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Abstract. In vivo, recombinant human bone morphogenetic protein (rhBMP-2) with
deactivated bone matrix as a carrier, implanted in muscle in adult rats, induced de-
velopment of heterotopic bone, including bone marrow. The volume of bone was
proportional to the dose of rhBMP-2 in a range of 0.2-150 n.g. In vitro, in response to
50-pg dose range, subcutis- and brain-derived outgrowths differentiated into loosely
woven connective tissues composed of spindle-shaped fibroblasts, adipocytes, and
cartilage. Muscle-derived connective tissues cultivated first in culture media supple-
mented with 50 png of rhBMP-2 for 72 hr, then enclosed in a diffusion chamber, and
immediately transplanted into a rectus abdominous muscle pouch in an autogenic rat
for 28 days, induced cartilage development on the inside and transmembrane heter-
toptic bone development including bone marrow on the outside. These experiments
are interpreted to show that muscle derived connective tissue cells have the compe-
tence of embryonic cells to develop de novo in response to BMP in postfetal life.

[P.S.E.B.M. 1996, Vol 211}

eterotopic bone development has been re-

ported in almost every tissue in the body, but

most frequently in muscle. Previous commu-
nications demonstrated differentiation of muscle-
derived mesenchymal type cells into cartilage in re-
sponse to bone matrix (1-15), a partially purified bone
morphogenetic protein (16-21), or recombinant BMP
(22, 23). Recent reports presented the response of sev-
eral established cell lines (23-27) to recombinant hu-
man bone morphogenetic protein (rhBMP-2). The cells
were not derived from muscle but from bone marrow
or bone tissues, and possibly were determined or pro-
todifferentiated with respect to skeletal tissue differ-
entiation. Consequently these established cell lines
were not as applicable to the problem of heterotopic
bone development as primary cultures of muscle-
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derived connective tissues. Primary cultures of mus-
cle-derived connective tissues, which in the lifetime of
the animal normally would not differentiate into cells
other than fibroblasts, were more directly applicable
to the problem of heterotopic bone formation (21). We
report here on muscle-derived cells before and after
exposure to rhBMP-2, with and without transplanta-
tion into diffusion chambers in the anterior abdominal
wall. To determine whether cells derived from other
tissues were more or less competent to respond to
BMP, the experiments were repeated on connective
tissue outgrowths of subcutis and brain. To consider
the possibility that experimental results may vary with
variations in conditions of cultivation, we compared
the composition of CMRL-1066, the medium employ
in this study, with the composition of three other
standard culture media employed in our previous
investigations (2—4).

Materials and Methods

Deactivated Rat Bone Matrix. Deactivated ma-
trix was prepared from diaphyseal segments of adult
male Sprague-Dawley rat bones as follows. Long
bones were cleaned, demarrowed, washed overnight
in water at 4°C, and delipidized in 1:1 chloroform and
methanol at 4°C for 1 hr. To digest cell remnants, the
delipidized bone was autolyzed by the action of en-
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dogenous proteases in 0.1 M sodium phosphatate
buffer at 37°C (pH 7.2) for 72 hr and washed in distilled
water. The cell free bone was demineralized in 0.6 N
HCI at 4°C for 24 hr and then washed. To ensure com-
plete removal of all inductive activity attributable to
endogenous bone morphogenetic protein the cell-free
matrix was also extracted with 0.4 M GuHCl in 0.5 M
CaCl, at 4°C for 48 hr. The residual matrix was washed
with distilled water, frozen, and lyophilized (14). Im-
plants in allogeneic rats showed complete obliteration
of all osteoinductive activity in the residual matrix.

BMP Bioassay in Systems in Vivo. Twenty 2-ml
Eppendorf tubes were loaded with 25 mg of pulverized
deactivated rat matrix. Ten tubes of matrix were wet-
ted with 200 pl of 1-150 pg of recombinant human
BMP-2 (rhBMP-2, Batch #IDI1J021, with albumin as
carrier, Genetics Institute, Cambridge, MA). Sterile
distilled water (Bio-Whittaker, Inc., Walkersville,
MD) was added to each tube to a volume of 200 wl. To
precipitate the proteins onto the bone matrix, 0.5% (1
wl) trifluoroacetic acid was added. For controls, 10
other tubes of the deactivated matrix were immersed
in 200 pl of sterile, distilled water, and 0.5% trifluoro-
acetic acid without rhBMP-2. The matrix absorbed the
200 .l of solutions within 2 hr. When completely dry,
the matrix composites were placed in No. 3 gelatin
capsules (pre-sterilized in chloroform vapors over-
night) and implanted into the abdominal muscles of 10
adult Sprague-Dawley rats. To ensure internal consis-
tency, the experimental and control implants were im-
planted on the contralateral sides in the same host.
The anterior abdominal walls were excised, examined
by x-ray, and immediately fixed in neutral formalin for
histological sections.

Tissue Culture Substrata. Deactivated rat bone
matrix was cut into hemicylinders 8 mm in length. The
hemicylinders were sterilized in chloroform vapors
overnight. The media used for all cultures were pre-
pared by adding 15% fetal calf serum to a culture me-
dium named CMRL (28) (Gibco, Grand Island, NY),
with 1% penicillin-streptomycin (5000 units penicillin,
5000 pg streptomycin, Gibco), and 3% NaHCO; to
bring the pH to 7.0-7.2. The culture system consisted
of a culture dish, wire grid, and substrata consisting of
either deactivated rat bone matrix hemicylinders or
13-mm cellulose acetate membranes coated with a
concentrated solution of fibronectin (Sigma Chemical
Co., St. Louis, MO) as described in previous publica-
tions (9, 17, 28).

Connective Tissue Outgrowths of Muscle,
Brain, and Skin on Cellulose Acetate Membranes;
Special Precautions for Inclusions of Tendon At-
tachments and Periosteum. In dissections of near-
term female Sprague-Dawley rats, 0.5 mm? of the tri-
ceps brachialis muscle belly was excised and minced
in a 20-pl drop of CMRL-1066 culture medium on a
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glass petri dish (see Table I below). Forty-eight ex-
plants of minced muscle was cultivated on cellulose
acetate membranes (Millipore, Marlborough, MA),
pore size 0.45 um, coated with fibronectin (Sigma).
For 21 days, six explants of brain tissue removed from
the cerebral hemispheres with a small curette, and six
explants of subcutis fragments were similarly culti-
vated on cellulose acetate membranes. The media
were supplemented with 1-50 pg of rhBMP-2 in the
culture media. Three explants of each tissue were cul-
tivated in unmodified media. Special precautions were
taken to avoid the origins and insertions of tendon
attachments to periosteum and bone. The muscle belly
only was considered a valid source of connective tis-
sue cells which in the lifetime of the rat is undifferen-
tiated with respect to cartilage and bone.

Dose-Response Bioassays. The reactions of
connective tissue and growths to rhBMP-2 were mea-
sured by [*H]thymidine incorporation into DNA and
[**S]sulfate incorporation into GAG were measured by
means of previously reported methods (6, 10, 17).
Graduated doses, ranging from 1 to 50 png/25 mg of rat
deactivated matrix, were implanted in triplicate in the
rectus muscles of adult Sprague-Dawley rats. For as-
says in vitro neonatal muscle explants onto deacti-
vated rat bone matrix hemicylinders were exposed to
10 pg, 1 pg, and 200 ng of rhBMP-2 per 2 ml CMRL-
1066 media on Day 1, 2, and 4 (three cultures of each
concentration). On Day 6, the supplemented media
were replaced with media without rhBMP-2 and then
changed every other day for 14 and 21 days. Explants
of minced neonatal rat muscle cultivated in triplicate
on cellulose acetate membranes (Millipcre), were ex-
posed to graduated doses of rhBMP-2 per 2 ml CMRL-
1066 media on Day 1, 2, and 4 of culture (0.2, 1.0, 5.0,
10.0, 25.0, and 50.0 pg/2 ml of CMRL). The media
were changed on the third culture day and every other
day. After 10 days of cultivation, [**S]sulfate and
[*H]thymidine were added to the media for 4 hr. Three
cultures were also fixed in formalin for histological
sections on Day 14 to 21 of cultivation.

Sequential Exposure of Muscle to rhBMP-2 in
Vitro and Transplantation in Vivo. Diffusion cham-
bers (Millipore) were assembled using two 0.45-pum—
pore size membranes by methods previously described
in detail. Six chambers with muscle enclosed, were
placed on a wire grid, in a Falcon culture dish, con-
taining 2 ml CMRL-1066 media in the inner well, and 3
ml of sterile water in the outer well. The media con-
tained doses ranging from 1 to 10 to 50 pg of rhBMP-2
for 24 hr (one exposure), 48 hr (2 exposures), and 72 hr
(three exposures) using two chambers for each time
period. For controls, two chambers were exposed to
media alone for 48 hr. After each time period, the
chambers were transplanted subcutaneously into syn-
geneic rats for 4 weeks. After 4 weeks, the chambers



and surrounding tissues were excised and examined by
radiographic and histological methods previously de-
scribed in the literature (15).

Results

Bone Matrix Composites in Vivo. Composites of
rhBMP-2 and deactivated rat bone matrix induced dif-
ferentiation of calcifiable new bone. The incidence of
heterotopic bone formation in the rectus abdominous
muscle varied with the quantity of rhBMP in the com-
posite. With lower dose levels, the incidence was
25%-50%. With higher dose (>10 pg) levels, the inci-
dence was about 50%-100%. Figure 1, A and B show
typical radiographic and histological findings. As the

(A) ©g rhBMP-2 / 25 mg DEACTIVATED
BONE MATRIX IN ALLOGENEIC RATS

Figure 1. (A) Radiographs of ossicles developed in response to
intramuscular implants of a composite of rhBMP and deacti-
vated bone matrix carrier. Note the increase in bone mass in
proportion to dosage ranging from 1 to 150 1.g/25 mg of carrier.
(B) Photomicrograph of bone development (arrow) in an implant
of rhBMP-2 adsorbed to deactivated bone matrix after 28 days in
the rectus abdominous muscles (S) in an allogenic rat. M, mar-
row; S, host bed muscle.

quantity of rhBMP increased from 1 to 150 pg, the area
of computer image analyzed radiopaque bone in-
creased from approximately 5 mm? to approximately
90 mm? (Fig. 2); 200-ng doses induced only microscop-
ically visible deposits of new bone. Alkaline phos-
phatase activity on day 21 was elevated only in im-
plants with heterotopic bone.

Differentiation of Cartilage in Vitro. When fetal
rat muscle was cultivated on deactivated rat bone ma-
trix on Day 1, 2, and 4 in culture media supplemented
with 1-10 pg rhBMP-2, hyaline cartilage developed on
and between bone matrix surfaces (Fig. 3, A and B).
Cartilage developed in 100% of eight cultures exposed
to 10 pg of rhBMP-2 and in 85% of exposed to 1 pg
rhBMP-2. Cartilage did not develop in four cultures in
media supplemented with only 0.2 pg of rhBMP-2.

Connective Tissue Outgrowths onto Cellulose
Acetate Membranes. Table 1 summarizes observa-
tions on primary cultures of connective tissue out-
growth of fetal rat muscle onto a substratum of cellu-
lose acetate membranes (Millipore), consisting of a
monolayer of mesenchymal type cells and fibroblasts.
In response to media supplemented with rhBMP-2, a
multilayer of hypertrophied connective tissue cells, fi-
broblasts, and osteoid tissue developed after 14 days
of cultivation (Fig. 4, A and B). Deeply stained eosin-
ophilic osteoid with a central core of calcification ap-
peared when the rhBMP-2 concentration was in-
creased from 1 to 50 pg. The cross-sectional area of

Area of Bone Induced by rhBMP-2
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Figure 2. Graph showing the linear relationship of area of new
bone and the quantity of rhBMP-2 adsorbed to deactivated ma-
trix implanted in an allogenic rat.
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Figure 3. (A) Photomicrograph of hyaline cartilage developed
within 14 days in a connective tissue outgrowth of an explant of
neonatal rat muscle onto a substratum of deactivated rat matrix
(D), in response to culture medium supplement with 1 ug of
rhBMP-2 on days 0, 2, and 4. Stain: hematoxylin eosin and
azure; magnification: x120. (B) High-power view of cartilage
derived neonatal muscle connective tissue cultivated in a furrow
in a substratum of deactivated rat bone matrix on Day 14. The
culture medium was supplemented with 1 ug of rhBMP-2 on Day
2 and 4. Note chondroosteoid and perichondrium (arrow). Stain:
hematoxylin eosin and azure |I; magnification: x200.
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Table I. Neonatal Rat Muscle Connective Tissue
Outgrowths on a Substratum of Cellulose Acetate
Membrane in Media Supplemented with rhrBMP

Incidence of
Tissue Dose of cartilage, Alkaline
of rhBMP-2 n@ osteoid, or phosphatase
origin (ng/2 ml bone (U/ung of
media) development DNA-P)?
(%)
Muscle 0.2 4 0 122 + 0.8
1.0 6 15 424 +0.8
5.0 4 25 56.6 + 1.2
10.0 4 100 106.2 + 5.8
25.0 8 75 96.3 + 4.8
50.0 12 50 906 +5.4
Skin 1.0 6 50 15.0 £ 45
5.0 6 50 21055
50.0 6 66 30.1 £5.0
Brain 1.0 6 12 10.1 = 4.0
5.0 6 33 15.0 = 41
50.0 6 50 65.0 9.5

2 n, number of viable explants.
®Mean = SD based on average of six explants.

osteoid in the center of the implants was logarithmi-
cally proportional to the concentration of rhBMP-2
(Fig. 5); 200 ng produced fibrous connective tissue
only. As the concentration of rhBMP-2 increased from
1.0 to 50 g, the area of osteoid grew from 3.8 to 18.2
mm? (Fig. 6). Alkaline phosphatase levels increased
four to ten times above control. These cultures with
medium CMRL-1066 produced a higher percentage
of positive results than we and others (14) reported
previously experiments using other media listed in
Table 1I.

[®H]Thymidine Incorporation into DNA. Figure
7 illustrates an increase in DNA synthesis (measured
by [*H]thymidine incorporation) in response to a pulse
infusion of various doses of rhBMP-2 on the 10th day
of cultivation. With 10 pg, there were peak levels of
incorporation. With 25 pg, the level was only one third
of peak levels. With 50 pg, a second measurable in-
crease about 10% of the highest peak values of incor-
poration of [*H]thymidine into DNA. These data sug-
gest that rhBMP may inhibit mitosis and enhance cell
differentiation.

[5S]Sulfate Incorporation into GAG. As shown
in Figure 8, sulfate incorporation into GAG declined
when cultures were exposed to 1 and 5 wg of rhBMP-2.
In response to 10 pg, [**S]sulfate incorporation into
GAG production increased nearly four times above
baseline. With 25 pg incorporation into GAG de-
creased about 3-fold. With 50 g, incorporation was
about 15% above baseline, matching the shape of the
curves describing [*H]thymidine incorporation.

Exposure to rhBMP-2 In Vitro and Cultivated In
Vivo. When the cellulose acetate chambers containing
weanling rat muscle that had been exposed to 50 pg of



Figure 4. (A) Photomicrograph of chondroosteoid developed in
connective tissue outgrowth of neonatal muscle onto a fi-
bronectin-coated substratum of cellulose acetate (bottom), in a
culture media CMRL supplemented with 50 pg of rhBMP-2 on
Day 0, 1, and 2, 21 days of cultivation. X, connective tissue out-
growth of muscle; arrow, chondroosteoid. (B) Photomicrograph
of calcified osteoid (arrows) developed on a substratum of cel-
lulose acetate (bottom) on Day 14 of cultivation. Undecalcified
section. Stain: VonKossa hematoxylin and eosin; magnification:
x100.

rhBMP-2 for 72 hr in vitro, and then transplanted in vivo,
a radio-opaque area appeared on the outside of the
chambers. Histological sections showed degenerated
calcified muscle on the inside, and induced bone devel-
opment on the outer membrane. With lower doses of
rhBMP-2 and control chambers, without rhBMP-2, the
chambers contained calcified degenerated muscle; fi-
brous tissue only developed on the outer membrane.
These observations suggested that muscle derived con-
nective tissue cell membranes either facilitate transmis-
sion or transduce a rhBMP-2 signal, or simply adsorb it.

Brain and Subcutis Derived Tissue. Out-
growths of connective tissue from brain onto cellulose
acetate membranes, consisted of a loose mesenchymal
type connective tissue. After 14-21 days of exposure
to thBMP-2, the outgrowths consisted of cartilage
cells enclosed in a pale metachromatic staining matrix.
Measured in terms of DN A-P, the quantity of cartilage
was proportional to the dose of rhBMP-2.

Area of Osteoid Development on
a Substratum of Cellulose Acetate
in Response to rhBMP-2

(n=2)

190
180
170
160
150
140
130
120

Cross-Sectional Area of Osteoid Squares
in Eyepiece of Grid
8

[ VSR IS [N N [N B |

| |
05 10 15 20 25 30 35 40 45 50 55
Concentration of thBMP-2 (ug/2ml)

Figure 5. Graphic representation of relationship of area of os-
teoid to the quantity of rhBMP-2 supplements added with
changes in the culture medium.

Tendon and Periosteum Tissue Attachments.
Control explants in three of seven cultures of perios-
teum and tendon attachments (without any rhBMP-2
supplements in the media) produced columns of hy-
pertrophic cartilage. On the 21st day of cultivation, the
explants consisted of cartilage mixed with islands of
osteoid and woven bone. These explants were re-
garded as evidence that only the midsection of the
muscle belly may be relied upon as a source of muscle-
derived mesenchymal type cells.

Figure 6. Photomicrograph of condroosteoid developed in out-
growth of muscle connective tissue on a substratum of cellulose
acetate in cultured medium on Day 0, 1, and 2, supplemented
with 50 pg of rhBMP-2, 14 days after explantation. Magnifica-
tion: x100.
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3H-Thymidine Incorporation
into DNA on Day 10
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Figure 7. Graphic representation of the reiationship of the in-
corporation of [*H]thymidine into DNA and the concentration of
rhBMP-2 (ng/ml) in the culture medium on Day 0, 1, and 3, and
observed on the 10th day of cultivation.

Discussion

The foregoing observations present evidence that
calcifiable bone can develop de novo under avascular
conditions in tissue culture. The bone developed in
connective tissue outgrowths of muscle without any
intermediate enchondral phase of development. Under
the influence of rhBMP-2 supplements of the culture
medium, patches of intramemtranous bone formation
differentiated from mesenchymal type cells. Exposure
to rhBMP-2 for the first 3 days of cultivation was suf-
ficient to induce differentiation of a calcifiable osteoid
matrix 11 days later. The percentage of cultures with
calcifying osteoid increased with increase in levels of
rhBMP-2 in the range of 1-50 pg. With the native par-
tially purified BMP added to the culture medica, we
found cartilage only in muscle-derived connective tis-
sue outgrowths (19, 20). Whether native partially pu-
rified hBMP consists of more than one or more than
one molecular species is not known. rhBMP-2, like
other products of recombinant DNA technology, was
derived from amino acid sequences of tryptic peptides,
not from undegraded native BMP.

Previous investigators cultured osteoprogenitor
cells derived from mouse limb buds, chick periosteum,
and fetal calvarial cells in order to cultivate new bone
in vitro (29-32). B-Glycerol phosphate was added to
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Figure 8. Graphic representation of the incorporation of
[3°S]sulfate into glycosaminoglycans (GAG) in response to in-
creasing concentrations of rhBMP-2 in the culture medium on
Day 0, 1, and 3, and observed on the 10th day of cultivation.

the culture media for mineralization in vitro (29-32).
With the CMRL-1066 culture medium, we found that
B-glycerol phosphate supplements were not required
to produce mineralization. In reviewing the ingredi-
ents of four standard culture media, we noted that the
levels of inorganic phosphate, inorganic calcium, or
ascorbic acid were higher in CMRL-1066 (Table II).
The levels of alkaline phosphatase activity were
four to ten times above the controls and coincidental
with the time of differentiation of osteoprogenitor cells.
No one mechanism, either enzymic or nonenzymic,
including alkaline phosphatase activity has been un-
equivocally proven to regulate mineralization of bone

Table Il. Comparison of the Amounts of Inorganic
Phosphate, Inorganic Calcium, and Ascorbic Acid
in Various Media

Media Calcium Phosphate Ascorbic acid
type (ng/ml) (ng/mi) (rg/mi)
DMED 200 125 None
(+50 pg/ml)®
BGJ, None 250 50
(+300 pg/mi)?
oaMEM 200 140 50
(+50 pg/ml)®
CMRL-1066 2000 1400 500

@ Supplementation.



(32). The enzyme has been correlated as often with
phosphorylative glycogenolysis as with calcification.
BMP was serum dependent for optimum activity
(33). Measured in terms of DNA and GAG synthesis,
levels of BMP-induced cartilage development were
low in serum free media. In serum supplemented me-
dia, 5 png rhBMP-2 induced the optimum levels of
DNA synthesis. Quantities greater than 5 g appeared
to inhibit DNA synthesis. Nanogram levels of BMP
had only slight mitogenic effects on established cell
lines of human skin, rat fetal skin, or bovine endothe-
lium (23-27). The maximum synthesis of glycosamino-
glycans (GAG) was associated with a 10 pg dose of
rhBMP-2. In quantities of rhBMP-2, less than 10 pg,
the changes in GAG synthesis were relatively small.
Doses greater than 10 pg inhibited GAG production.
Synthesis of mature hyaline cartilage matrix oc-
curred in response to partially purified native hBMP.
In 5-pg supplements, rhBMP-2 induced membrane
bone development without an intermediate endochon-
dral stage, while native BMP induced development of
cartilage only. Accumulation of hyaluronate within 24
hr and hyaluronidase within 48 hr was the earliest
known marker for the morphogenetic phase of bone
development. The cytodifferentiation phase of devel-
opment had other biochemical markers (i.e., alkaline
phosphatase, GAG, cartilage type proteoglycans, and
a-carboxyglutamic acid-rich protein [BGP}) (25-27).
In diffusion chambers containing BMP, BMP-
induced cells, or osteosarcoma cells on the inside,
bone development occurred on the outside (15). With
rhBMP-2 and muscle-derived mesenchymal cells on
the inside, a favorable concentration gradient for bone
development could form on the inside (29). When cells
were exposed to thBMP-2 first in vitro for 1-3 days
and then transplanted into a diffusion chamber in the
anterior abdominal wall of an autogeneic rat, the min-
imum effective dose of rhBMP-2 for transmembrane
bone development was 0.2-5 pg. Based upon the re-
sponse of bone marrow stroma cell lines C3H10T1-2
(23), as little as 100 ng induced cartilage and adipose
cell differentiation. Other systems required 1 pg, con-
siderably higher levels than reported for IGF, EGF,
TGF, and various growth factors (23-27). Based upon
the level of maximum alkaline phosphatase activity in
W-20-17 stromal cells obtained from mouse bone mar-
row, Thies et al. (25) found that the minimum dose of
rhBMP-2 was 6 ng/ml and the maximum dose was 800
ng/ml. Based on alkaline phosphatase activity of RBO-
C26 (an osteoprogenitor cell line) the effective dose
level was only 10 ng/ml (26). RBO-20, a mature osteo-
blast cell line responded similarly (33). RBO-C26 cells
which differentiate into muscle cells and adipocytes in
vitro were inhibited by rhBMP-2 (34). These observa-
tions suggested that the established cell lines that re-
sponded to nanogram doses of rhBMP-2 were pre-

differentiated with respect to cartilage and bone. Non-
established nonautonomous cells, which normally do
not form cartilage or bone in the lifetime of the indi-
vidual, may require time for both quantal cell cycles
and relatively larger doses of rhBMP-2.

All connective tissues of the body include cells
that, like bone marrow stromal cells, may be compe-
tent (but not determined) to differentiate into bone in
response to rhBMP-2. Rickard et al. (35) demonstrated
that dexamethasone (10~ %) supplements in tissue cul-
ture media induce differentiation of marrow stroma
cells into cartilage and bone. This response may be
indicative of osteoprogenitor cells derived from bone
marrow stroma. The effects of the dexamethasone and
the BMP appeared to be additive. The measurements
of alkaline phosphatase and other markers for bone
cell differentiation suggested that the dexamethasone
and rhBMP-2 have additive effects on marrow stroma
cell lines. A pluripotential nonosteogenic mesenchy-
mal progenitor cell line (C3H10T1/2) differentiated
into osteoprogenitor cells, cartilage, osteoblasts, and
adipose tissue in response to nanogram doses of rh-
BMP-2. These observations suggest that while bone
marrow stroma cells respond to rhBMP-2, much large
doses are required to induce differentiation of primary
cell cultures of muscle-derived connective tissue cells
into bone, either in vivo or in vitro, in the systems and
conditions we and others employ at this time.
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