-11) resembling
lipid droplets, lysosomes, and myelin figures were
present in many of the cells when most of the
resorption was occurring.

The plasma membranes were like those in nor-
mal cells. They were relatively smooth with few
projections and did not appear to fuse with those
of neighboring cells (Figs. 6, 9, and 12). After 26
hr of being repeatedly dosed, many of these cells
had washed-out nuclei with irregularly clumped
chromatin; cell membranes were discontinuous
and organelles were free between the cells.

osTEOCYTES: The changes in these cells were
less marked than in the osteoblasts. Mitochondria
became swollen and dense bodies appeared in
many, but not all cells (Figs. 12 and 13). There
was not so much distension of the cytoplasmic
membrane systems. Many of the cells did not fill
their lJacunae and were separated from the calcified
matrix by a fine amorphous material that was
free of collagen fibrils (Fig. 12). The plasma mem-
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Ficure 5 9 hr after 9 units/g PTE over 30 min. Most of the cells are elongated and separated from one
another. The mitochondria and some cisternae are swollen and dense bodies are present. The bone matrix
is completely obscured by mineral at the upper left, but shows patchy calcification at the lower right.
Osteoclast, ocl; osteocyte, ocy. X 5000,



Ficure 6 9 hr after 9 units/g PTE over 30 min. Spindle cells with Golgi zones (&), swollen mitochondria,
and dense bodies. Uncalecified fibrils can be seen at the bone matrix surface. X 6000.

Figure 6 a Golgl and rough-surfaced vesicles and vacuolated mitochondria. X 18,000.

Ficure 7 1614 hr after one injection of 10 units/g PTE. Granules in swollen mitochondria. Polysomes, p;
dense body, db. X 30,000.

Freure 7 a Mitochondrial granules composed of rosettes of small particles. X 80,000.



Ficure 8 9 hr after 9 units/g PTE over 30 minutes. Distended Golgi and rough-surfaced vesicles.
Polysomes, p. X 25,000,

brane in such cells was relatively smooth between
the processes that passed into the canaliculi.

OSTEOCLASTS: These were little different
from those in normal animals. They were some-
times spindle shaped (Fig. 5), but the main change
was the swelling of the mitochondria (Figs. 5 and
14), although this was not always so pronounced
as in the spindle cells. They had considerably
fewer dense bodies than the osteoblasts. The brush
border (Fig. 14) was present and there was no
evidence of fusion with other cells (Fig. 13). The
osteoclasts seemed less affected than the other
cells after they were dosed repeatedly for 26 hr;
their brush borders remained relatively intact and
in relation to disrupted bone surfaces.

BONE MATRIX SURFACE: This looked very
much like that in normal bone. Under the osteo-
blasts, there was either a layer of collagen with or
without patches of mineral or else the surface was
completely calcified (Figs. 5 and 6). Under the
brush border of the osteoclasts the matrix had the
usual disrupted appearance (Figs. 13 and 14).

coNTrROLS: In the control animals, the cells
appeared normal. They formed a compact layer
over the calcified tissue. The cells had few dense
bodies, and only occasional cells contained swollen
mitochondria.

DISCUSSION

After the intraperitoneal injection parathyroid ex-
tract into rats, two main changes occurred in the
tibial metaphysis. Alterations developed in the fine
structure of osteoblasts and osteocytes, beginning
with the swelling of mitochondria and the forma-
tion of numerous dense bodies, and progressing to
eventual death of many cells after 26 hr of re-
peated injections. During the same period, the bony
trabeculac were eroded and many eventually
disappeared without any great increase in mul-
tinucleated osteoclasts such as is described by
Heller et al. (1950). Several questions follow from
these results. It would be interesting to know (a)
whether the changes in fine structure were an
expression of the physiological effect of the extract
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TFicure 9 13 hr after one injection of 3 units/g PTE, Various dense bodies are present. The endoplasmic
reticulum is rudimentary and many ribosomes lie free in the cytoplasm. X 10,000.

or of damage produced by toxic doses; (4) how the
calcified tissue disappeared without an obvious
increase in numbers of multinucleated osteoclasts;
and (¢) whether the changes in fine structure could
be related to the removal of mineral and organic
matrix.

(a) Nature of the Changes in Fine Structure

In assessing the nature of the changes, the fact
that the doses of PTE were large must be taken
into account. However, most attempts to under-
stand the normal relationship between the para-
thyroids and bone have been based on large doses.
Heller et al. (1950) certainly emphasized the fact
that they were using toxic amounts of PTE, suffi-
cient to cause degenerative changes in some of the
bone cells. Many of the changes in fine structure
in the present study could have been indications of
degeneration. In the liver, swelling of mitochon-
dria and distension of the endoplasmic reticulum
have been regarded as signs of damage and anal-

ogous to the cloudy swelling seen with the light
microscope {Ashworth et al., 1963). Some of the
dense bodies seen in our study resembled lipid;
while a small number of them may be found in
normal bone cells (Bonucci, 1963), the number in
our material may have been abnormal. Autolysis
is reported to be accompanied by the appearance
of various dense bodies (Ashford and Porter, 1962).
The increase in the number of such dense bodies
in the spindle cells in our material may have
been manifestations of damage. On the other hand,
there was evidence that the cells were continuing to
function. Dividing cells, some containing swollen
mitochondria, could be seen even after 26 hr of
repeated doses. During the 9- to 16-hr period,
when the resorption reached a peak after a single
dose, many of the cells with the swollen mitochon-
dria and dense bodies also had well developed
Golgi areas, endoplasmic reticulum, and numerous
polysomes.

It is difficult to say whether these changes in
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Ficure 10 9 hr after 9 units/g PTE over 30 min. Dense bodies and swollen mitochondria in a spindle
cell, X 45,000.

Ficure 11 9 hr after 9 units/g PTE over 30 min. Dense bodies and Golgi vesicles in a spindle cell.

X 20,000.

fine structure were an exaggeration of a physiologi-
cal process. Swollen mitochondria are present in
some cells in normal bone, and this may be an
indication that the cells are responding to endog-
enous parathyroid hormone. When a small dose of
PTE was given, the widespread swelling of mito-
chondria was the most notable change and oc-
curred before resorption could be detected. On the
other hand, with the larger doses some of the cells
were spared, suggesting that these cells were in a
particular functional state and so did not respond
to the PTE. However, since the repeated doses
produced considerable necrosis eventually, it is
possible that the earlier changes were the result of
damage to the cells.

(b) Resorption without an Obvious Increase
in Numbers of Multinucleated Osteoclasts

Several possibilities come to mind to explain
this result. One is that those osteoclasts present

moved more rapidly than normally (Gaillard,
1961). Most of them were found in the usual places
(e.g. tibial buttress and diaphyseal ends of the
metaphyseal trabeculae), and the close relation-
ship between disintegrating bone and brush border
was maintained. On the trabecular surfaces, the
osteoclasts were separated from each other by
spindle cells which would seem to have provided a
hindrance to their movement.

The extract may have stimulated a more rapid
turnover of osteoclasts with an increased rate of
bone destruction. This could not be determined on
morphological grounds, and there is no evidence
from H3-thymidine studies that PTE changes the
rapidity with which the cycle “osteoprogenitor”
cell - osteoclast - “osteoprogenitor” cell takes place
(Young, 1964).

Another possibility is that bone cells with single
nuclei took on the characteristics of osteoclasts. In
some of them, the endoplasmic reticulum was not

D. A. Cameron, H. A. PascuaLL, anp R. A, Rosinson Changes in Bone Cells 9



Ficrre 12 9 hr after 9 units/g PTE over 30 min. Osteocyte in its lacuna. The cell is separated from
the lacunar wall by a space. The endoplasmic reticulum is well developed and the Golgi zone (G) is dis-
tinct. The mitochondria are swollen and some dense bodies (db) are present. X 10,000.

well developed (or had become “atrophic”) and
there were many free ribosomes in the cytoplasm,
as in classical osteoclasts. However, none developed
a brush border and none was adjacent to the areas
of disrupted bone that can be seen under multinu-
cleated cells.

It seems to us that none of these explanations is
satisfactory. It is apparent that PTE did not stim-
ulate classical osteoclasis in the early stages, and
this is in agreement with the observation of Heller
et al (1950), although those authors were impressed
by the later appearance of osteoclasts (at 12 hr). If
this observation is correct, it will be necessary to
look for some other way in which the extract exerts
its effects. In the normal animal, it is possible that
exchange of calcium and inorganic phosphate be-
tween bone and tissue fluid is not mediated by
osteoclasts (Macgregor, 1964). but by the other
bone cells for which the cellular mechanisms and
their morphological basis have not as yet been
recognized. When the parathyroid glands are

stimulated by peritoneal lavage, calcium removal
is not dependent on the size of the osteoclast popu-
lation (Talmage et al., 1965). PTE may also have
its main effect on cells other than osteoclasts and
cause the net movement of mineral to be in one
direction, that is, out of bone. This effect must
occur quite early, for Cameron and Copp (1963)
have shown that the level of calcium in the serum
may rise 6 hr after injection of small amounts of
PTE into rats. The changes that we have seen by
that time seem minor but later they become exag-
gerated and could be responsible for, or at least
connected with, the increasing loss of both mineral
and matrix from the bone.

(¢) Relation of Changes in Fine Structure to
Removal of the Calcified Tissue
So far as the mineral removal is concerned, a

number of ions have been suggested as being in-
volved, and fashions have changed from citrate
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Ficure 13 9 hrof 2 units/g PTE at 4-hr intervals. Osteoclast (ocl) with brush border (bb) anda neighbor-
ing osteocyte. The plasma membranes between them are blurred in one area (arrow), but this is probably
because they have been sectioned obliquely rather than because the cells have fused. Mitochondria in the
osteoclast only are swollen. The bone adjacent to the brush border has a frayed appearance, but there is
no suggestion of this at the margins of the lacuna in which the osteocyte lies. X 10,000.

(Neuman et al., 1960; Walker, 1961) to lactate
(Borle et al., 1960) and carbonate (Forscher and
Cohn, 1963). All the acids invoked are related to
respiration in cells, and changes in mitochondria
may, therefore, be of some significance.

The swelling of the mitochondria may be sec-
ondary to the increase in calcium and phosphate
ions in the tissue fluid. It is known that these ions
will cause mitochondrial swelling in vitro (Wojt-
czak and Lehninger, 1961), and this may be the
first indication that the PTE has caused mineral to
be removed from the hard tissue. The granules in
the mitochondria of the spindle cells may also be a
measure of mineral movement (Caulfield and

Schrag, 1964; Greenawalt et al., 1964) On the
other hand, DeLuca and Sallis (1965) have shown
that mitochondria provide a system that will
respond specifically to parathyroid hormone and
may control intracellular ion concentrations. The
structural alterations in mitochondria may be a
reflection of this control.

Removal of organic matrix would depend in
part on the presence of proteolytic activity. Bélan-
ger and Migicovsky (1963) showed that PTE in-
creased the size of osteocyte lacunae in vivo and
enhanced the ability of osteocytes to digest a
gelatin substrate in vitro. We found osteocytes
separated from the lacunar walls by a space that

D. A. CameroN, H. A. Pascuarr, aNp R. A. RoBinson Changes in Bone Cells 11



FiGurg 14 16 hr of 1 unit/g PTE at 4-hr intervals. Osteoclast with brush border and adjacent disrupted
bone. The mitochondria are swollen and contain granules. X 12,000.

was larger than normal (Fig. 12). This space may
have been evidence of “osteolysis,” but the possi-
bility of cell shrinkage cannot be excluded. Colla-
gen breakdown in vitro is increased by PTE (Stern
et al., 1965; Walker et al., 1964, Kaufman et al.,
1965). Woods and Nichols (1965) have demon-
strated collagenase in normal bone cells in the
mitochondrial fraction and suggested that it might
be contained in lysosomes. Many of the dense
bodies in spindle cells (Fig. 10 and 11) may have
been counterparts of the lysosomes described by
others (de Duve, 1959; Novikoff, 1963), although
we did not test them for the presence of acid phos-
phatase. Lysosomal enzymes may be responsible
for the normal process of resorption (de Duve,
1963; Vaes, 1965) or that which occurs in hyper-
vitaminosis A (Fell, 1964), so it is possible that
some of the dense bodies that appeared after PTE
were significant in the removal of the trabeculae.

In conclusion, it can be said that, while the work
of Heller et al., (1950) has provided useful informa-
tion in terms of conventional histology, the experi-
mental technique in our hands has not yielded

unequivocal evidence about the relationship be-
tween bone resorption and changes in fine struc-
ture of bone cells produced by PTE. We have
shown (as they also did) that bone can disappear
without an obvious increase in osteoclasts and
suggested how the mitochondrial changes and ap-
pearance of dense bodies may have been related to
the erosion of the bony trabeculae. However, the
changes could be interpreted as having been the
result of damage from large doses of the extract.
A more refined approach will be necessary to show
the way in which the parathyroid glands control
bone cells.

This work was supported by National Institutes of
Health project grant A706 and institution grant M.
55. 6029; by the National Health and Medical Re-
search Council (Australia), the Australian Research
Grants Committee, the New South Wales State Can-
cer Council and the University of Sydney Post Gradu-
ate Medical Foundation. Dr. Paschall’s work was
supported in part by N.I.H. Post-Doctoral Fellowship
GPD-11, 234-Cl.

Received for publication 17 February 1966.

12 Tue JournaL oF Cern Brorocy - VoLuMe 33, 1967



BIBLIOGRAPHY

Asurorp, T. P., and K. R. Porter. 1962. Cyto-
plasmic components in hepatic cell lysosomes. J.
Bigphys. Biochem. Cytol. 12:198.

AsuwortH, C. T., F. J. Luiser, E. SanDERs, and
N. Arnorp. 1963. Hepatic cell degeneration.
Arch. Pathol. 75:212.

Barnicor, N. A. 1948. The local action of the para-
thyroid and other tissues on bone in intracerebral
grafts. J. Anat. 82:233.

BarTrERr, F. C. 1961, The effect of the parathyroid
on phosphate excretion. In The Parathyroids. R. O.
Greep and R. V. Talmage, editors. Thomas,
Springfield. 388.

Bfranger. L. F., and B. B. Micicovsky. 1963. Histo-
chemical evidence of proteolysis in bone: the
influence of parathormone. J. Histochem. Cytochem.
11:734.

Bonuccr, E. 1965. Lipid globules in osteogenic cells:
a histochemical and electron microscopic investi-
gation. J. Micr. 4:57.

Borie, A. B, N. NicHois., and G. NicHoLs. 1960.
Metabolic studies of bone in vitro. II. The met-
abolic patterns of accretion and resorption. J. Biol.
Chem. 235:1211.

CaMERON, D. A. 1963. The fine structure of bone and
calcified cartilage. Clin. Orthopaed. 26:199.

CaMERON, E. C.,, and D. H. Corp. 1963. Parathyroid
control of hypercalcemia due to injection of para-
thyroid extractin the rat. Proc. Soc. Exptl. Biol. Med.
114:278.

Caurrierp, J. B., and B. A. ScHrAG. 1964. Electron
microscopic study of renal calcification. Am. J.
Pathol. 44:365.

Cuang, H. 1951. Grafts of parathyroid and other
tissues to bone. Anat. Record. 111:23.

DE Duve, C. 1959. Lysosomes, a new group of cyto-
plasmic particles. In Subcellular Particles. T.
Hayashi, editor. The Ronald Press, New York. 128.

De Duve, C. 1963. The lysosome concept. In Lyso-
somes. A. V. S. de Reuck and M. P. Cameron,
editors. Churchill, London. 1.

DE Luca, H. F,, and J. D. SaLLis. 1965. Parathyroid
hormone: its subcellular actions and its relation-
ship to vitamin D. In The Parathyroid Glands.
P. J. Gaillard, R. V. Talmage, and A. M. Budy,
editors. University of Chicago Press, Chicago. 181.

Dubrey, H. R., and D. Seiro. 1961. The fine struc-
ture of bone cells. J. Biophys. Biochem. Cytol. 11:
627.

Ferr, H. B. 1964. Some factors in the regulation of
cell physiology in skeletal tissues. In Bone Bio-
dynamics. H. M. Frost, editor. Little Brown,
Boston. 189.

Firscuewn, H., G. MartiNn, B. J. MuLryan, B.
StrATES, and W. F. Neuman. 1958. Concerning

the mechanism of action of parathyroid hormone.
I. Ion gradients. J. Am. Chem. Soc. 80:1619.

Forscuer, B. K., and D. V. Coun. 1963. In vitro
carbohydrate metabolism of bone: effect of treat-
ment of intact animal with parathyroid extract.
In Mechanisms of Hard Tissue Destruction. R. F.
Sognnaes, editor. American Association for the
Advancement of Science, Washington, 577.

GaAILLARD, P. J. 1961. Parathyroid and bone in tissue
culture. In The Parathyroids. R. O. Greep and
R. V. Talmage, editors. Thomas, Springfield. 20.

Gonzates, F., and M. J. Karnovsky. 1961. Electron
microscopy of osteoclasts in healing fractures of
rat bone. J. Biophys. Biochem. Cytol. 9: 299.

GreeNAwALT, J. W,, C. 8. Rosst, and A. L. LEHNIN-
cER. 1964. Effect of active accumulation of calcium
and phosphate ions on the structure of rat liver
mitochondria. J. Cell Biol. 23: 21.

Hancox, N. M., and B. BoorHroyp. 1963. Struc-
ture-function relationships in the osteoclast. In
Mechanisms of Hard Tissue Destruction. R. F.
Sognnaes, editor. American Association for the
Advancement of Science, Washington, 497.

Hevrrer, M., F. C. McLeaN, and W. Broom. 1950.
Cellular transformations in mammalian bones
induced by parathyroid extract. Am. J. Anat.
87:315.

Jackson, S. Firton, and J. T. RanparLL. 1956.
Fibrogenesis and the formation of matrix in de-
veloping bone. In Bone Structure and Metabolism.
G. E. W. Wolstenholme and C. M. O’Connor,
editors. Churchill, London. 47.

Kavrman, E. J., M. J. GLiMcHER, G. L. MEcHANIC,
and P. GoLpuaper. 1965. Collagenolytic activity
during active bone resorption in tissue culture.
Proc. Soc. Exptl. Biol. Med. 120:632.

MACGREGOR, J. 1964. The relationship between the
calcium and phosphate ions in bone mineral and
tissue fluids. In Bone and Tooth. H. J. J. Black-
wood, editor. Pergamon Press, London. 351.

McLean, F. C. 1958. The ultrastructure and func-
tion of bone. Science. 127:451.

McLEaNn, F. C., and M. R. Urist. 1961. Bone. An
Introduction to the Physiology of Skeletal Tissue.
University of Chicago Press. Chicago. 2nd edition,
117.

Neuman, W. F., B. J. MuLryaNn, and G. R. MarTIN.
1960. A chemical view of osteoclasis based on
studies with yttrium. Clin. Orthopaed. 17:124.

NicHois, G. 1963. In vitro studies of bone resorptive
mechanism. In Mechanisms of Hard Tissue De-
struction. R. F. Sognnaes, editor. American As-
sociation for the Advancement of Science, Wash-
ington, 557.

Novixorr, A. B. 1963. Lysosomes and the physiology

D. A. Cameron, H. A, Pascrarr, aND R. A, RosiNsoN Changes in Bone Cells 13



and pathology of cells. In Lysosomes. A. V. S. de
Reuck and M. P. Cameron, editors. Churchill,
London. 36.

Rasmussen, H. 1961 Parathyroid hormone. Nature
and mechanism of action. Am. J. Med. 30:112.

Robinson, R. A, and D. A. Cameron. 1964. Bone.
In Electron Microscopic Anatomy. S. M. Kurtz,
editor. Academic Press. Inc. New York 315.

Scotr, B. L. and D. C. Prase. 1956. Electron micros-
copy of the epiphyseal apparatus. Anat. Record. 126:
465.

Stern, B. D., M. J. GLiMcHER, G. L. MECHANIC, and
P. GorLpHABER. 1965. Studies of collagen degrada-
tion during bone resorption in tissue culture. Proc.
Soc. Exptl. Biol. Med. 119:577.

Tarmace, R. V., S. B. Dory, C. W. CooOPER,
C. Yates, and J. NEUENsCHWANDER. 1965. Cyto-
logical and biochemical changes resulting from
fluctuations in endogenous parathyroid hormone
levels. In The Parathyroid Glands. P. J. Gaillard,
R. V. Talmage, and A. M. Budy, editors. Univer-
sity of Chicago Press, Chicago. 107.

Vags, G. 1965. Hydrolytic enzymes and lysosomes in
bone cells. In Calcified Tissues. L. J. Richelle and
M. J. Dallemagne, editors. University of Liege. 51.

Vags, G. M. and G. Nicuots. 1962. Effects of a mas-
sive dose of parathyroid extract on bone metabolic
pathways. Endocrinology. 70:546.

WALKER, D. G. 1961. Citric acid cycle in osteoblasts
and osteoclasts. A histochemical study of normal
and parathormone-treated rats. Bull. Johns Hepkins
Hosp. 108:80.

WALKER, D. G., C. M. LAPIERE, and J. Gross. 1964. A
collagenolytic factor in rat bone promoted by para-
thyroid extract. Biochem. Biophys. Res. Commun. 15:397.

WojTczaK, L., and A. L. LEENINGER. 1961. Forma-
tion and disappearance of an endogenous coupling
factor during swelling and contraction of mitochon-
dria. Biockim. et Biophysica Acta. 51:442.

Woopbs, J. F., and G. Nicrors. 1965. Collagenolytic
activity in rat bone cells. J. Cell Biol. 26:747.

Youne, R. W. 1964. Specialization in bone cells. In
Bone Biodynamics. H. M. Frost, editor. Little,
Brown, Boston. 117.

14 Tae JourNaL oF CeLL Brorocy - VoLuME 33, 1967



