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ABSTRACT  Rats maintained for 8 months on a level of war-
farin sufficient to decrease the vitamin K-dependent protein of
bone (bone Gla protein) to 2% of normal have an excessive mineral-
ization disorder characterized by complete fusion of the proximal
tibial growth plate and cessation of longitudinal growth. The gen-
eral features of this abnormality resemble the fetal warfarin syn-
drome in humans, a disorder also characterized by excessive min-
eralization of the growth plate. These excessive mineralization
disorders may be caused by the decreased levels of bone Gla pro-
tein, a protein that potently inhibits mineralization in vitro.

The metabolism of vitamin K presents several intriguing prob-
lems in vertebrate physiology and biochemistry. One of the
most interesting of these is the role of vitamin K in systems other
than blood coagulation. The classical approach to the analysis
of vitamin K physiology has been the study of defects in vitamin
K-deficient animals. Such studies have established that the first
consequence of acute vitamin K deficiency is bleeding and
death due to the synthesis of abnormal forms of blood coagu-
lation factors such as prothrombin and factors VII, IX, and X.
It is now known that the abnormality in these factors is the ab-
sence of y-carboxyglutamate (Gla), a Ca®* binding amino acid
whose post-translational synthesis from glutamate requires vi-
tamin K (1, 2).

Our primary interest over the past several years has been the
function of bone Gla protein (BGP), a 49-residue protein of
known structure (3, 4) which is numerically one of the 10 most
abundant proteins in a typical vertebrate (5, 6). To analyze the
function of this protein in bone metabolism we developed a sim-
ple protocol by which rats can be maintained on the vitamin K
antagonist warfarin without problems due to bleeding (7). In
previous studies we found that animals maintained from birth
to 2 months of age on this protocol grow normally and have
normal bone structure and mineralization in spite of bone levels
of BGP which are only 2% of normal (7).

We report here the discovery of excessive mineralization
with growth plate closure in the proximal tibia of rats maintained
on warfarin from birth to 8 months of age.

MATERIALS AND METHODS

Maintenance of Animals on Warfarin. Simonsen albino rats
(Sprague-Dawley-derived, Simonsen Laboratories, Gilroy,
CA) were maintained from birth to 8 months of age on daily
dosages of warfarin and vitamin K as described (7). To facilitate
comparisons, the 10 control rats were selected from litters born
at the same time as experimental animals and received daily
doses of saline and vitamin K, (7). Both experimental and con-
trol groups had seven male and three female rats. None of the
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10 experimental rats chosen at birth for this study showed signs
of bleeding or ill health over the 8 months of the experiment.
As reported (7), the weight gain of experimental and control rats
was identical up to 90 days of age. At8 months of age the average
weights were 402 g for the male and 237 g for the female ex-
perimental rats and 455 g for the male and 289 g for the female
control rats. Serum calcium and phosphate levels were deter-
mined at sacrifice in experimental and control animals as de-
scri;bgd (7) and in neither instance was a significant difference
noted.

The efficacy of the vitamin K-deficiency protocol was eval-
uated by measurement of BGP levels in formic acid deminer-
alization extracts of whole ground tibias by radicimmunoassay
procedures described elsewhere (7). The mean BGP level in the
10 experimental animals was 26.6 ug/g of bone and the mean
in the 10 control animals was 1.46 mg/g.

Fluorescent Labeling. All rats received intraperitoneal in-
jections of calcein (2,7-biscarboxymethyl-aminomethyl fluores-
cein; Sigma) at 30 mg/kg of body weight at 16 and 15 days be-
fore death and intravenous injections of tetracycline (Achromycin
V; American Cyanamid, Pearl River, NY) at 15 mg/kg of body
weight at 4 and 3 days before death.

Radiographs of Intact Tibia. Left tibias were removed at
autopsy, cleaned of adhering tissue, and radiographed with a
Hewlett-Packard model 4380N Flexitron system.

Histological Techniques. Right tibias were removed at au-
topsy, defleshed, trimmed with razor blades to expose the mar-
row cavities, and fixed in 70% alcohol. The proximal half of the
tibia and a 6- to 8-mm portion of the tibial shaft immediately
proximal to the tibiofibular junction were defatted and dehy-
drated in sequential changes of alcohol, acetone, and ether and
then embedded in polystyrene resin (Plastic Fabrication and
Supply, Salt Lake City, UT). Frontal sections of the proximal
tibia and cross sections of the tibial shafts were cut at 280 um
with a precision saw. Selected sections were ground and pol-
ished at 100 um thickness and microradiographed on Kodak
spectroscopic plates 649-0 (Eastman Kodak) (8, 9). Bone sec-
tions were mounted on plastic microscope slides and then fur-
ther ground to 30 um for fluorescent label viewing by ultra-
violet microscopy. Later, the 30-um-thick bone sections were
surface stained with 0.1% toluidine blue O and coverslipped for
light microscopy.

Static and Dynamic Histomorphometry of the Proximal Tib-
ial Growth Cartilage. Longitudinal bone growth, size of the
degenerative or hypertrophic cartilage cells, growth plate thick-
ness, and the fraction of the growth cartilage region with epi-
physeal and metaphyseal mineralized tissue union were deter-
mined by light and ultraviolet microscopy by measuring dis-
tances between fluorescent labels, morphological features, and

Abbreviation: BGP, bone Gla protein (vitamin K-dependent bone pro-
tein, osteocalcin).
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volume determination (10-14). The rate of cartilage cell pro-
duction was calculated by dividing the mean rate of longitudinal
growth by the mean diameter of the degenerative cartilage cells
measured along the longitudinal axis (12, 13).

Static Histomorphometry of the Proximal Tibial Epiphysis.
The trabecular bone area, perimeter, fraction of bone, and sur-
face-to-volume ratio were determined for longitudinal sections
of the proximal tibial epiphysis. The cortex was excluded from
the trabecular bone area by initiating measurements at a dis-
tance of two mean trabecular widths inside the cortical endos-
teal surface. Microradiographs were measured by using a quan-
titative television microscope (QTM; Imanco, Cambridge,
England) coupled with an image editor and interfaced with a
PDP-11 computer (14-16).

Static and Dynamic Histomorphometry of the Proximal Tib-
ial Metaphysis. The trabecular bone area, perimeter, fraction
of bone, and surface-to-volume ratio were also determined for
longitudinal sections of the proximal tibial metaphysis. A meta-
physeal area (about 2 X 2.8 mm) of the microradiographs of the
proximal tibia was analyzed by using the same procedure as for
the trabecular bone of the proximal tibial epiphysis. The mineral
apposition rate (in micrometers per day) of the metaphyseal tra-
beculae (lower secondary spongiosa region only) was deter-
mined by measuring the distances between double labels by
ultraviolet microscopy of 30-m unstained and stained sections
(11, 17, 18). Lastly, the occurrence of primary spongiosa was
graded as present (+), partially present (+), or absent (0).

Static and Dynamic Histomorphometry of the Tibial Shaft.
Total bone tissue area and total cortical bone area were mea-
sured from microradiographs of tibial shaft cross sections within
1,000 wm of the tibiofibular junction by using the quantitative
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television microscope and the image editor. The total area and
the cortical bone of the tibial shaft were measured and the per-
centage of cortical bone in the tibial shaft or the ratio of cortical
to total bone tissue was calculated. The volume-based bone for-
mation rates at the periosteal and endosteal surfaces were de-
termined by measuring the area between the two fluorescent
labels or between the first fluorescent label and the respective
mineralized bone surfaces (19, 20) by using a manual digitizer
interfaced with an ultraviolet microscope and a small Hewlett-
Packard computer.

Statistical Analysis of Data. The data were analyzed and the
significance of the differences between experimental and con-
trol groups was determined by a 3-way analysis of variance
which sorted out the variability due to differences between ex-
perimental and control groups, differences between animals,
and differences between bone sections. The variability between
animals was used to generate the error term for the determi-
nation of significance (21).

RESULTS

A typical radiograph of the left tibia from warfarin-treated and
control rats is shown in Fig. 1. It is readily apparent that the
growth plate of the experimental animal was more densely cal-
cified. Microradiographs of sections from the right tibia of ex-
perimental and control animals show clearly that the growth
plate of the experimental animal had fused whereas that of the
control animal remained open (Fig. 2).

The battery of histomorphometric measurements made on
the right proximal tibias demonstrated that all control animals
had active longitudinal growth whereas all experimental animals

Fic. 1. Radiographs of representative left proximal tibia from rats maintained for 8 months on the warfarin (Left) or control (Right) protocol.

(x5.)



7736  Biochemistry: Price et al

Proc. Natl. Acad. Sci. USA 79 (1982)

FiG. 2. Microradiographs of 100-um-thick undecalcified frontal sections from the proximal tibia of warfarin-treated (Left) and control (Right)
rats. Note the closed epiphysis and the bony union of epiphysis and metaphysis in the tibia from the warfarin-treated animals. (Upper x 10; Lower,

x5.)

had growth plate fusion with complete absence of longitudinal
growth (Table 1; Fig. 3). As expected, overall tibial length was
significantly decreased in the experimental animals.

Static bone tissue parameters of the proximal tibia also dif-
fered significantly between the experimental and control groups
(Table 2). Bone mass was greater in the experimental group. It
should be noted that the greater bone mass in the experimental
animals also was apparent radiologically (Fig. 1). Although dy-
namic bone tissue parameters did not differ significantly be-
tween the experimental and control groups (Table 2), the sta-
tistical uncertainty in these measurements was high enough that
it may be masking a difference sufficient to account for the

greater bone mass in the experimental rats.

In a related experiment, rats were maintained from birth to
43 days of age on the same warfarin and control protocols used
for the 8-month experiment. No differences could be detected
in any histomorphometric parameters measured in the proximal
tibias of the six experimental and six control animals.

DISCUSSION

The only skeletal disorder detected in chronically warfarin-
treated rats is the complete fusion of the growth plate with as-
sociated cessation of all longitudinal growth. Growth plate clo-

Table 1. Parameters in the proximal tibia of control and warfarin-treated rats at 8 months of age

x+8SD
Warfarin-treated
Measurement Control (n = 10) (n = 10) P
Length of tibia, cm 416 = 0.13* 3.86 + 0.18* <0.05
Width of growth cartilage, um 1115 *=22.9% 0
Rate of longitudinal growth, um/day 969 + 3.75 0
Size of degenerative cell, um 12.79 = 1.60 0
Rate of cartilage cell production, no./day 0.76 = 0.25 0
Fraction of growth cartilage with
epiphyseal /metaphyseal union 0.16 = 0.07t 0.81 = 0.12t <0.001

Occurrence of primary spongiosa# + (n =10) 0(n=25)

+(n=25)
*n="1.
th=09.

# +, Present; +, partially present; 0, absent.
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Fic. 8. Ultraviolet microphotographs of 30-um-thick undecalcified frontal sections from the proximal tibia of warfarin-treated (Left) and control
(Right) rats. Note the lack of fluorescent labeling in the metaphysis of the proximal tibial section from the warfarin-treated rat. (Surface stained

with 0.1% toluidine blue O; x130.)

sure was not seen in any control animal and, to our knowledge,
growth plate closure never occurs in adult rats. We believe that
this growth plate closure disorder in warfarin-treated rats re-
flects the impairment of a vitamin K-dependent system in bone
rather than either sporadic bleeding due to defective synthesis
of vitamin K-dependent coagulation factors in the liver or other
toxic effects of warfarin on bone. Bleeding seems an unlikely
explanation of growth plate closure because the experimental
rats showed no evidence of hemorrhage at any time in the 8
months of warfarin treatment. The growth plate also is uni-
formly closed in both tibias of all experimental animals, a result
that seems inconsistent with random occasional hemorrhagic
events. Although we cannot rule out a toxic effect of warfarin
on bone that is unrelated to its activity as a vitamin K antagonist,
the fact that the warfarin protocol reduces bone levels of BGP
 to less than 2% of normal certainly demonstrates that the effect

of the warfarin protocol on vitamin K-dependent systems in
bone is of sufficient magnitude to provide an explanation for the
excessive mineralization disorder observed here.

The growth plate closure abnormality seen here in chroni-
cally warfarin-treated rats bears a close resemblance to the fetal
warfarin syndrome, a defect characterized by radiological stip-
pling of the growth plate in children born to mothers who had
received warfarin during weeks 8 to 11 of gestation (22). Al-
though the fetal warfarin syndrome is characterized by islands
of calcification within what normally is uncalcified growth plate
rather than growth plate fusion, it seems reasonable that growth
plate fusion could represent the eventual end point of the
growth plate stippling defect were the same effective degree
of vitamin K deficiency maintained over a longer period of fetal
life. It should be noted that the fetal warfarin syndrome has been
reported only with vitamin K antagonists and not with other

Table 2. Static and dynamic bone tissue parameters in proximal tibia of control and

warfarin-treated rats at 8 months of age

x+SD
Control Warfarin-treated
Parameter (n=10) (n =10) P
Static:
Epiphyseal
Bone area, mm? 1.52 + 0.46 2.02 + 0.81* <0.05
Perimeter, mm 27.46 * 6.62 38.72 + 10.69* <0.001
% of bone 38.77 + 9.98 47.14 + 8.85* <0.05
‘Surface /volume, mm?/mm?® 23.94 + 6.26 25.14 + 4.26*
Total area of tibial shaft, mm? 6.77 = 147 6.05+ 1.17
Cortical area of tibial shaft, mm? 5.27 = 0.78 479 = 0.88
Cortical area/total area, X 10? 74.75 + 2.15 79.29 + 2,51 <0.05
Dynamic:
Mineral apposition rate of
metaphyseal trabeculae, um/day 0.76 = 0.15 0.70 = 0.19
Cortical endosteal bone formation
rate, mm? x 10*/day 3.40 £ 4.2 435+ 4.60
Periosteal bone formation rate,
mm? x 10%/day 498 + 2.83 264 6.65

*n=29,
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anticoagulants such as heparin, further supporting the view that
growth plate defects are due to inhibition of a bone-specific
vitamin K-dependent system rather than to bleeding.

It seems likely that the vitamin K-dependent bone system
whose deficiency in warfarin-treated rats causes the growth
plate closure disorder is BGP. BGP is the only vitamin K-de-
pendent protein isolated from bone to date. BGP also strongly
inhibits the precipitation of hydroxyapatite from supersaturated
solutions of calcium and phosphate (6, 23) and so could be the
means by which excessive mineralization of the growth plate
is normally prevented in vivo. Finally, BGP synthesis is in-
creased. dramatically by the active metabolite of vitamin D,
1,25-dihydroxyvitamin D5 (24, 25). If BGP inhibits the forma-
tion of calcified tissue, as postulated to explain the growth plate
defect, it could contribute to the action of this metabolite in
mobilizing bone calcium by retarding ongoing mineralization.

If BGP inhibits the mineralization of calcified tissues as pos-
tulated, an excess of BGP could have the effect of reducing the
normal level of mineralization. This raises the intriguing pos-
sibility that the 10- to 20-fold increase in serum BGP in anephric
rats (26) and humans in renal failure (27) may cause the miner-
alization block seen in renal osteodystrophy.
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This research was supported in part by National Aeronautics and Space
Administration Grant NAG 2-108, U.S. Department of Energy Con-
tract DE-AC02-76-EV-00119, and U.S. Public Health Service Grant
AM 27029.

1. Stenflo, J., Fernlund, P., Egan, W. & Roepstorff, P. (1974) Proc.
Natl. Acad. Sci. USA 71, 2730-2733.

Stenflo, J. & Suttie, ]. W. (1977) Annu. Rev. Biochem. 46, 157
172.

Price, P. A., Poser, J. W. & Raman, N. (1976) Proc. Natl. Acad.
Sci. USA 73, 3374-3375.

Poser, J. W., Esch, F. S., Ling, N. C. & Price, P. A. (1980) J.
Biol. Chem. 255, 8685-8691.

Hauschka, P. V., Lian, J. B. & Gallop, P. M. (1975) Proc. Natl.
Acad. Sci. USA 72, 3925-3929.

Price, P. A., Otsuka, A. S., Poser, J. W., Kristaponis, J. & Ra-
man, N. (1976) Proc. Natl. Acad. Sci. USA 73, 1447-1451.

S S o

10.
11
12.
13.

14.

15.

16.

17.

18.

19.

21.
22.

R 8

25.

27.

Proc. Natl. Acad. Sci. USA 79 (1982)

Price, P. A. & Williamson, M. K. (1981) J. Biol. Chem. 256,
12754-12759.

Arnold, J. S., Taysum, D. H. & Jee, W. S. S. (1954) Stain Tech-
nol. 29, 55-58.

Jee, W. S. S. (1962) in Some Aspects of Internal Irradiation, eds.
Dougherty, T. F., Jee, W. S. S., Mays, C. W. & Stover, B. J.
(Pergamon, Oxford), pp. 95-113.

Hennig, A. (1958) Zeiss-Werkzeitschr. 30, 78-87.

Frost, H. M. (1969) Calcif. Tissue Res. 3, 211-237.

Hansson, L. 1. (1967) Acta Orthop. Scand. Suppl. 101, 1-199.
Thorngren, K. G. & Hansson, L. 1. (1973) Calcif. Tissue Res. 13,
113-139.

Miller, S. C. & Jee, W. S. S. (1975) Calcif. Tissue Res. 18, 215~
231.

Jee, W. S. S., Kimmel, D. B., Hashimoto, E. G., Dell, R. B.
& Woodbury, L. A. (1976) in Bone Histomorphometry, ed. Ja-
worski, Z. F. G. (Univ. of Ottawa Press, Ottawa, ON, Canada),
pp- 110-117.

Woodbury, L. A., Woodbury, N. A., Wronski, T. & Jee, W. S.
S. (1976) in Research and Radiobiology, ed. Jee, W. S. S. (Univ.
of Utah Press, Salt Lake City, UT), pp. 285-304..

Frost, H. M. (1976) in Bone Histomorphometry, ed. Jaworski, Z.
F. G. (Univ. of Ottawa Press, Ottawa, ON, Canada), pp. 361-
370.

Frost, H. M., Jee, W. S. S., Griffith, D. L., Kimmel, D. B.,
McCandlis, R. P. & Teitelbaum, S. L. (1981) Metab. Bone Dis.
Relat. Res. 2, 285-296.

Baylink, D., Morey, E. & Rich, C. (1969) Endocrinology 84, 261
269.

Baylink, D., Stauffer, M., Wergedal, ]J. & Rich, C. (1970) J. Clin.
Invest. 49, 1122-1134.

Snedecor, G. W. & Cochran, W. G. (1971) Statistical Methods
(Towa State Univ. Press, Ames, IA).

Hall, J. G., Pauli, R. M. & Wilson, K. M. (1980) Am. J. Med. 68,
122-140.

Poser, J. W. & Price; P. A. (1979) ]. Biol. Chem. 254, 431-436.
Price, P. A. & Baukol, S. A. (1980) J. Biol. Chem. 255, 11660—
11663.

Price, P. A. & Baukol, S. A. (1981) Biockem. Biophys. Res. Com-
mun. 99, 928-935.

Price, P. A., Williamson, M. K. & Lothringer, J. W. (1981) J.
Biol. Chem. 256, 12760-12766.

Price, P. A., Parthemore, J. G. & Deftos, L. J. (1980) J. Clin. In-
vest. 66, 878-883.



