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Abstract. Bone morphogenetic protein (BMP), a paracrine agent inducing cartilage and bone 
cell differentiation, circulates in the blood and is detectable by BMP radioimmunoassay. Serum 
BMP levels are higher in growing children and patients with Paget’s disease than in normal 
adults. These observations are interpreted as evidence of a BMP function in the physiology of 
bone in health and disease. 

Bone is unique among the connective tis- 
sues of the body in several respects. First, it 
is continuously remodeled irrespective of 
physiological demands and aging. Second, in 
response to injury it regenerates without scar, 
completely and flawlessly. Third, bone de- 
velops de novo in extraskeletal sites by differ- 
entiation of perivascular connective tissue cells 
(pericytes) under the influence of a bone mor- 
phogenetic protein (BMP) derived from bone 
(1-4), dentin (9, and osteosarcoma tissues 
(6,7). Bovine BMP (bBMP) is an acidic poly- 
peptide with a relative molecular mass (M,) 
of 18,500 & 1000 and PI of 5.0 f .1 (4). Hu- 
man BMP (hBMP) has similar characteristics 
with a slightly lower M,. This report is sub- 
mitted as evidence that BMP circulates in the 
blood in nanogram quantities, detectable by 
a standard displacement method of radioim- 
munoassay (RIA). 

Materials and Methods. Preparation of an- 
tigen. bBMP was prepared from bovine cor- 
tical bone and purified by methods described 
in a recent report (4). 

Preparation of antibodies. An antibody was 
prepared by injection of purified bBMP into 
rabbits, 5 mg/kg in Freund’s adjuvant, 5 mg/ 
ml sc/week for 3 weeks. The serum was col- 
lected 3 days after the last injection. 

Iodination of BMP. BMP was iodinated us- 
ing a modification of the method of Bolton 
and Hunter (8). To 10 pg of BMP in 50 pl 
phosphate-buffered saline (PBS), pH 7 .O, were 
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added 4 pCi of 1251 (Amersham) and 10 pl of 
chloramine T (5 mg/12.5 ml). The reaction 
was allowed to continue for 180 sec and ter- 
minated with the addition of 10 pl sodium 
metabisulfite (5 mg/ 10 ml). This product was 
then purified on a 0.7 X 25-cm column of 
Sephacryl S-200 (Pharmacia, Piscataway, N.J.) 
using 0.1 M PBS, pH 6.55, containing 0.05% 
Tween 20. 

Immunoassay. Duplicate samples of serum 
were analyzed both quantitatively and qual- 
itatively by enzyme-linked immunosorbent 
assay (ELISA), using the dot immunobinding 
method (9).  

Serum analyses. Thirty adult human serum 
samples (0.5 ml) were collected from the dis- 
carded surplus stock of blood analyzed by the 
hospital clinical chemistry laboratory, and 
classified as normal. Sera from six different 
children similarly classified, were obtained 
from the tissue typing laboratory. Serum from 
three patients with severe Paget’s disease, two 
male and one female, (with very high levels 
of serum alkaline phosphatase levels) were ob- 
tained from the surplus of blood collected for 
routine diagnostic studies. 

Controls. The three following control anal- 
yses were performed on each sample to ex- 
clude unspecific protein reactions. (a) Human 
serum stripped of protein hormones with dex- 
tran-coated charcoal (NORIT-SG, Fischer 
Chem, Los Angeles, Calif.), (b) serum sup- 
plemented with 6 to 16 ng of prolactin, (c) 
serum supersaturated with 100 ng of prolactin. 

Results. Figure 1 shows a dose-response 
curve of the RIA for BMP when plotted on 
a log-log scale. The concentration of BMP is 
plotted on the horizontal axis, while the per- 
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FIG. 1. A standard linear dose-response relationship (log-log scale) showing the sensitivity of the BMP 
RIA with 12%BMP binding to rabbit anti-bBMP antibody in ng range of values. 

centage bound BMP 1251 is plotted on the ver- 
tical axis as the ratio of B/Bo. “Bo” represents 
the maximum quantity of ‘251-BMP bound to 
the antibody in the absence of nonradioactive 
BMP. “B” represents the amount of ‘251-BMP 
bound to the antibody when known concen- 
trations of nonradioactive BMP are present. 
In order to obtain maximum displacement, a 
200-4 sample size was used. 

To validate an RIA, one must show that 
the antigen used for the standards is immu- 
nologically identical to the material being 

measured in the serum ( 10- 12). Therefore, we 
use the parallelism and recovery methods. 

Table I demonstrates the parallelism or ef- 
fects of dilutions on the assay. Serial dilutions 
of two samples with a high concentration of 
BMP were made from 0- to 16-fold. If both 
standard and serum BMP are immunologi- 
cally identical then the values obtained from 
a diluted sample multiplied by its dilution fac- 
tor should be within experimental error, iden- 
tical to the undiluted value. This is essentially 
the case. 

TABLE I. PARALLELISM OF BMP RIA“ 

Dilution Expt Ab Expt B“ 

0 Value obtained 

1:2 Value obtained 

1 :4 Value obtained 

1:8 Value obtained 

1:16 Value obtained 

Value (X) dilution factor 

Value (X) dilution factor 

Value (X) dilution factor 

Value (X) dilution factor 

370 

180 
180 X 2 = 360 

80 
80 X 4 = 320 

40 
40 X 8 = 320 

20 
20 X 16 = 320 

160 

84 
84 X 2 = 168 

38 
38 X 4 = 152 

19 
19 X 18 = 152 

11 
1 1  X 16 = 176 

” All values are ng/ml BMP. 
Expt A: mean, 338.0; SD, 24.9. 
Expt B: mean, 161.6; SD, 10.4. 
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Table I1 further demonstrates the accuracy 
of this BMP RIA by its capacity to detect the 
additive BMP concentrations. In Experiment 
A with initial (baseline) value of 17 ng/ml, 
and Experiment B with 50 ng/ml, the total 
RIA values prove to be acceptably close to 
the sum of the initial values plus the added 
quantities of BMP, showing that the BMP used 
for the standards and the serum BMP must 
be immunologically identical. 

The following experiment was set up to test 
the precision or reproducibility of the assay. 
Three samples were analyzed, followed by the 
standard curve, and again followed by three 
samples. When the system reached equilib- 
rium, the samples were read and the same 
value obtained, regardless of the position in 
the assay. Thus it was possible to eliminate 
any question arising from the length of the 
assay or the number of samples being ana- 
lyzed. The experiment was also set up on five 
different days, and on each occasion the equi- 
librium was complete. Table I11 shows average 
values obtained per assay run, and good inter- 
and intraassay correlation. 

Table IV summarizes the results obtained 
by performing an RIA on the serum of 94 
patients including rapidly growing normal 
children, normal adults, and three patients 
with Paget's disease. The range of BMP RIA 
values of normal adults was significantly lower 
than in growing children and about 17 times 
lower than three patients with extensive Paget's 
disease of the skull, vertebra, pelvis, femur, 
and tibia. 

ELISA. With the ELISA procedure, the 
mouse anti-human BMP cross-reacted 100% 
with both human and bovine BMP. Similarly, 
the rabbit anti-bovine BMP cross-reacted 
100% with both the human and bovine BMP 
which demonstrates that either BMP is not 

TABLE 11. RECOVERY OF BMP RIA 

BMP Test A ( 17 ng/ml) Test B (50 ng/ml) 
added 
(ng) Expected Recovered Expected Recovered 

250 267 280 300 320 
125 142 150 175 190 
50 67 64 100 90 
25 42 38 67 72 

Note. All values are ng/ml BMP. 

TABLE 111. BMP RIA DETERMINATIONS OF THREE 
SETS OF SAMPLES ON FIVE SUCCESSIVE DAYS 

BMP (ng/ml) 

Serum Serum Serum 
A B C 

10 
12 
1 1  
14 
10 

Mean 11.4 
SD 1.67 
Coeff. variation (%) 14.6 

21 
24 
25 
27 
25 

24.4 
2.19 
9.0 

17 
19 
20 
17 
16 

17.8 
1.64 
9.2 

species specific, or the segment of the molecule 
our antisera detects may be common to several 
species. On samples listed in Tables I to 111, 
with BMP RIA values greater than 15 ng/ml, 
the results were confirmed by an unequivo- 
cally positive qualitative ELISA. 

Discussion. The hypothesis supported by 
the above recorded data is that BMP is a nor- 
mal byproduct of local or paracrine (3, 13) 
bone metabolism, that appears in the sera of 
normal individuals. BMP RIA values are 
higher in rapidly growing children with nor- 
mally high levels of bone turnover than in 
nongrowing adults with normally low rates of 
bone turnover. Rapidly growing children have 
a range of at least 20 to 72 ng/ml, while normal 
adults show less than 16 ng. The standard 
deviation of the values for children was 18.9, 
compared with 5.7 and 4.40 for men and 
women, respectively, and was attributable to 

TABLE Iv. SERUM BMP IN HEALTH AND DISEASE 

RIA (ng/ml) 
No. No. 

Conditions patients analyses Range Mean 

Adult men 35 69 1-23 14.43" 
Adult 

women 45 100 13-35 18.20' 
Children, 

ages 2 

disease 3 5 >250 ND 

to 8 6 9 20-72 56.0' 
Paget's 

a SD 5.77. 
SD 4.40. 
' SD 18.90. 
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one child with a value of 20 ng/ml compared 
to 5 others with values ranging from 54 to 72 
ng/ml. A larger sample of normal and ab- 
normal children and further improvements in 
the sensitivity of the assay are presently under 
investigation. 

Three patients with extensive Paget’s disease 
consistently show high levels, over 250 ng, of 
serum BMP. To investigate serum BMP RIA 
values in other disorders in which the rate of 
bone turnover is abnormal, more particularly 
the resorption phase, the present research is 
being extended to patients with osteoporosis, 
hyperparathyroidism, and renal osteodystro- 
phy. Our observations on mice, rats, rabbits, 
and dogs with implants of BMP in muscle or 
in bone defects (1, 5) or BMP in mouse or 
human osteosarcomas (6,7,  14, 15) and other 
bone tumors (16, 17) suggest that a BMP 
quantitative immunoassay could prove to be 
of value for diagnosis and the response to 
treatment. 

The origin of serum BMP from tissues other 
than bone has a bearing on the interpretation 
of BMP RIA. We have assayed crude 4 A4 
guanidinium HCl extracts of brain, liver, 
muscle, and kidney and found no detectable 
BMP activity. The possibilities of secretion of 
BMP by transitional epithelium of kidney pel- 
vis, ureter, urinary bladder, and mucosa cells 
of stomach and gall bladder, nonosseous tis- 
sues known to induce bone formation (lS), 
have not been entirely excluded. However, 
the total body skeletal tissue mass is so much 
greater than any other organ system that an 
extraosseous source would be more significant 
under pathological than normal physiological 
conditions. 
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