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Stud i t s  of the influence of gdliun on c z r t i l a s  a i k s i i n e  phosphatase in vitro show t h a t  
t he re  is a g a l l i m  concentration range (2.50 x lo4 t o  1.0 x lo-%!) which msrkedly increases 
the  a c t i v i t y  of t h i s  enzyme. Hi3her gallium c i t r a t e  and equimolar sodiurn c i t r a t e  ConcEntrations 
prevent the  reduction of phosphocmlybdic acid i n  the Fiskz-Subbama method. 

and femurs have k e n  studied. With 5.0 x l 0 - h  gallium there a p a r s  t o  be a s l i g h t  increase 
i n  calcium deposition over the  equimolar scdim c i t r a t e  control. 

- 

‘{on Kossa’s.si lver stainins technique in v i t r o  ca lc i f i ca t ion  of r e c h i t i c  r a t  t i b i a s  
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INTF,ODUCTIOTI' . 
Ear l i e r  s t u d i e s  of t he  chemical nature of t h e  l o c a l  fac tors  Hhich e f f e c t  s e l ec t ivp  depcsi- 

t i c n  of gallium i l l  the bone ( I ,  23 led t o  the be l ie f  t ha t  gallium ITUY inflcence the mchanism of 
a lka l ine  pnosphatase a c t i v i t y  ir. che ca l c i f i ca t ion  process i n  bone. This repor t  presents the 
r e s u l t s  of a fu r the r  i n v e s t i n t i a n  of the bioci;e.nical acticn of gallium a s  re la ted  to  t h e  c a l c i -  
f i ca t ion  process i n  the Done. 

- -  Robinson ( 3 ,  4) has suggested t h a t  :he ca lc i fy ing  mechanisms were p a r t l y  enzymatic; spec i f i -  
tally tha t  the  a lka l ine  phosphatase in  hypertrophic c a r t i l a g e  acted upon S O ~  phosphoric e s t e r  
subs t r a t e  present t o  produce inorganic $osphate which resulted i n  a condition of loca l  super- 
sa tu ra t ion  and p r e c i p i t a t i m  of the bone s a l t  i n  the presence of &++. Y i i  and G J L ~  ( 5 ,  6 )  
fu r the r  showed t h a t  beryllium i rhabi ted  alkaline phosphatase s c t i v i t y  and i n  v i t r o  ca lc i f ica t ion .  
In  view of the  preceding evidence of b e i y l l i m  inhib i t ion  of a lka l ine  phosphatase i n  very IW 
concentrations,  the ro l e  of gallium was studied. 

PROCEDURES 

. A. Enzyme Ac t iv i ty  &termination 

Sprague-Dawley r a t s  of both sexes, 40 t o  50 days o ld  were used. ?)le t i b i a l  and femoral bones 
of these ra t s  =re removed and s t r ipped  free of m c l e  tissue.  ;'e sec t ion  between and including 
the  epiphyseal c a r t i l a g e  of the  upper extremity of the  t i b i a  and lower extremity of the  femur 
were dissec t& free and used fo r  enzyme source. T i b i a l  and femoral bone sec t ions  from r a t s ,  
t h n e  t o  a graup, were hanogenized by mortar and pestle-with chemically pure ground sea sand in 
10 ml. of 0.04 M veronal buffer,  F;I 9.70. The bogenate was then centrifuged, the supernatant 
(usua l ly  3 t o  5 ml.) decanted and d i lu ted  to 10 m l .  with Verona1 buffer. 

Bglycemphasphate  a t  fl 3.90 and the vo i~mc  made up to 2 nl.  w i t h  0.80 m i .  of double d i s t i l l 4  
water or test solutions.  'Rese mixtures were incubated for 30 miiiutes a t  3 7 O  C ,  cooled i n  an 
ice bath, and.2 m l .  of 10 percent t r i ch lo race t i c  ac id  was added. The: enzyme prec ip i t a t e  whs then 
re.mvui 'by paper f i l t r a t i a 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 -  
tally by the Fiske-Subbaror m t h d .  

. 

m l .  a l i quo t  t o  l i b e r a t e  10 to 20 micrograms of phosphorus. 

Two-tenths (0.20) m l .  a l iquots  cf the enzyme mixture were added to  1 mi. of 1 percent sodium 

- 

€hly .those e n z y  preparations WCR 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 

Rel imina ry  expe r imnt s  were car r ied  out to  tes t  the  e f f ec t  o f  the c i t r a t e  and gallium ioiis 
an the  co lo r  formation by the reductiot  of phosfianolybolic ac id  i n  the Fiske-Subbarow method. 
It w a s  found t h a t  the  c i t r a t e  ion i n  concentraticns used with 1 . 0 ~ 1 0 ~  M of gallium and grea te r  
amounts of 5 . 0 ~ 1 0 ~  M, inhibited co lor  formation. The c i t r a t e  ion used with gallium concentra? 
t i o n s  of 5.0x104, 5.0x1G4, and 5.0~10" 54 has no e f f e c t  on the co lor  production, nor does the 
gallium ion  a t  concentrations of ~ . O X ~ O ' ~ ,  S.0x104, and 5 . 0 ~ 1 0 " ~  M. 

A c i t r a t e  cont ro l  was used i n  each experiment t o  determine the  e f f e c t  of the  c i t r a t e  icn 
- M t h e  reaction. Sodium c i t r a k  rJi 9.W was used i n  the  same molar concentrations as was used 
in the gallium c i t r a t e  complex. Sodium i n  these experimnts  was considered t o  be ine r t .  The 
e f f e c t  of gall ium l99.9896 (811 on enzyme a c t i v i t y  was tested using the  s m  procedure, but 
s u b s t i t u t i n g  0.80 m l .  of a galiium c i t ra te  so lu t ion  (9)  adjusted t o  a pH P.00 i n  v a r y i q  molar 
cancentrations i n  place of the double d i s t i l l e d  water. Percent; acce le ra t ion  vs  t ime curves 

- (ordinate:  pg {exptt. ] - pg [aq~ie;eolJS] . lo0  percent: abscissa: incubation time i n  minutes) 
pg aqueous - 

were obtaiqed by assaying 3.20 m l .  a l iquots  fo r  a lka l ine  phosphatase a c t i v i t y  a f t e r  10, 20, 3, 
40 and cjg minutes' incubation a t  37OC. (Fig.  I ) .  . -  
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,13. I n  v i t r o  c a l c i f i c a t i o a  

influefice of  3d l i t aq  on ca l c i f i ca t ion  i n  the t i b i a s  and femurs of r a c h i t i c  ra ts  ~a.3 
studies  by rising '{cn I!as3it.'s (16) in v i t r o  s i l v e r  s ta ining technique. Rachitic r a t s  were chosen 
for  t h i s  ntudy because of t h t  increased epiphyseal ca r t i l age  zone and the greater  a c t i v i t y  of 
the alkal ine phosphatase i n  t h i s  area. 

Twenty-day-old Sprrague-Dawley r a t s  (male and female) were s t a r t e d  on a rachitogenic d i e t  
2,  U.S.P.) and maintained fo r  '20 t o  25 days to produce Severe r ickets .  In  each expximent 

the prcixiinel ends o€ t he  t i b i a s  and femurs f r m  one animal were s t r ipped clean of muscle and 
a$acent t issue.  The fou r  bones were cut longi tudinal ly  by free-hand s l i c i n g  through the center ,  
giving four  p a i r s  ( 2  t i b i a l ,  2 f e m r a l )  of i den t i ca l  surfaces for  comparison. The t h in  longitudi- 

\ .  

.'1 
nal sections were washed i n  physiologic s a l i n e  solution. T-& s l i c e s  (one each from the  t i b i a  and 
f a r )  were 1 ? s 4  f o r  the e f f e c t  of gal l iun on c a l c i f i c a t i o n  and the other  s i x  s l i c e s  ( 2  without .  
ca/p, 2 with ca/p, 2 with &/P+Citrate) were used as controls. S ix  t o  e ight  paired experiments 
were run w i t h  each concentration of galliun. 

4 

ne incubating solut ions used for controls and for t e s t i n g  the influence of gallium on cal-  
c i f i ca t ion  consisted of: (a) a basal s a l t  solut ion (11) (m 5 meq., NaCl 70 meq. and NaHC0320 
wq.) ;  (b) calciun (9.3 mg. percent Ca as M 2 ) ;  (c )  organic phosphate (10 mg. percent P as 
sodim B-glycemphosphote); (d) gallium c i t r a t e  (pH 7.35 t o  7.40) i n  varying molar concentra- 
t i o m  and (c) sodium c i t r a t e  (pH 7.35 t o  7.40) i n  equimolar c i t r a t e  concentrations. One control 
w a s  run wit11 only the basal s a l t  solut ion (a)  t o  show t he  lack of calcif icat ion.  A second con- 
tml  ~ 8 5  run t o  show the normal m u n t  of in v i t ro  c a l c i f i c a t i o n  occurring with only Ca (b) and 
P (c) plus  t h e  basal s a l t  solut ion (a). A t h i r d  control ( a ,b , c ,  and e) w a s  used t o  determine 
the influence of the  c i t r a t e  ion OR calcif icat ion.  The experimental gallium solut ion (a ,b ,c ,  
and d) w a s  u s e d  to deternine the influence of t he  gallium ion on calcif icat ion.  

- 

ne pH of  these incubating solut ions was adjusted t o  7.35 t o  7.40 (g l a s s  electrode) by the  
cautious admission of oxygen or carbon dioxide gases. Eorty ml. of one of t h e  appropriate incu- 
bating solut ions was used fcr each s l i c e  i n  a conical flask. The pH was fu r the r  adjusted t o  
7.35 t o  ?.a by e d d i q  0.10 N HCL or  0.10 N NrCH. The wbolc so lu t ion  was saturated with ni t ro-  
gen (99.5% ri 2nd 0.5% CO2) t o  e s t ab l i sh  anaerobic conditions and the  f l a s k s  stoppered and 
sealed with adhesive' t q e .  Phenol red w a s  added t o  detect  gross  pli'changes during incubation. 

- - 
- 

?he s l i c e s  Nere incubated a t  37' C. fo r  18 t o  24 hours, and were continually rocked (mechani- 
cally) within a 90' angle ( a t  a frequency of approximately 10 per  min. ) to insure uniform sur- . 
face exposure. At the  expiration of the time a f t e r  incubation, the s l i c e s  were washed thoroughly 
i n  double d i s t i l l e d  water and s t a ined  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 
by exposing t o  br ight  d i f fuse  daylight. They were then washed i n  the dark several  times with 
double d i s t i l l e d  water and photographed. The mount of c a l c i f i c a t i o n  determined by the  degree 
of s i l v e r  s t a i n i r i  graded 0 t o  ++H+ by the method o f  Marks and Shorr (12). 

RESLZTS AND CONCLUSIONS 

The influence of g a l l i m  on c a r t i l a g e  a lka l ine  phosphatase a c t i v i t y  of the r a t  t i b i a l  aid 
femoral bone sect ions showed, with amounts l e s s  than 2 . 5 ~ 1 0 ~  M, gallium did not r e s u l t  i n  any 
increased enzyme ac t iv i ty .  Th? gallium ion increased the  hosphatase a c t i v i t y  a t  molar concen- 
t r a t ions  of 2.5d04,  5 . 0 ~ 1 0 ~  and ~ . O X ~ O ' ~ .  With 5 . 0 ~ 1 0 ~  M gallium the re  was a negl igible  
e f f ec t  on the phosphatase act ivi ty .  ?he c i t r a t e  ion a t  equimolar concentrations t o  the g d l i u n  
ion resul ted i n  a negl igible  e f f e c t  on the a c t i v i t y  of the enzyme. 

The influence of gallium on the degree of in  v i t r o  c a l c i f i c a t i o n  i n  the epiphyseal c a r t i -  
lage w a s  conpared with the c i t r a t e  control. It was found tha t  gallium i n  concentrations lower 
than 5x10'-6 ?4 ranged from no e f f e c t  with 5 ~ 1 0 ~  M t o  s l i g h t  i nh ib i t i on  with 5 ~ 1 0 ' ~  M. G a l l i u n  

t r a t ions  (5x10"' 31) showed inh ib i t i on  of ca l c i f i ca t ion .  These r e s u l t s  are  show i n  Table 1 and 
concentrations gf  5x104 !S caused a s l i g h t  increase i n  ca l c i f i ca t ion .  Increased gallium concen- I 

I 

i 
i - Figure 2. 
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XII 

Though the i n i l u e n c e  of z d l i m  concentration on i n  vi tro  c a l c i i i c a t i o n  was not a s  marked 
as w a s  observed i n  the  e f f e c t  of g a l l i u n  on phosphatase a c t i v i t y  
m n t  between the two experincnts. G a l l i w i  concentrations of 5x10' 51 produced maximal increase 
i n  alkaline phos&atase a c t i v i t y  end also the  greatest increase i n  L n  v i t r o  ca l c i f i ca t ion .  

Conversely, i nh ib i t i on  i n  enqme a c t i v i t y  produced by higher concentrations (5x10'' !4 
gallium) was also observed i n  t h e  c a l c i f i c a t i o n  experiment. This inhibi t ion may be accounted 
for on t h e  bas i s  of  increased concentrations of t h e  c i t r a t e  ion (131. . 

ther.: w a s ,  i n  general ,  agree- 

SUMMrnY 

A study has  been made of the  influence of gallium on the cartilage a lka l ine  phosphatase 
u1 v i t r o .  These results indicate  t h a t  there  is a gallium concentration range (2.5 x lo4 t o  
1.0 x M) which markedly-increases tho a c t i v i t y  of t h i s  enzyme. 

By a si lver s t a in ing  technique, in vit ro ca l c i f i ca t ion  of r a c h i t i c  r a t  t i b i a s  and feuurs 
h a s  been studies. With 5 x lo4 M ga l l iun  the re  appears to be a sli increase i n  calciun 

galliun t h e r e  is deposit ion over t he  equimolar c i t r a t e  control,  whereas with 5 x 10' 
!.owxed calciun deposition, 
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Calliuin C i t r ? r e  
Co n t r ‘3 1 C o n c e n t r a t i o n  

5X10‘6U 

I 

5 x  10 - 8M 

-- 

I .  

He in a r k 3 

No c a l c i  f i c a -  
t i o n  in e p i p h y s .  
e a 1  c a r t i l a K e  i r  
e i  t l i e r  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 ’hyseal  c a r t i l a g  
i n  g a l l i u m  t r e a t  
e d  s l i c e .  

Dec reased  c a i 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 o p 1  
i n  g A l l i u m  t r e a t  
ed  s l i c e .  

C a l c i  f i c a t ion i n  
b o t h  s i i c e s  a r e  
o f  t h e  same’ ordcl 

I 

- F i ~ u r e  2 :  P h o t o g r a p h s  o f  ! i e a d  oi R a c h i t i c  Ha t  1’ ib ia  Showing I n f l u e n c e  o f  
G a l l i u m  and Citrate on i n  v i t r o  C a l c i f l c a t l 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 z  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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TABLE 1 

E f f e c t  o f  (jalliua on r n  u ~ t r o  C a l c i f i c a t i o n *  i n  R a t  E p i p h y s e a l  C a r t i l a g e .  

TXIdIA FE,WR 
S o u r c e  o f  Ci t r a c e  G a l l i u m  C i t r a t e  h a 1  1 ium 

c o f i c e n t r r t i o n  P h o s p h o r u s  C o n t r o l  C i t r a t e  C o n t r o l  C i t r a t e  
Ga 1 1 i um 

a- 

O r g a a i c  t t t  t t t t  l o s t  
t t t t  +ttt ttt tt  
t t t t  t t  t t c  t t  

P h o s p h o r u s  

sx 10 - % 
I n o r g a n i c  ttt t t t  t t  0 
P h o s p h o r u s  t ttt  t+ ++ti +ttt 

tt+t t t  +++ +t+ 

t t t  0 +ttt t 

t t t  0 ++++ t t  

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

I n o r g a n i c  ++ t ++ 0 
P h o s p h o r u s  t t t  , 0 +t+ t 

O r g a n i c  t t  ttt  t i+ 

Phoaphorus t t f+ t+t 

SXIO'~M 

ttt tt + 0 

0 t t+ ttt 
@ t+ t tt 

5x10-6.H 
I n o r g a n i c  tt t t  t+ t 

0 
0 

+$.+ 
I : -~ 

ttt t t t  
t+ ttt 
0 t t  

. P h o s p h o r u s  

O r g a n i c  3 t+ 0 0 
P h o s p h o r u s  t 0 0 0 

0 0 0 0 
0 0 0 0 

5x10- "M 
I n o r g a n i c  0 0 0 C f  

0 t 0 -  Ph o s p h o r u  I t 

0 0 0 t 
I) 0 0 0 

1 

*&&Tree of  d e p o r i t i o n  g r a d e d  from C to ++++ a f t e r  Marks  and Short (11). 
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