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ABSTRACT

Transplantation of collagenous matrix from the rat diaphyseal bone to subcutane-
ous sites resulted in new bone formation by an endochondral sequence. Functional
bone marrow develops within the newly formed ossicle. On day 1, the implanted
matrix was a discrete conglomerate with fibrin clot and polymorphonuclear
leukocytes. By day 3, the leukocytes disappeared, and this event was followed by
migration and close apposition of fibroblast cell surface to the collagenous matrix.
This initial matrix-membrane interaction culminated in differentiation of fibro-
blasts to chondroblasts and osteoblasts. The calcification of the hypertrophied
chondrocytes and new bone formation were correlated with increased alkaline
phosphatase activity and **Ca incorporation. The ingrowth of capillaries on day 9
resulted in chondrolysis and osteogenesis. Further remodelling of bony trabeculae
by osteoclasts resulted in an ossicle of cancellous bone. This was followed by
emergence of extravascular islands of hemocytoblasts and their differentiation into
functional bone marrow with erythropoietic and granulopoietic elements and
megakaryocytes in the ossicle. The onset and maintenance of erythropoiesis in the
induced bone marrow were monitored by *®Fe incorporation into protein-bound
heme. These findings imply a role for extracellular collagenous matrix in cell
differentiation.

There is growing knowledge about the intracellular
molecules involved in cell differentiation (8). How-
ever, information pertaining to the possible role of
extracellular matrix macromolecules such as colla-
gen and proteoglycans has lagged (20). A charac-
teristic feature of multicellular metazoa is the
presence of extracellular matrix. In skeletal and
dental tissues, extracellular matrices are most
prominent and may provide important clues to
their role.

On contact with demineralized collagenous mat-
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rices of bone and tooth, responding fibroblasts
(mesenchymal cells) show an alteration of gene
expression which results in emergence of new
phenotypes (18, 19, 22, 32, 33). Simple techniques
to study this phenomenon were developed and the
temporal sequence of events were delineated (22).
The importance of the physical dimensions of the
matrix (18, 19, 23) and the surface charge charac-
teristics (20, 24) in this process was demonstrated.
Transplantation of powdered demineralized bone
matrix, consisting predominantly of collagen in the
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solid state, to subcutaneous sites resulted in new
bone formation by an endochondral sequence. The
new bone is occupied subsequently by functional
bone marrow differentiating in situ (25). This
paper presents correlated biochemical and electron
microscope observations on this sequential biologi-
cal cascade.

MATERIALS AND METHODS
Preparation and Transplantation of Matrix

Dehydrated diaphyseal shafts of rat femur and tibia
were pulverized in a CRC Micro Mill (Chemical Rubber
Company, Cleveland, Ohio) and sieved to a discrete
particle size of 74-420 um. The powders were demineral-
ized with 0.5 M HCI1 and extracted with water, ethanol
and ether, and prepared as described (22). Powders of
this sort when plated on bacteriological agar plates did
not reveal any bacterial colony.

Demineralized bone matrix was transplanted subcuta-
neously under ether anesthesia in male rats of Long-
Evans strain, age 28-35 days (22). There were eight sites
in the trunk at four symmetric locations: upper and lower
thoracic, abdominal, and dorsal. About 25-30 mg of dry
powder were implanted at each site with the aid of a blunt
stainless steel spatula.

Alkaline Phosphatase and
48Ca-Incorporation

On designated days of harvest, as indicated in Table I,
4CacCl, (sp act 11.2 mCi/mg) in saline was injected via a
tail vein at a dose of 1 uCi/1 g body weight 4 h before
termination of the experiment. At harvest, the transplan-
tation plaque was weighed and portions were homoge-
nized for alkaline phosphatase determination and **Ca
incorporation, as described earlier (22), to quantitate the
yield of new bone.

89 Fe Incorporation and Enzyme Assays

In order to precisely determine the onset of erythro-
poiesis during the de novo biogenesis of bone marrow in
the newly formed ossicle, the incorporation of **Fe into
protein-bound heme was determined as described earlier
(25). Since earlier experiments revealed that the yield of

bone marrow in the thoracic site is superior to that in the
abdominal site, the present studies were restricted to the
thoracic site (25). The results were expressed as cpm per
milligram tissue. The femoral bone marrow served as an
internal control. Under the conditions of the experi-
ments, about 65-70% of the total protein-bound radioac-
tivity was associated with the heme fraction.

At harvest, one-half of the plaque was weighed and
homogenized in ice-cold 0.15 M NaCl containing 3 mM
NaHCO, with the aid of a Polytron homogenizer
(Brinkmann Instruments, Inc., Westbury, N.Y.) and
centrifuged as described earlier (22). The supernates were
used in the assay of acid phosphatase (EC 3.1.3.2) at a
pH of 5.1 and alkaline phosphatase (EC 3.1.3.1) at a pH
of 9.3, using p-nitrophenyl phosphate as substrate (10). 1
U of phosphatase activity was defined as the enzyme
activity that liberated 1 umol of p-nitrophenol in 0.5 h at
37°C per gram of tissue. Lactate dehydrogenase (EC
1.1.1.27) and malate dehydrogenase (EC 1.1.1.37) were
determined spectrophotometrically (21). Total soluble
protein was determined by the method of Lowry et al.
(12), with bovine plasma albumin as a standard.

Electron Microscopy

The electron microscope studies were performed ex-
clusively on transformation plaques from thoracic sites.
Tissues were fixed in cold formaldehyde-glutaraldehyde
fixative (11) for 60 min and then diced to 1-2 mm?® and
fixed for an additional 30 min. After rinsing in cold 0.1
M cacodylate buffer, pH 7.2, the samples were postfixed
in cold 2% osmium tetroxide, dehydrated in graded
ethanol solutions, and embedded in Epon. These sections
with, and without, lead citrate staining were examined in
a Siemens Elmiskop 101 electron microscope. Thick (1
pm) sections cut with an MT2 ultramicrotome were
stained with Toluidine blue and employed for orienta-
tion purposes.

Endogenous Peroxidase Localization

Tissues were fixed for 60 min in formaldehyde-glutar-
aldehyde as described above, and the samples were
washed overnight in 0.1 M cacodylate buffer pH 7.2.
Sections (100-um slices) were cut by an Oxford vi-
bratome and incubated for 30 min at 37°C in 3.3'diami-
nobenzidine-H,0; medium (pH 7.2) for localization of

FIGURE 1

Day 1. Collagen fibers showing typical cross-band periodicity in the implanted bone matrix.

x 24,000. Inset (a) is a light micrograph showing the relationship of polymorphonuclear neutrophils (n)

and fibrin (f) to the implanted matrix. x 200.

FIGURE 2 Day 1. A neutrophil in close proximity to the electron-dense fibrin and the implanted bone
matrix is revealed in this micrograph. x 16,000. The inset (a) shows the characteristic banded structure of

fibrin. x 35,000.
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endogenous peroxidase (7). After a brief rinse, the slices
were osmicated, dehydrated, and embedded in Epon.
These sections were stained lightly with lead citrate (26)
and examined.

RESULTS
Sequential Changes

Transplantation of powdered demineralized dia-
physeal bone matrix to thoracic sites in allogeneic
recipients resulted in the formation of a discrete
transformation plaque within 24 h. The implanted
matrix revealed the typical cross striations of
collagen (Fig. 1). On day 1, the plaque was a
compact conglomerate of the implanted matrix
and irregular strands of fibrin and polymorphonu-
clear leukocytes (Fig. 1 a). Alkaline phosphatase,
a characteristic enzyme of rat polymorphonuclear
leukocytes (15), was detected in the plaque (Table
I). The fibrin was electron dense and of various
lengths and exhibited a banded pattern with about

250 A periodicity (3, 17). The polymorphonuclear
neutrophilic leukocytes phagocytized the fibrin
and cell debris (Fig. 2). Some cells appeared to
migrate toward the implanted matrix (Fig. 3).
Many leukocytes contained lysosomes with mem-
branous inclusions (Fig. 4). By day 3, most leuko-
cytes disappeared. This event was correlated with
decline in alkaline phosphatase activity in the
plaques (Table I).

On days 3 and 4, numerous elongate fibroblast-
like cells appeared in close proximity to the
implanted matrix (Figs. 5, 6 and 6 @), and some of
the cell processes appeared to invade the crevices
in the matrix (Fig. 7). There was a close initial
interaction between the fibroblast plasma mem-
brane and the surface of the matrix (Fig. 7). There
was no evidence of phagocytosis of matrix material
by fibroblasts.

On day 5, the first chondroblasts appeared.
These cells were numerous by days 7 and 8 (Fig. 8

TABLE |

Changes in Alkaline Phosphatase Activity and ‘*Ca Incorporation in Transformation Plaques

Alkaline “Ca
Day phosphatase tncorporation Histology
Ulg cpm/mg
1 5207 ND Polymorphonuclear leukocytes + +
3 3.1 +£04 26+6 Polymorphonuclear leukocytes +
Fibroblasts + + + +
5 32+04 51+8 Fibroblasts + + +
Chondroblasts +
7 25.0+2.8 351 £ 190 Chondrocytes + + +
9 19.6 = 3.1 1,790 + 460 Hypertrophy and calcification of chondrocytes
Capillary ingrowth
10 457 +93 2,956 + 764 Chondrolysis
Osteoblasts + + +
11 470+ 8.7 6,144 + 1,956 Bone +++
14 278 + 34 5,012 + 458 Bone +++
Early hemocytoblasts
18 32542 4,330 + 703 Bone ++++
Bone marrow + +
21 30.8 + 2.8 6,778 + 739 Bone ++++

Bone marrow ++++

ND, not detectable; =, Standard error of mean of eight observations.

FIGURE 3 Day 2. A penetrating cell with close approximation of the cell membrane to the implanted

matrix is revealed. x 12,000.

FIGURE 4 Day 3. A neutrophil located close to implanted matrix contains numerous lysosomes (L,-Ls)
with degenerating membranous inclusions. x 8,000.
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FIGURE 5 Day 3. A cell with well-developed Golgi apparatus is located in close proximity to the implanted
matrix. Fragments of {ibrin persist. x 12,000,

FIGURE 6 Day 4. Elongate fibroblastic cells (a) containing well-developed granular endoplasmic reticulum
are located in the region of the implanted bone matrix. x 14,000.
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FIGUre 7 Day 5. A cell process from the fusiform fibroblastic cell appears in close apposition to the
implanted collagenous bone matrix. x 20,000.

FiGURE 8 Day 7. Chondroblasts with well-developed granular endoplasmic reticulum adjacent to the
implanted matrix. Cartilage matrix with filamentdus meshwork is also observed. x 3,000.
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FIGURES 9 and 10 Day7.C lose proximity to the implanted bone matrix reveal extensive
dilated granular endoplasmic reticulum. Well-developed cartilage matrix surround these cells. Arrows in
Fig. 9 indicate the characteristic cytoplasmic fibrils. x 8,000.




FiGURE 11 Day 9. Hypertrophic chondrocytes in well formed lacunae are revealed in this micrograph (a).
x 600. [n a corresponding electron micrograph, the hypertrophic chondrocytes are shown with numerous
clectron-dense cell processes that extend into the cartilage matrix (arrows). x 6,400.

FIGURE 12 Day 9. This electron micrograph illustrates the late stages of the hypertrophic chondrocytes
with extensive degradation of cytoplasmic organelles and fragmentation of cell membrane. A fibrous
network in the peripheral matrix is revealed. x 8,000. Inset (@) is a corresponding light micrograph
exhibiting pyknotic nuclei in hypertrophic chondrocytes. x 600.



and 8 a). The chondrocytes exhibited a round or
oval nucleus and a well-developed granular endo-
plasmic reticulum and Golgi region (Figs. 9 and
10). Another characteristic feature of the chon-
drocytes was the occurrence of numerous cytoplas-
mic fibrils (Fig. 9). The chondrocytes were closely
juxtaposed to the implanted matrix (Fig. 9). These
cells were separated by well-developed matrix
composed of both granular and fibrillar material.
Correlated experiments revealed considerable in-
corporation of *S into chondroitin sulfate (22).
The chondrocytes hypertrophied and there was
extensive fragmentation of the cell processes (Figs.
11, 12, and 12 a). Also present in the extracellular
matrix were numerous dense bodies similar to
matrix vesicles (1, 2). With further hypertrophy on
day 9, the nuclei were pyknotic and there was
degeneration of the cytoplasm (Fig. 12). Immedi-
ately adjacent to the hypertrophic chondrocyte was
a “halo” surrounded by a fibrous network with
dense granules (Figs. 11 and 12). The first signs of
mineral formation were evident both near the
surface of the hypertrophied chondrocyte and in
the peripheral matrix (Fig. 13). With the advent of
sprouting capillaries on day 9, several chondrolytic
foci were evident. By day 10, numerous multinu-
cleate chondroclasts appeared close to regions of
chondrolysis. Osteoblasts with intense basophilia
appeared close to the vascular endothelium and
exhibited well-developed granular endoplasmic re-
ticulum (Fig. 14 and 14 a). New bone formed by
appositional growth on the surface of the calcified
cartilage matrix and the implanted nonliving col-
lagenous matrix. The initial events of calcification
of cartilage and emergence of osteoblasts cor-
related with increased deposition of bone mineral
and marked increases in alkaline phosphatase
activity followed by **Ca incorporation (Table I).
The disappearance of cartilage on days 10 and
I1 resulted in a corresponding decline in lactic
dehydrogenase (LDH) activity (Table II). From
day 1l onwards, there was increased mineraliza-

tion and “*Ca incorporation (Table I). Extensive
remodelling of the new bone was associated with
the presence of osteoclasts (6) with characteristic
ruffled border in close proximity to the mineral
phase (Fig. 15 and 15 a).

By day 12, the chondrolysis was almost com-
plete and the plaque consisted of an irregular
honeycomb of trabeculae of bone and cavernous
sinuses lined with flattened cells. The first loci of
hemopoiesis were in the form of extravascular
islands of small basophilic cells and primitive
granulocytes. On days 14 to 16 there was vascular
confluence, and the sinuses were crammed with
erythrocytes, presumably preformed, as indicated
by low values for **Fe incorporation (Table II).

Between days 16 and 21 there was further
remodelling of the bone, and the roughly ovoid
ossicle was filled almost entirely with bone marrow
elements including erythrocytic and granulocytic
series and megakaryocytes. As seen in Table II,
about 6-7 days after the first signs of hemopoietic
precursor cells, erthropoiesis as indicated by **Fe
incorporation into heme was significantly in-
creased and attained a plateau by day 24 and
remained at this level up to day 70. The developing
erythrocytes displayed diaminobenzidine staining
for hemoglobin. The neutrophils exhibited a reac-
tion product for endogenous peroxidase in discrete
cytoplasmic granules and in dilated cisternae of the
endoplasmic reticulum (Figs. 16-18). The full
development of hemopoietic bone marrow cor-
related with the increased activities of lactic and
malic dehydrogenases. The increasing acid phos-
phatase activity may be due to erythropoiesis (13),
and the alkaline phosphatase activity may reflect
myelopoiesis (Table I1).

DISCUSSION

The formation of cartilage, bone, and bone mar-
row in response to subcutaneous implantation of
powders of nonliving collagenous diaphyseal bone
matrix is reminiscent of the embryonic differentia-

FIGURE 13 Day 10. Illustrates the formation of electron-dense deposits of mineral close to cell membrane
of the hypertrophied chondrocyte and in the peripheral matrix. x 8,000.

FIGURE 14 Day 11. Osteoblasts (0b) with characteristic basophilia following Toluidine blue staining are
shown next to the bone matrix (a). Electron micrograph reveals extensive granular endoplasmic reticulum
(Fig. 14). Note the new collagen immediately surrounding the cell and extensive mineralization of new bone

matrix. x 20,000.
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Fioure 15 Day 18. Muitinucleated osteoclast (oc) is depicted in inset (a). Corresponding electron
micrograph reveals the ruffled cell border close to the bone mineral and matrix. x 16,500,
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TaBLE 11

Phosphatases, Dehydrogenases, and **Fe-incorporation in Transformation Ossicles

Phosphatases Dehydrogenases
Day pH 5.1 pH 93 Lactate Malate Soluble protein 8¢Fe-incorporation
Ulg Ulg Ulg Uleg mg/g cpm/mg

9 16.3 + 0.6 474 + 38 216 + 24 19.3+20 18.4 +0.5 ND

12 199 + 2.0 38453 1.7+ 1.3 100 £ 1.1 195+ 1.0 ND

14 22.0+35 525+ 3.3 159+ 1.1 13.2 £ 0.7 17.5 £ 0.6 1+0.2
16 249 + 2.8 477+ 34 15.1 £ 1.9 18.1 £33 208 + 1.2 42
18 439 + 4.5 493+ 24 145+ 10 179 + 1.3 247+ 15 10+ 4
20 850+ 5.8 39.1 £ 1.3 306 +5.5 28.1 + 3.1 323+ 1.7 130 = 19
21 36.3 £ 5.0 40.8 + 3.0 16.6 + 2.1 189 + 2.0 273+ 1.6 218 = 47
24 29.7 £2.9 352423 208 +£2.7 26.7 +2.7 246+ 1.9 343 + 8]

ND, not detectable; =, Standard error of mean; n = 8 for all determinations.

tion of these tissues. The early events include
formation of blood clot and emigration of poly-
morphonuclear leukocytes. The chemotaxis for
leukocytes in response to collagenous matrix is not
due to bacterial contamination since sterilized
matrix yielded identical results. This inflamma-
tion-like response is a transient event and is
followed by migration and adhesion of fibroblasts
in contiguity with the implanted matrix. These
initial matrix-membrane interactions result in al-
teration of gene expression in responding fibro-
blasts and culminates in the appearance of new
phenotypes. The precise mechanisms underlying
this transformation of phenotype is not known.
However, the surface charge (19, 24) and geometry
of the matrix (19, 23) are critical. Moreover, there
is a stringent specificity among the collagenous
matrices tested (18-20). Only bone and tooth
matrices are active; inactive collagenous matrices
include tendon, skin, and cartilage.

Studies by Slavkin (30) on differentiation of
tooth implicated RNA in induction. However, in
the present study treatment of the matrix with
RNAase or DN Aase before subcutaneous implan-
tation did not influence the biological response
(20). Pretreatment of the matrix with bacterial
collagenase, trypsin, and papain abolished the
observed phenotype changes (20). It would appear
that the integrity of the helical and nonhelical
domains of collagenous matrix is essential. The
likelihood of a molecule covalently linked to
collagenous matrix as the putative mediator is
suggested by experiments with sulfhydryl reducing
agents dithiothreitol and mercaptoethanol (20).

REDDI AND ANDERSON

The alternate possibility that the reducing agents
perturb the conformation of a critical region in the
matrix should not be overlooked. The short-range
contact-mediated nature of the cellular response
is best explained by a matrix-associated insoluble
molecule. It is, therefore, likely that collagenous
matrix may aid in restricting the mobility of
morphogenetically crucial molecules. Other ma-
trix molecules such as phosphoproteins, hyaluro-
nate, and sialoproteins were ruled out by experi-
ments involving pretreatment of the matrix with
acid and alkaline phosphatases, hyaluronidase,
and neuraminidase (20).

The sequential changes during matrix-induced
chondrogenesis, chondrolysis, and osteogenesis are
analogous to those described in differentiating
tissues (4, 5, 14, 28, 29, 31). The early events in
biogenesis of bone marrow and the morphology of
hemopoietic elements are similar to those of
medullary bone marrow (3, 16).

There is an excellent correlation between in-
creasing alkaline phosphatase activity (27) and
calcification as indicated by **Ca incorporation
into the mineral phase and the electron microscope
localization of electron-dense mineral. The incor-
poration of *®Fe into protein-bound heme paral-
leled the appearance and proliferation of erythro-
poietic elements.

The cascade of events and the temporal se-
quence during the matrix-induced bone formation
are similar to those observed during fracture
healing in long bones (9). In view of this, it is
conceivable that the collagenous matrix may play
an important role in specifying morphogenetic
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FiGures 16 and 17 Duay 21. Light micrographs of developing bone marrow stained by the diaminobenzi-
dine-H,0, procedure. The darkly stained erythrocytic cells {(Fig. 16) and dense granular granulocytic cells
(Fig. 17) are distinguishable. x 240.

FIGURE I8 Day 21. An electron micrograph of hemopoietic cells. Note the neutrophilic (V) cells with
granular peroxidase-positive reaction product. Erythrocytic (E) series exhibit a more uniform distribution
of diaminobenzidine-positive hemeprotein. x 8,000.
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information locally at the site of fracture. The
developmental implications and possible role of
collagenous matrix in imparting positional infor-
mation during embryogenesis and in repair proc-
esses, such as fracture healing in man and limb
regeneration in amphibians, has been discussed
previously (19, 20).
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