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ABSTRACT 
C' .-. . 

t he  in f luence  of galliun on c a r t i l a g e  a l k a l i n e  phosphatase i n  v i t r o  show t h a t  . 
l i u m  concent ra t ion  range (2.50 x lo4 t o  1 .0  x lO-'M) which markedly inc reases  

t h i s  enzyme. Higher gal l ium c i t r a t e  and equimolar sodium c i t r a t e  con 
ion  of  phosphomolybdic ac id  i n  the  Fiske-Subbarow method. 

s i l v e r  s t a i n i n g  technique,  in  v i t r o  c a l c i f i c a t i o n  of r a c h i t i c  r a t  
s tud ied .  Ri th  5.0 x 10% gal l ium t h e r e  a p e a r s  to be a s l i g h t  
over the  equimolar sodium c i t r a t e  c o n t r o l .  

Subni t ted by the  au thor  2 September 1952 

Issued  by the  Naval Medical Research I n s t i t u t e  

For O f f i c i a l  Use 
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INTRODUCTION 

E a r l i e c  
t i o n  of 
a l k a l i n e  
results of 
f i c a t i o n  

Robinsm 
c a l l y  t h a t  
s u b s t r a t e  
s a t u r a t i o n  
f u r t h e r  
I n  view of 
concen t r a t ions ,  

'8 

s t u d i e s  of the chemical na tu re  of the loca l  f a c t o r s  which e f f e c t  s e l e c t l v e  depos i -  
ga l l ium i n  the bone (1, 2)  l ed  t o  the b e l i e f  t h a t  ga l l ium m y  inf luence the  mechanism of 

a f u r t h e r  i nves t iga t ion  of t he  biochemical a c t i o n  of gal l ium a s  r e l a t ed  t o  the  c a l c i -  
piosphatase a c t i v i t y  i n  the  c a l c i f i c a t i o n  process  i n  bone. This repor t  p resents  the  

process  i n  the bone. 

( 3 ,  4)  has suggested t h a t  the ca l c i fy ing  mechanism were p a r t l y  enzymatic; s p e c i f i -  
the  a lka l ine  phosphatase i n  hypertrophic  c a r t i l a g e  ac ted  upon some phosphoric ester 

present  t o  produce inorganic  phosphate which r e s u l t e d  i n  a condi t ion of l o c a l  super -  
and p r e c i p i t a t i o n  of the bone s a l t  i n  the presence of  &++. Y i i  and Gutman ( 5 ,  6 )  

sh3wed t h a t  beryllium inhabi ted  a lka l ine  phosphatase a c t i v i t y  and in v i t r o  c a l c i f i c a t i o n .  
the  preceding evidence of  beryl l ium i n h i b i t i o n  of a l k a l i n e  phosphatase i n  very low 

the  r o l e  of gal l ium was s tudied .  

P 

PROCEDURES 

t i v i t y  Determination 

awley r a t s  of both sexes ,  40 t o  50 days o l d  were used. The t i b i a l  and femoral bones 
were removed and s t r i p p e d  f r e e  of muscle t i s s u e .  The sec t ion  between and inc lud ing  

1 c a r t i l a g e  of the  upper extremity of the  t i b i a  and lower extremity of t h e  femur 
free and used fo r  enzyme source.  T i b i a l  and femoral bone sec t ions  from r a t s ,  

M veronal bu f fe r ,  

(0.20) m l .  a l i q u o t s  of  the enzyme mixture were added t o  1 m l .  of 1 percent  sodium 
a t e  a t  pH 8.90 and the  volume made up t o  2 m l .  wi th  0.80 m l .  of double d i s t i l l e d  
o lu t ions .  These mixtures  were incubated for 30 minutes a t  37' C., cooled i n  an 

r f i l t r a t i o n ,  and the  inorganic  phosphorus i n  the  f i l t r a t e  measured c o l o r i m t r i -  
ske-Subbarow method. ( 7 )  

up, were homogenized by mortar and p e s t l e  wi th  chemically pure  ground sea  sand i n  

5 m l . )  decanted and d i l u t e d  t o  10 m l .  wi th  Verona1 buf fer .  
9.70. The h a g e n a t e  was then cent r i fuged ,  the superna tan t  

m l .  of 10 percent  t r i c h l o r a c e t i c  acid was added. The enzyme p r e c i p i t a t e  was then 

nzyme prepara t ions  were used which contained s u f f i c i e n t  a c t i v i t y  i n  an 0.20 
i b e r a t e  10 t o  20 micrograms of phosphorus. 

experiments were c a r r i e d  out  t o  t e s t  t he  e f f e c t  o f  the c i t r a t e  and gal l ium ions  
mation by the reduct ion  of phos$omolybolic a c i d  i n  the Fiske-Subbarow method. 
t t h e  c i t r a t e  ion i n  concent ra t ions  used wi th  1.0x104 hl of gal l ium and g r e a t e r  
-4 M, i nh ib i t ed  c o l o r  formation. The c i t r a t e  ion  used w i t h  gallium concentra-  
, 5.0x104, and S . O X ~ O - ~  hl has no e f f e c t  on t h e  co lor  production, nor does the  
ncent ra t ions  of 5 . 0 ~ 1 0 - ~ ,  5 . 0 ~ 1 0 - ~ ,  and 5. O X ~ O - ~  M. 

t r o l  was used i n  each experiment t o  determine the  e f f e c t  of t h e  c i t r a t e  ion 
odium c i t r a t e  pH 9.00 was used i n  the  same molar concentrat ions a s  was used 
r a t e  complex. Sodium i n  these  experiments was considered t o  be i n e r t .  The 

r99.98% (811 on enzyme a c t i v i t y  was t e s t e d  us ing  the  same procedure, but  
1. of a ga l l ium c i t r a t e  so lu t ion  (9) ad jus t ed  t o  a pH P.00 i n  varying molar 
lace  of the  double d i s t i l l e d  water. Percent ;  acce le ra t ion  vs t i m e  curves  

xp t l . ]  - pg [aqueous] ,100 percent ;  absc issa :  incubat ion t i m e  i n  minutes) 

aying 0.20 m l .  a l i q u o t s  for  a l k a l i n e  phosphatase a c t i v i t y  a f t e r  10,  20, 30, 
ncubation a t  g 0 C .  (F ig .  1).  

pg aqueous 
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0. I n  v i t r o  

n e  
s t u d i e s  by 
f o r  t h i s  
t h e  a l k a l i n e  

(No. 2 ,  
t h e  p r o x i m a l  
ad jacen t  
g i v i n g  fou r  
n a l  s e c t i o n s  
femur) were 
Ca/P, 2 wit.h 
were run 

The 
c i f i c a t i o n  
meq.); (b)  
sodium 
t i o n s  and 
was run with 
t r o l  w a s  run 
P ( c )  p l u s  
t h e  inf luer .ce  
and d) was 

The pH 
c a u t i o u s  
b a t i n g  
7.35 t o  7.4.0 
gen (99.5% 
s e a l e d  w i t .  

c a l c i f i c a t i o n  

inf luence of gall ium on c a l c i f i c a t i o n  i n  t h e  t i b i a s  and femurs of r a c h i t i c  rats W ~ S  

using Von Kossa's (10) i n  u t t r o  s i lver  s t a i n i n g  technique. R a c h i t i c  r a t s  were chosen 
s t J d y  because of t h e  inc reased  epiphyseal c a r t i l a g e  zone and the  g r e a t e r  a c t i v i t y  of 

phosphatase i n  t h i s  area. 

Twenty-day-old Sprague-Dawley ra t s  (male and female) were s t a r t e d  on a rachi togenic  d i e t  
U.S.P.) and maintained f o r  20 t o  25 days t o  produce seve re  r i cke t s .  I n  each experiment 

ends of t h e  t i b i a s  and femurs from one animal were s t r i p p e d  c l ean  of muscle and 
t i s s u e .  The four  bones were c u t  l ong i tud ina l ly  by free-hand s l i c i n g  through t h e  cen te r ,  

p a i r s  (2  t i b i a l ,  2 femoral)  of i d e n t i c a l  s u r f a c e s  for  comparison. The t h i n  longi tudi-  
were washed i n  phys io log ic  s a l i n e  so lu t ion .  Two s l i c e s  (one each from t h e  t i b i a  and 

used f o r  t h e  e f f e c t  of gall ium on c a l c i f i c a t i o n  and the o the r  s i x  sl ices ( 2  without 
C f l ,  2 with Ca/PsCitrate)  were used a s  controls .  S i x  t o  e i g h t  p a i r e d  experiments 

with each concentrat ion o f  gallium. 

inoubating s o l u t i o n s  used f o r  con t ro l s  and f o r  t e s t i n g  the inf luence of gallium on cal-  
consis ted of: (a)  a b a s a l  s a l t  so lu t ion  (11) (KCl 5 meq., NaCl 70 meq. and NdCO320 
calcium (9.3 mg. percen t  Ca as  CaCl2); ( c )  o rgan ic  phosphate (10 mg. percent  P as 

B-glycerophosphate); ( d )  gallium c i t r a t e  (pH 7.35 t o  7.40) i n  varying molar concentra- 
( e )  sodium c i t r a t e  (pH 7.35 t o  7.40) i n  equimolar c i t ra te  concentrat ions.  One control  

only the  basal  s a l t  s o l u t i o n  ( a )  t o  show t h e  lack of c a l c i f i c a t i o n .  A second con- 
t o  show t h e  normal m u n t  of zn v z t r o  c a l c i f i c a t i o n  occurr ing with only Ca ( b )  and 

t h e  basal  s a l t  s o l u t i o n  ( a ) .  A t h i r d  con t ro l  ( a , b , c ,  and e) w a s  used t o  determine 
of the c i t r a t e  i o n  on c a l c i f i c a t i o n .  The experimental  gal l ium so lu t ion  ( a , b , c ,  

used to determine t h e  in f luence  of t h e  gallium ion  on c a l c i f i c a t i o n .  

o f  these incubat ing s o l u t i o n s  was adjusted t o  7 .35  t o  7.40 ( g l a s s  e l e c t r o d e )  by t h e  
acmission of oxygen o r  carbon dioxide gases. Forty ml. of one of t h e  appropriate  incu- 

so lL t ions  was used f o r  each s l i c e  i n  a con ica l  f lask.  The pH was f u r t h e r  adjusted t o  
by adding 0.10 N HCl or  0.10 N NaCXI. "he whole s o l u t i o n  was s a t u r a t e d  with n i t r o -  

N and 0.5% C 0 2 )  t o  e s t a b l i s h  anaerobic cond i t ions  and the  f l a s k s  stoppered and 
adhesive tape.  Phenol r ed  was added t o  d e t e c t  gross pH changes during incubation. 

The 
ca l ly )  w i th in  
f a c e  exposLre. 
i n  double 
by exposing 
double 
o f  s i l v e r  

s l i c e s  were incubated a t  37' C. f o r  18 to  24 hours,  and were con t inua l ly  rocked (mechani- 

A t  t he  exp i r a t ion  o f  t h e  time a f t e r  incubat ion,  t he  s l i c e s  were washed thorcughly 
a 90' angle ( a t  a frequency of approximately 10 p e r  min. 1 t o  i n s u r e  u n i f o n  sur- 

c i s t i l l e d  water and s t a i n e d  by adding 3 percent  s i l v e r  n i t r a t e  t o  a l i g h t  brown color  
t o  b r igh t  d i f f u s e  day l igh t .  They were then washed i n  the  dark several  times with 

d i s t i l l e d  water and photographed. The amount o f  c a l c i f i c a t i o n  determined by t h e  degree 
s t a i n i n g  graded 0 t o  * by the  method o f  Marks and Shorr (12) .  

RESULTS AND CONCLUSIONS 

The 
femoral bone 
inc reased  
t r a t i o n s  0:; 
e f f e c t  on 
i o n  r e s u l t e d  

"he 
l a g e  was 
than  5x10-" 
concen t r a t rons  
t r a t i o n s  
F igu re  2. 

inf luence of gal l ium on c a r t i l a g e  a l k a l i n e  phosphatase a c t i v i t y  o f  t h e  ra t  t i b i a l  and 
sec t ions  showed, with amounts l e s s  than 2 . 5 ~ 1 0 ~  M, gallium d i d  not r e s u l t  i n  any 

enzyme a c t i v i t y .  The gallium i o n  increased t h e  hosphatase a c t i v i t y  a t  molar concen- 
2.5x1O6, 5 . 0 ~ 1 0 ~  and ~ . O X ~ O - ~ .  With 5 . 0 ~ 1 0 ~ '  M gallium t h e r e  was a n e g l i g i b l e  

;he phosphatase a c t i v i t y .  The c i t r a t e  i on  a t  equimolar concentrat ions t o  t h e  gallium 
i n  a n e g l i g i b l e  e f f e c t  on the  a c t i v i t y  o f  t h e  enzyme. 

in:rluence of gallium on t h e  degree o f  i n  v i t r o  c a l c i f i c a t i o n  i n  t h e  epiphyseal c a r t i -  
qmpared with the  c i t r a t e  con t ro l .  It  was found t h a t  gallium i n  concen t r a t ions  lower 

hl ranged from no e f f e c t  with 5 ~ 1 0 ~  M t o  s l i g h t  i n h i b i t i o n  with S X ~ O - ~  M. Gal1i.m 
6 of 5x10- ?.1 caused a s l i g h t  i nc rease  i n  c a l c i f i c a t i o n .  Increased gall ium concen- 

( . ; x ~ O - ~  51) showed i n h i b i t i o n  of c a l c i f i c a t i o n .  These r e s u l t s  are shorn i n  Table 1 and 
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Though 
as w a s  
ment betweiEn 
i n  a l k a l i n e  - 

Conversely, 
ga l l ium)  
for  on the  

I 

t he  in f luence  of gal l ium concent ra t ion  on in vitro c a l c i f i c a t i o n  was not a s  marked 
observed i n  t h e  e f f e c t  o f  g a l l i m  on phosphatase a c t i v i t y  t h e r e  was, i n  general ,  agree- 

the  two experiments. Gal l ium concent ra t ions  of 5x10' M produced maximal inc rease  
phos&atase a c t i v i t y  and a l s o  t h e  greatest increase  i n  in vitro ca lc i f i ca t ion .  

i n h i b i t i o n  i n  enzyme a c t i v i t y  produced by higher concent ra t ions  ( S X ~ O - ~  hl 
WBS a l so  observed i n  t h e  c a l c i f i c a t i o n  experiment. Th i s  i n h i b i t i o n  may be accounted 

b a s i s  of increased  concent ra t ions  o f  t h e  c i t r a t e  ion (13). 

A stu 
in vitro. 
1.0 x 10- 

BY a 
has  been 
depos i t  i o 
lowered c 

1. 
0 

2 .  
3 .  
4. 

6. 
3. 

7. 
8. 
9. 

10. 
11. 

12. 

13. 

h d l e y  
Dudley 
Robins 
Robins 
Y i i ,  7 
Gutman 

Macy 
Fiske ,  
Eagle- 
Dudley 
Von KO 
H i a t t ,  

Jr. 
).larks, 

J o s i  
Jenne r 

y has  been made of t he  inf luence  of ga l l ium on the  c a r t i l a g e  a l k a l i n e  phosphatase 
hese r e s u l t s  i n d i c a t e  t h a t  t h e r e  is a gal l ium concent ra t ion  range (2.5 x lo4 t o  
11) which markedly increases  the  a c t i v i t y  of t h i s  enzyme. 

i l v e r  s t a i n i n g  technique,  in vitro c a l c i f i c a t i o n  of r a c h i t i c  r a t  t i b i a s  and femurs 
cudies. With 5 x lo4 M gal l ium t h e r e  appears  t o  be a s l i  h t  i nc rease  i n  calcium 

lcium depos i t ion .  
over t h e  e q u i m l a r  c i t r a t e  con t ro l ,  whereas with 5 x lo-' M gal l ium the re  is 
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-$ 
C a l l i  

C o n c e n t r  

5x10 - 

5 x  10 - 

S X  10 - 

5 x 1 0 -  

F i v u r e  2 

n C i t r a t e  
t i o n  Con t r o 1 

h l  

M 

G a l  l i  um 
C i t r a t e  

. .  .. ‘-.e 

R e m a r k s  

pl’o c a l c i f i c a -  
t i o n  i n  e p i p t i y s -  
e a l  c a r t i l a g e  i r r  
e i  tlier s l  i c e .  

I n c r e a s e d  c a l c i -  
f i c a t i o n  i n  e p i -  
I l t i y s e a l  c a r t i l e g c  
i n  g a l l i u m  t r e a t .  
e d  s l i c e .  

D e c r e a s e d  c a l c i -  
f i c a t i o n  i n  e p i -  
p h y s e a l  c a r t i l a g e  
i n  g a l l i u m  t r e a t -  
e d  s l i c e .  

C a l  c i f i c a t  ioi i  

b o t h  s l i c e s  a r e  
o f  t h e  .satlie o r d r r  

in  

P h o t o g r a p h s  o f  Head o f  R a c h i t i c  H a t  T i b i a  S h o w i n g  I n f l u e n c e  o f  
G a l l i u m  a n d  C i t r a t e  o n  i n  v i t r o  C a l c i f i c a t i o n .  
( S i l v e r  n i t r a t e  s t a i n ;  c i t r a t e  c o n t r o l  h a s  e q u i m o l a r  c i t r a t e )  
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I TABLE 1 

ttt 
tttt 
tttt 

E f f e c t  o f  G a ! l  L 
t ttt l o s t  
tttt ttt tt 
tt ttt tt 

a1 I ium 

tt 
ttt 
tt 
0 

5 ~ 1 0 - ~ M  
f t  tt t 
ttt tt tt 
ttt 0 t 

tt 0 0 

; 1 %  0 0 

-~ 

C o n t r o l  I C i t r a t e  I C o n t r o l  I C i t r a t e  

I' 
0 

l m  on i n  v i t r o  C a l c i f i c a t i o n .  i n  Rat E p i p h y s e a l  C a r t i l a g e .  

S o u r c e  o f  
Phosphorus  

O r g a n i c  
P h o s p h o r u s  

I n o r g a n i c  
Phosphorus  

O r g a n i c  
P h o s p h o r u s  

I n o r g a n i c  
Phosphorus  

O r g a n i c  
P h o s p h o r u s  

I n o r g a n i c  
P h o s p h o r u s  

O r g a n i c  
P h o s p h o r u s  

I n o r g a n i c  
Phosphorus  

tt 

0 
0 
0 

. D e g r e e  o f  d e p o s i t i o n  g r a d e d  from 0 t o  ++++ a f t e r  Marks and Shorr (11). 
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