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Two Bovine Models of Osteogenesis Imperfecta Exhibit Decreased Apatite 
Crystal Size 
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Summary. In  r ecen t  years  a d v a n c e s  have  been  
made in detailing the changes in both collagen and 
noncollagenous proteins caused by a variety of  mu- 
tations leading to osteogenesis  imperfecta.  Much 
less, however ,  is known about  the mineral phase in 
the affected bone.  In this report ,  we measured the 
crystallinity of  the apati te in bovine OI bone.  Line 
broadening of the 002 reflection (which est imates 
changes in the long or c axis of  the crystals) and of 
the 310 reflection (which est imates changes in the 
thickness of  the crystals) both show large decreases  
(30 and 35% respectively).  Transmission electron 
m i c r o g r a p h  m e a s u r e m e n t s  ind ica te  tha t  t he se  
changes  were  mos t  p robab ly  a result  of  smaller  
crystals .  No decrease  in the ash weight of  the bone 
was observed.  
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Os teogenes i s  imper fec ta  (OI) is a he te rogeneous  
d i so rde r  tha t  p r e s en t s  bone  fragi l i ty  with jo in t  
laxity, blue sclerae,  presenile hearing loss, and den- 
t inogenesis imperfecta  in various combinat ions as 
the clincal manifestat ions [I]. Many cases are spon- 
taneous mutat ions although OI may  be inherited as 
ei ther autosomal  recessive or dominant  traits [1]. 
The extracellular  matrix of  OI  has been studied in- 
tensely in recent  years.  Many  cases have been doc- 
umented  that  involve collagen mutat ions [2-5] ,  in- 
cluding muta t ions  in the p ropep t ide  regions [6]. 
However ,  in the majori ty of  OI cases,  pr imary  de- 
fects in the collagen structure have not been found 
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[7] although whether  this is due to the difficulty in 
finding a small defect in the large collagen gene or, 
in some cases,  to other genetic defects is unknown.  
In some cases noncollagenous proteins have been 
impl ica ted  as useful b iochemica l  marke r s  in the 
study of OI  [8-10].  

Recently,  two separate  bovine models of  OI have 
been discovered (BOI-Austral ia  [11]; BOI-Texas,  
J. B .  Cruz and K. G. Thompson ,  personal  commu-  
nication). The sires for both  models  were  pheno- 
typical ly  normal  bulls and one-hal f  of  their  off- 
spring were  affected. The symptoms  included bone 
fragility, joint  laxity, blue sclerae, and translucent,  
fragile teeth. No major  collagen defects have yet 
been found in either model.  We recently surveyed 
the noncol lagenous  prote ins  f rom the bones  and 
teeth of  both models  and have found that the two 
clinically identical models  could be differentiated 
easi ly  by a b iochemica l  marker ,  the os teonec t in  
con ten t  o f  the bone  mat r ix .  B O I - A u s t r a l i a  had 
normal  complement  of  osteonect in [12], whereas  
severely depleted osteonect in levels were  found in 
the bone of the BOI-Texas calves [13]. 

In this paper,  we report  on the crystallinity of  the 
bone mineral  phase  in these two models.  

Materials and Methods 

Dissected neonatal diaphyseal bone (normal and affected), 
cleaned of adherent soft tissue, was fractured into small pieces 
and ground to a 100 mesh size in a Spex freeze-mill under liquid 
nitrogen. After lyophilization, patterns of the 002 and 310 apatite 
mineral diffraction peaks were obtained from the bone powders 
on a Rigaku X-ray diffractometer using graphite-monochroma- 
tized copper k~ radiation (k = 0.1540 nm). Only these two peaks 
were usable for the present study. Inadequate intensity or un- 
correctable interference from neighboring reflections prevented 
a quantitative evaluation of other peaks. A continuous scan 
mode was employed with all data collected on a strip chart re- 
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corder. The 002 peaks from each sample were recorded a min- 
imum of 5 times at an angular velocity of 0.125 ~ 20/rain using a 
time constant (TC) of 10 sec. A minimum of two patterns of the 
corresponding 310 peaks were recorded at a scanning speed of 
0.03125 ~ 20/min and a TC of 40 sec. 

The angular width (B) of the 002 diffraction peak was mea- 
sured at i�89 the height of maximum intensity above background. 
The half width, B, was corrected for instrumental broadening, b, 
by Warren's method [14], i.e., B 2 = [32 + b 2, where [3 is the 
corrected peak width. Silicon powder and highly crystalline syn- 
thetic hydroxyapatite were used as reference substances in de- 
termining the value of b. 

The 310 reflection was not entirely free of neighboring peak 
influences. The 212 peak, 40% as intense as the 310 peak and 
situated - 0.62 ~ 20 away, overlapped the low angle edge of the 310 
peak. To minimize the effect of this overlap, the breadth of the 
310 peak was estimated using the high angle side of the peak by 
measuring the distance between the angular position of the peak 
maximum and the position at which the high angle edge was 1,4 
the height of maximum intensity. The half-width was obtained by 
multiplying this distance by 2. 

Lyophilized bone fragments were prepared for transmission 
electron microscopy by embedding in Spurr's low viscosity resin 
[15]. Ultratbin sections were cut with a diamond knife onto buff- 
ered flotation fluid to minimize demineralization, then mounted 
on bare copper mesh grids. Micrographs were obtained using a 
JEOL 100CXH electron microscope operated at 80 kV. Measure- 
ments of crystal length were made on micrographs of magnifica- 
tion 125,000. Individual crystals were measured in mm using a 
measuring magnifier (Polaron 3404). 

Table 1. Crystallinity (1/[3) values from the 002 and 310 X-ray 
diffraction peaks of normal and OI neonatal bovine mineral 
apatite 

Sample 1/13 (002) 1/13 (310) 

BOI-T #I  1.48 • .04 SD 0.55 _+ .05 SD 
BOI-T #II 1.63 • .05 0.55 • .04 

BN-T #I  2.27 -- .07 0.79 • .04 

BOI-A #I  1.74 • .07 0.57 • .01 
BOI-A #II 1.84 • .02 0.68 _+ .02 

BN-A #II 2.26 • .04 0.82 • .04 
BN-A #I l l  2.33 • .04 0.87 • .02 

BOI = bovine osteogenesis imperfecta bone (neonatal); BN = 
bovine normal bone (neonatal); T = Texas; A = Australia 

c r y s t a l s .  M e a s u r e m e n t s  o f  c ry s t a l  l eng th  s h o w e d  
tha t  the  a p a t i t e s  in bo th  OI  m o d e l s  we re  2 9 - 3 7 %  
s m a l l e r  t han  the  n o r m a l  A u s t r a l i a n  c on t ro l  (Table 
2). A r e d u c t i o n  in t he  w i d t h / t h i c k n e s s  o f  OI -a f -  
f e c t e d  a pa t i t e  c r y s t a l s  was  a lso  a p p a r e n t  but  t hey  
w e r e  too  c lo se ly  p a c k e d  t o g e t h e r  to  o b t a i n  a c c u r a t e  
m e a s u r e m e n t s  in t h e s e  d i r ec t ions .  

Discuss ion 

Results  

T h e  X - r a y  d i f f r ac t ion  l ine b r e a d t h  da t a  a re  g iven  in 
Table 1. S ince  p e a k  b r o a d e n i n g  is r e l a t ed  i n v e r s e l y  
to  c r y s t a l  s ize a n d / o r  p e r f e c t i o n  [14], the  r e c i p r o c a l  
o f  the  t3 va lues  (1/[3) a re  l i s ted  in the  tab le  in o r d e r  
to  e q u a t e  m o r e  d i r e c t l y  the  e x p e r i m e n t a l  d a t a  to  
s a m p l e  c ry s t a l l i n i t y  ( i .e . ,  s i ze /pe r fec t ion) .  The  1/[3 
v a l u e s  in  e a c h  c o l u m n  r e l a t e  to  c r y s t a l l i n i t y  
c h a n g e s  a long  spec i f ic  d i r ec t i ons  in the  bone  min-  
e ra l  apa t i t e ;  the  002 c o l u m n  d a t a  re f l ec t  change s  
a long  the  l eng th  o f  the  c r y s t a l s  (which  is a l so  par -  
a l le l  to  the  c- o r  h e x a d  axis) ,  and  the  310 d a t a  re-  
f l ec t  c h a n g e s  in d i r e c t i o n s  p e r p e n d i c u l a r  to  t he  
l e n g t h  ( i . e . ,  w i d t h / t h i c k n e s s ) .  A s  s e e n  f r o m  the  
da t a ,  the  apa t i t e  m ine ra l  c ry s t a l l i n i t y  was  p o o r e r  in 
b o v i n e  OI  b o n e s  than  in a g e - m a t c h e d  n o r m a l  con-  
t ro ls  for  e a c h  d i r ec t i on  m e a s u r e d .  This  d i f f e rence  
was  s o m e w h a t  m o r e  m a r k e d  in a f fec ted  Texas  neo-  
na ta l  b o n e s  t han  in m a t e r i a l  o b t a i n e d  f rom a f fec ted  
A u s t r a l i a n  ca lves .  T h e  n e o n a t a l  OI  b o n e  change s  
w e r e  a l so  r e l a t i v e l y  i s o t r o p i c  w i th  the  m a x i m u m  
d e c r e a s e  in c ry s t a l l i n i t y  n e a r l y  the  s ame  in wid th /  
t h i c k n e s s  (30%) as  in l eng th  (35%). 

T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  o f  b o t h  
n o r m a l  a n d  OI  b o n e  s e c t i o n s  (F ig .  1) r e v e a l e d  a 
d e n s e  l a t t i c e - w o r k  o f  c l o s e l y  p a c k e d  a p a t i t e  

S tud i e s  o f  d i s e a s e - r e l a t e d  c rys t a l l i n i t y  c ha nge s  in 
b o n e  mine ra l  apa t i t e  a re  l imi ted  in number .  On ly  
two  o t h e r  b o n e  p a t h o l o g i e s  invo lv ing  s imi lar  min-  
e ra l  c h a n g e s  have  b e e n  wel l  d o c u m e n t e d .  Sl ight ,  
b u t  s t a t i s t i c a l l y  s ign i f i can t ,  d e c r e a s e s  in c r y s t a l -  
l in i ty  have  b e e n  o b s e r v e d  in equ ine  b o n e  t u m o r s  
[16]. A l t h o u g h  the  m a g n i t u d e  o f  t h e s e  d e c r e a s e s  
was  c o n s i d e r a b l y  less  than  o b s e r v e d  in the  p r e s e n t  
s tudy ,  t hey  a l so  a f f ec t ed  all c rys t a l  d i m e n s i o n s .  In  
c o n t r a s t ,  m ine ra l  c ry s t a l l i n i t y  was  i n c r e a s e d  r a the r  
t h a n  d e c r e a s e d  in f l u o r o t i c  b o n e s  [ 1 6 - 1 8 ] .  T h e  
c ry s t a l l i n i t y  c h a n g e s  in t h e s e  l a t t e r  b o n e s  we re  a lso  
m o r e  a n i s o t r o p i c ,  a f fec t ing  p r i m a r i l y  the  wid th  and  
t h i c k n e s s  o f  the  mine ra l  apa t i t e ,  l eav ing  the  length  
r e l a t i ve ly  u n c h a n g e d  [17]. 

T h e  d e c r e a s e  in the  c ry s t a l l i n i t y  o f  the  Texas  OI  
b o n e  m i n e r a l  o c c u r r e d  w i t h o u t  a n y  s i g n i f i c a n t  
c h a n g e  in t i s sue  a sh  we igh t  (OI /no rma l  = 1.05, ref.  
13). T h i s  f i n d i n g  s u g g e s t s  t h a t  t h e  c r y s t a l l i n i t y  
c h a n g e  was  l i nked  to a de f ec t  in c r y s t a l  d e v e l o p -  
m e n t  r a t h e r  than  to  c ry s t a l  d e g r a d a t i o n  v i a  d i s so lu-  
t ion  and  r e m o v a l  dur ing  b o n e  tu rnover .  The  T E M  
d a t a  s h o w e d  fu r the r  tha t  this  c h a n g e  was  due  pr in-  
c ipa l ly  to  a r r e s t e d  c ry s t a l  g r o w t h  r a t h e r  than  to a 
m o r e  d i s o r d e r e d  in te rna l  s t ruc tu re  ( i .e . ,  i n c r e a s e d  
l a t t i ce  s t ra in) .  Sma l l - ang l e  X - r a y  sca t t e r ing  s tud ies  
on  f l u o r o t i c  b o n e  [19] s h o w e d  tha t ,  in th is  c a s e  
a l so ,  m e t a b o l i c  d i s t u r b a n c e s  in c ry s t a l l i n i t y  cou ld  
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Fig. 1. Transmission electron micrographs of thin sections from bovine bone samples show crystallites (arrowheads). Differences in 
crystal size between the normal (1, Texas normal) and OI (2, BOI-A and 3, BOI-T) samples are apparent. Scale bar = 0.1 Ixm. 

Table 2. Transmission electron microscope measurement of 
apatite crystal length in normal and OI neonatal bovine bone 

Crystal length (nm) 
Sample Mean • SD a 

BN-A 59.0 • 7.5 
BOI-A 37.2 • 8.7 b 
BOI-T 42.1 • 14.2 b 

a Sample size = 50 measurements 
b (p < 0.01) 

be  a c c o u n t e d  fo r  a l m o s t  e n t i r e l y  by  c h a n g e s  in 
c rys ta l  size. 

In the Texas OI  bones ,  the appa ren t  d e c r e a s e  in 
c rys ta l  s ize  in the  a b s e n c e  o f  any s ignif icant  change  

in the  total  minera l  mass  ind ica tes  an inc rease  in 
the  n u m b e r  o f  apa t i t e  c ry s t a l s  p r e s e n t .  I t  is no t  
c l e a r  w h e t h e r  this  i n c r e a s e  r e s u l t e d  f r o m  an in- 
c r e a s e  in the n u m b e r  o f  p r imary  nuc lea t ing  si tes  in 

the  ex t r ace l lu l a r  ma t r ix  or  f r o m  a change  in the ra te  
o f  secondary ,  c ry s t a l - i nduced  nuc lea t ion  [20]. 
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