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Host of c a d m i u m ( C d ) - t r e a t e d  a n i m a l s  have benn r e p o r t e d  to 
show o s t e o p o r o s i s - l i k e  changes in b o n e s ( N i y a h a r a  and Kozuka 
1985) .  T h i s  sugges ts  t h a t  Cd may promote bone loss  by a 
d i r e c t  a c t i o n  on bone. Severa l  organ c u l t u r e  systems i n d i -  
ca te  t h a t  Cd s t i m u l a t e s  bone r e s o r p t i o n ( H i y a h a r a  et  al 
1980, B h a t t a c h a r y y a  e t  al 1988, Suzuki  e t  a l  1989a) .  
Suzuki  e t  a l ( 1 9 8 9 b )  found t h a t  Cd s t i m u l a t e d  p r o s t a g l a n d i n  
E2(PGE~) p r o d u c t i o n  in  the o s t e o b l a s t - l i k e  c e l l ,  NC3T3-EI.  
T h e r e f o r e ,  they  p o i n t  ou t  t h a t  Cd s t i m u l a t e s  bone r e s o r p -  
t i o n  by i n c r e a s i n g  PGE~ p r o d u c t i o n .  I t  i s  known t h a t  
o s t e o c l a s t s  are the p r i m a r y  c e l l s  r e s p o n s i b l e  f o r  bone 
r e s o r p t i o n .  O s t e o b l a s t s  a l s o  p a r t i c i p a t e  in bone r e s o r p -  
t i o n .  For example ,  o s t e o b l a s t s  s e c r e t e  c o l l a g e n a s e  t h a t  
degrades u n c a l c i f i e d  o s t e o i d  and r e l e a s e  a f a c t o r  to a c t i -  
va te  r e s t i n g  o s t e o c l a s t s ( A k a t s u  et  al 1989a) .  
R e c e n t l y ,  s e v e r a l  bone marrow c e l l  c u l t u r e  systems have been 
deve loped  f o r  e x a m i n i n g  the  f o r m a t i o n  of  o s t e o c l a s t - l i k e  
m u l t i n u c l e a t e d  c e l l s  in v i t r o .  PGE2 was shown to s t i m u l a t e  
bone r e s o r p t i o n  by p romo t i ng  o s t e o c l a s t  f o r m a t i o n  u s i n g  a 
mouse bone marrow c e l l  c u l t u r e  s y s t e m ( A k a t s u  e t  al 1989b) .  
As o s t e o b l a s t s  produce PGE2 by Cd- induced  c y c l o o x y g e n a s e  and 
may p lay  an i m p o r t a n t  r o l e  in  o s t e o c l a s t  f o r m a t i o n ,  the 
p r e s e n t  s t u d y  was u n d e r t a k e n  to c l a r i f y  the  p o s s i b i l i t y  
t h a t  Cd m igh t  s t i m u l a t e  o s t e o c l a s t  f o r m a t i o n  in a mouse 
bone marrow c u l t u r e  sys tem.  

MATERIALS AND METHODS 

Bone marrow c e l l s  were c u l t u r e d  by the method of Takahash i  
e t  al 1988a) .  B r i e f l y ,  the  t i b i a  was removed a s e p t i c a l l y  
f rom 7 - w k - o l d  male mice,  ddy s t r a i n  and the  e p i p h y s i s  of  the  
t i b i a  was c u t  o f f .  The marrow c a v i t y  was f l u s h e d  w i t h  I mL 
of  ~ -m in imum e s s e n t i a l  med ium(a-MEM: Flow L a b o r a t o r i e s ,  
USA). The bone marrow mononuc lear  c e l l s  were then o b t a i n e d  
and washed w i t h  e-HEM and c u l t u r e d  in ~-MEM c o n t a i n i n g  10% 
f e t a l  c a l f  se rum(G ibco ,  USA) at  7 . 5 x i 0 5  c e l l s / 0 . 5  mL in 
2 4 - w e l l  p l a t e s ( S u m i t o m o  B a k e l i t e  Co. ,  Tokyo ) .  The c e l l s  
were c u l t u r e d  f o r  ? d a t  37~ under  5% C02 In a i r  and the 
medium was exchanged a t  3 d a f t e r  i n o c u l a t i o n .  

T a r t r a t e - r e s i s t a n t  ac id  phosphatase(TRACP) was used as a 
marker f o r  o s t e o c l a s t s .  S t a i n i n g  f o r  TRACP was per formed 
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a c c o r d i n g  to the m o d i f i e d  method of B u r s t o n e ( 1 9 5 8 ) .  B r i e f l y ,  
c e l l s  were washed w i t h  a p h o s p h a t e - b u f f e r e d  s a l i n e  s o l u t i o n  
and f i x e d  w i t h  e t h a n o l - a c e t o n e ( 5 0 : 5 0  v / v )  f o r  1 min.  The 
f i x e d  c e l l s  were i ncuba ted  f o r  20 min a t  room t e m p e r a t u r e  
in 0 . 1 M  a c e t a t e  b u f f e r  c o n t a i n i n g  10 mM sodium t a r t r a t e  
(pH 5 . 0 )  and naph tho l  AS-HX phospha te (S igma ,  USA) and f a s t  
red v i o l e t  LB s a l t ( S i g m a ) .  T R h C P - p o s i t i v e  m u l t i n u c l e a t e d  
c e l l s ( H N C s )  c o n t a i n i n g  t h r e e  or  more n u c l e i  were c o n s i d e r e d  
to be o s t e o c l a s t s .  R e s u l t s  were expressed as the meaniSEM 
of 8 c u l t u r e s .  S i g n i f i c a n c e  of  the  d i f f e r e n c e  was examined 
u s i n g  the S t u d e n t ' s  t - t e s t .  

O s t e o c l a s t s  have been d e m o n s t r a t e d  to  p o s s e s s  a b u n d a n t  
c a l c i t o n i n ( C T )  r e c e p t o r s  by an a u t o r a d i o g r a p h i c  t e c h n i q u e  
u s i n g  [ i e s I j - C T .  To examine  w h e t h e r  bone m a r r o w - d e r i v e d  
MNCs induced  by Cd p o s s e s s  CT r e c e p t o r s ,  we a l s o  e m p l o y e d  
the  same a u t o r a d i o g r a p h i c  t e c h n i q u e ( T a k a h a s h i  e t  al 1988b)  
f o r  e x a m i n i n g  the  c e l l u l a r  b i n d i n g  of  [ i ~ 5 1 ] - h u m a n  CT. 
B r i e f l y ,  marrow c e l l s  were c u l t u r e d  wi th  90 nM f o r  7 d on 
c o v e r s l i p s ( S u m i t o m o )  in a 2 4 - w e l l  p l a t e .  The c e l l s  were 
c u l t u r e d  in t h e  a b s e n c e  of Cd f o r  the  l a s t  I h r .  A f t e r  
c u l t u r e ,  t he  c e l l s  were i n c u b a t e d  wi th  [ 1 2 ~ l j - C T ( h m e r s h a m ,  
UK) in a-MEM c o n t a i n i n g  0.1% bov ine  serum a lbum in  f o r  1 hr 
at  22~ N o n s p e c i f i c  b i n d i n g  was assessed in  the presence 
of an excess  amount(2 U) of  u n l a b e l e d  CT(Toyo Jozo,  Japan) .  
A f t e r  i n c u b a t i o n ,  the c e l l s  were washed w i t h  co ld  a-HEM 
and f i x e d  w i t h  O . 1 M  c a c o d y l a t e  b u f f e r ( p H  7 . 4 )  c o n t a i n i n g  
2% f o r m a l d e h y d e  and 2% g l u t a r a l d e h y d e .  The c e l l s  were 
t r e a t e d  w i t h  e t h a n o l - a c e t o n e ( 5 0 : 5 0  v / v )  and s t a i n e d  f o r  
TRACP. The c o v e r s l i p s  were d ipped in NR-M2 emu ls i on  
( K o n i s h i r o k u  Photo I n d u s t r y  Co. ,  Tokyo ) ,  i n c u b a t e d  in the 
dark a t  f o r  2wk, and then  d e v e l o p e d .  

RESULTS AND DISCUSSION 

An e f f e c t  of Cd on NNC f o r m a t i o n  is  shown in Tab le  l ( i s o -  
b u t y l m e t h y l x a n t h  n e ( I B M X ) [ - ] ) .  A s i g n i f i c a n t  s t i m u l a t i o n  
of MNC f o r m a t i o n  was observed at  60 nN Cd or g r e a t e r .  At 
90 nM Cd, the s t  m u l a t i o n  of  MNC f o r m a t i o n  decreased but  
s t i l l  remained s g n i f i c a n t .  Above the l e v e l s  of  90 nN Cd, 
NNC f o r m a t i o n  was not  r e c o g n i z e d .  The number of  NNC in -  
duced by 60 nM Cd was l e s s  t han  t h a t ( 7 5 . 5 ~ 6 . 3 )  induced  by.  
33 nM 1 , 2 5 - d i h y d r o x y v i t a m i n  D 3 ( 1 , 2 5 ( O H ) 2 0 3 )  in the  e x p e r i -  
ment p e r f o r m e d  s i m u l t a n e o u s l y .  

Table  1. E f f e c t s  of Cd on MNC f o r m a t i o n  in the absence or  
p resence of  IBNX 

Number of  MNC/cu l ' tu re  
Cd(nM) I~MX(2.5 pM) 

E-] L+] 
0 6 . 5 i 1 . 0  2 0 . 3 •  

30 1 1 . 3 s  3 1 . 3 •  ~) 
60 3 0 . 1 ~ 7 . 2 " *  4 9 . 0 ~ 4 . 3  ~ ~ 
90 1 6 . 9 ~ 2 . 4 " * *  3 7 . 7 ~ 4 . 4 ~  b) 

Bone marrow c e i l s  were c u l t u r e d  w i t h  Cd in the absence or  
p resence of  IBMX f o r  7 d. Each v a l u e  shows the means 
f o r  8 c u l L u r e s .  S i g n i f i c a n t l y  d i f f e r e n t  f rom the c o n t r o l  
( I B M X [ - ] ) , * * p < O . ~ I , * * ~ p < O . O 0 1 .  S i g n i f i c a n t l y  d i f f e r e n t  
from the  c o n t r o l  IBM•  " " " - <  , ~ 0 001. S i g n i f i  
c a n t l y  d i f f e r e n t  from IBMX[ -J ,a>p<O.OS,~  
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Figure 1. TRACP-posi t ive mu l t i nuc l ea ted  c e l l s  formed in 
mouse bone marrow c u l t u r e s ( x 2 0 0 ) .  
Small m u l t i n u c l e a t e d  cel ls(MNCs, a r rows)  were 
observed wi th  large MNCs( t r i ang les ) .  TRACP- 
p o s i t i v e  MNCs were found ad jacent  to osteo-  
b l a s t - l i k e  c e l l s ( a s t e r i k s ) .  

F igure 2. Au to rad iog ram of [ i25  ] - c a l c i t o n i n  b i n d i n g  to 
mouse bone marrow eel cu l tures.  
Note the numerous dense grains on TRACP- 
pos i t ive  MNCs induced by Cd. The 8rains were 
completely abolished by adding excess un- 
labeled ca l c i t on i n .  

Figure 1 shows TRACP-positive MNCs in bone marrow ce l l s  
treated with 60 nM Cd for  ?d. Cd-treated cu l tures included 
many more small MNCs(arrows) than large MNCs(triangles). 
Large MNCs were observed abundantly in 1,25(OH)2DJ- or PGE2- 
treated cu l tu res .  Most of the MNCs were found near a lka l ine  
phosphatase-posit ive mononuclear c e l l s ( a s t e r i k s ,  probably 
os teob las t - l i ke  c e l l s ) .  
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F i g u r e  2 shows an a u t o r a d i o g r a m  of [ i Z S l ] - C T  b i n d i n g  to  
bone marrow c e l l  c u l t u r e s .  Numerous dense g r a i n s  caused 
by [ i ~ = I J - C T  were recogn ized on TRACP-pos i t i ve  MNCs induced 
bY 90 nM Cd. S imul taneous a d d i t i o n  of excess un labe led  CT 
(2 U) caused a complete d isappearance of the g r a i n s .  Th is  
suppor t s  t h a t  Cd-induced MNCs are o s t e o c l a s t s .  

To examine Cd-stimulated MNC formation is due to PGE~ 
p r o d u c t i o n ,  we used i n d o m e t h a c i n  t h a t  d e p r e s s e d  PGE2 
p r o d u c t i o n  by i n h i b i t i n g  c y c l o o x y g e n a s e .  C d - s t i m u l a t e d  
NNC f o r m a t i o n  was i n h i b i t e d  c o m p l e t e l y  by 0 .1  #M indo-  
methacin. For example, the number of MNC formed by 75 
nN Cd was 19.g• vs. con t r o l ( 2 . 4~ l . 3 ) ,  but the 
number of MNC in the presence of indomethacin was O. 
This suggests that Cd-induced osteoclast formation may 
be due to PGE2 

Osteoclast f o r m a t i o n  was enhanced over a wide range of 
exogenous PGEz(IO nM I0 pM)(Akatsu et al 1989b) but 
was stimulated wi th in  a narrow range of Cd(60-90 nM) 
(Table  1) .  As Cd is  a s t rong  i n h i b i t o r  of DNA s y n t h e s i s ,  
Cd at  l e v e l s  above 90 nM would i n h i b i t  p r o l i f e r a t i o n  of 
immature bone marrow c e l l s  and thus might  not  induce 
o s t e o c l a s t  f o r m a t i o n .  

As shown in Tab le  1, 2 . 5  pH IBMX, an i n h i b i t o r  of phos-  
p h o d i e s t e r a s e ,  p o t e n t i a t e d  MNC f o r m a t i o n  in the  a b s e n c e  
or p r e s e n c e  of  Cd. On the  o t h e r  hand,  3 #H v e r a p a m i l ,  a 
c a l c i u m  channe l  b l o c k e r ,  d e p r e s s e d  C d - i n d u c e d  MNC forma-  
t i o n ( T a b l e  2 ) .  These r e s u l t s  s u g g e s t  t h a t  t he  a c t i v i t y  
of Cd in i n d u c i n g  HNC f o r m a t i o n  may be m e d i a t e d  by t he  
mechanism i n v o l v i n g  cAMP and Ca "* In a d d i t i o n ,  as  
v e r a p a m i l - b i n d i n g  s i t e s  a r e  in o s t e o b l a s t s ( G u g g i n o  e t  
al 1988) ,  the  i n h i b i t o r y  e f f e c t  of v e r a p a m i l  on Cd- 
induced  o s t e o c l a s t  f o r m a t i o n  s u g g e s t s  t h e  d e p e n d e n c e  of 
o s t e o b l a s t - l i k e  c e l l s  upon o s t e o c l a s t  f o r m a t i o n .  

Tab le  2. E f f e c t  of  v e r a p a m i l  on C d - s t i m u l a t e d  NNC 
f o r m a t i o n  

i Number of NNClculture 

I v e r a D a m i l ( 3  ~M) Cd(nM) _ [ - ]  I L+J 

0 I 1 ~ . 8 i 2 - 7  I 15 -1~5-3  
60 3 8 . 1 s  2 0 . 9 s  b~ 
75 2 8 . 9 i 4 . 1 " *  1 4 . 6 •  b) 

Bone marrow ce l ls  were cultured with Cd in the 
absence or presence of verapamil for  7 d. Each 
value represents the meanISEM for 8 cu l tu res .  
S i g n i f i c a n t l y  d i f f e ren t  from the control(verapamil 
[ -J,**p<O.Ol.  S ign i f i can t  di f ference between 
verapami l [ - ]  and verapamil[+],b>p<O.Ol. 

From these resu l ts ,  Cd was shown to promote osteoclast 
formation. As Cd-stimulated MNC formation was inh ib i ted 
by indomethacin, endogenous PGE2 was suggested to cause 
HNC formation. This may be supported by the fo l lowing 
reports: I )  Cd st imulates PGE2 production through the 
induction of cyclooxygenase in osteoblasts(Suzuki et al 
1989b). 2) Exogenous PGE2 st imulates osteoclast forma- 
t ion at I0 nM and above(kkatsu et al 1989b). 
On the other hand, we recognized that Cd at 0.5 HM or 
greater st imulated bone resorpt ion using a mouse neo- 
natal par ie ta l  bone(in preparat ion).  The concentrations 
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of Cd causing osteoclast formation were about one-tenth 
as low as those causing bone resorpt ion.  This suggests 
that Cd-stimulated bone resorpt ion may be due at least 
par t ly  to the enhancing ef fect  of Cd on osteoclast 
formation. 
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