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Calcium dependence of rat brain tryptophan hydroxylase  
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Summary. T h e  e f f e c t s  of  v a r i o u s  c o n c e n t r a t i o n s  of  i o n i z e d  Ca  we re  e x a m i n e d  o n  t h e  a c t i v i t y  of  r a t  b r a i n  t r y p t o p h a n  
h y d r o x y l a s e  p r e v i o u s l y  t r e a t e d  w i t h  E G T A .  W i t h i n  t h e  r a n g e  of  i o n i z e d  C a - c o n c e n t r a t i o n s  t h o u g h t  to  be  p h y s i o -  
l og i ca l l y  i m p o r t a n t  (10 -s  to  10 -5 M), no  s i g n i f i c a n t  a c t i v a t i o n  of  t h e  e n z y m e  o c c u r r e d ,  a l t h o u g h  a c t i v a t i o n  w a s  o b -  
s e r v e d  a t  h i g h e r  c o n c e n t r a t i o n s  of  t h e  m e t a l .  

A n u m b e r  of  m e c h a n i s m  h a v e  b e e n  p r o p o s e d  for  t h e  
r e g u l a t i o n  of  t r y p t o p h a n  h y d r o x y l a s e  w h i c h  is t h e  r a t e -  
l i m i t i n g  e n z y m e  in  t h e  b i o s y n t h e s i s  of  s e r o t o n i n ,  i n c l u d i n g  
p r o d u c t  i n h i b i t i o n  1, s u b s t r a t e  a v a i l a b i l i t y  2 a n d  a c t i v a t i o n  
b y  Ca a, 4. T h e s e  l a t e r  e f f ec t s  of  Ca  m a y  be  p h y s i o l o g i c a l l y  
i m p o r t a n t  s i nce  i t  is k n o w n  t h a t  t h e  l eve l  o f  i n t r a c e l l u l a r  
f ree  Ca  f l u c t u a t e s  w i t h  t h e  s t a t e  of  e x c i t a b i l i t y  of  t h e  cell  
a n d  t h a t  Ca  e n t e r s  u p o n  d e p o l a r i z a t i o n  to  p r o d u c e  a 
t r a n s i e n t  i n c r e a s e  in  f ree  Ca  s w h i c h  m i g h t  p o s s i b l y  t h e n  
a c t i v a t e  v a r i o u s  e n z y m e s  s u c h  as  t r y p t o p h a n  a n d  t y r o s i n e  
h y d r o x y l a s e s a ,  4, 6. L i t t l e  is k n o w n  of t h e  l eve l  of  f ree  Ca  
w i t h i n  r e s t i n g  a n d  a c t i v a t e d  n e u r o n s  of t h e  v e r t e b r a t e  
C N S ,  b u t  s t u d i e s  w i t h  t h e  g i a n t  s q u i d  a x o n  ~ h a v e  s h o w n  
t h a t  t h e  f ree  C a - c o n c e n t r a t i o n  in  t h e  r e s t i n g  a x o n  is a b o u t  
2 • 10 -s  M a n d  t h a t  t h i s  i n c r e a s e s  to  a p p r o x i m a t e l y  3 • 
10 6 M Ca++ u p o n  d e p o l a r i z a t i o n S ;  i t  m a y  a l so  be  n o t e d  
t h a t  a g e n e r a l l y  s i m i l a r  r a n g e  of  f ree  C a - c o n c e n t r a t i o n s  is 
f o u n d  b e t w e e n  t h e  r e s t i n g  a n d  s t i m u l a t e d  s t a t e s  of  o t h e r  
e x c i t a b l e  t i s s u e s  s u c h  as  s k e l e t a l  m u s c l e  9 a n d  t h a t  in -  
h i b i t i o n  o f  b o v i n e  b r a i n  m i c r o t u b u l e  p o l y m e r i z a t i o n  h a s  
b e e n  d e m o n s t r a t e d  ~~ a t  a c o n c e n t r a t i o n  o f  3 X 1 0  -6 M 
ion i zed  Ca.  T h u s ,  if t h e s e  f ree  C a - l eve l s  in  t h e  s q u i d  a x o n  
a p p r o x i m a t e  t h o s e  of  n e u r o n s  in  t h e  v e r t e b r a t e  C N S ,  i t  
w o u l d  a p p e a r  t h a t  t h e  p h y s i o l o g i c a l l y  i m p o r t a n t  r a n g e  o f  
f ree  C a - c o n c e n t r a t i o n s  is f r o m  2 • 10 -s  M to  a r o u n d  3 • 
10 -6 M. H o w e v e r ,  t h e  s t u d i e s  a, 4 on  t h e  in  v i t r o  a c t i v a t i o n  
of  t h e  r a t  b r a i n  h y d r o x y l a s e  b y  Ca h a v e  s h o w n  t h a t  a 
C a - c o n c e n t r a t i o n  of  5 • 10 -4 M is r e q u i r e d  t o  p r o d u c e  
s t a t i s t i c a l l y  s i g n i f i c a n t  a c t i v a t i o n  of  t h i s  e n z y m e ,  a n d  
t h a t  10 -a M Ca p r o d u c e s  d e c r e a s e d  K m  for  b o t h  s u b s t r a t e  

a n d  p t e r i n  c o f a c t o r  w i t h o u t  a l t e r i n g  V m ~ .  F r o m  t h e  
a b o v e  c o n s i d e r a t i o n s  i t  w o u l d  t h u s  a p p e a r  t h a t  t h e s e  
l a t t e r  s t u d i e s  a, 4 e m p l o y e d  s u p r a p h y s i o l o g i c a l  C a - c o n -  
c e n t r a t i o n s ,  a n d  i t  w a s  t h e r e f o r e  of  i n t e r e s t  to  d e t e r m i n e  
if t h e  r a t  b r a i n  e n z y m e  is a c t i v a t e d  b y  C a - i o n s  a t  c o n -  
c e n t r a t i o n s  w h i c h  m i g h t  be  e x p e c t e d  to  o c c u r  i n t r a -  
c e l l u l a r l y  w i t h i n  t h e  C N S .  
Methods. T r y p t o p h a n  h y d r o x y l a s e  a c t i v i t y  w a s  d e t e r -  
m i n e d  in  a h i g h  s p e e d  s u p e r n a t e  of  r a t  mi, d b r a i n s ,  p r e p a r e d  
a n d  a s s a y e d  I l u o r i m e t r i c a l l y  as  d e s c r i b e d  b y  K n a p p  e t  
al. a, b u t  w i t h  t h e  i n c u b a t i o n  t i m e  a t  37 ~ d e c r e a s e d  to  
15 m i n ,  a n d  w i t h  t h e  c o n c e n t r a t i o n s  of t r y p t o p h a n  a n d  
6 M P H  4 ( 6 - m e t h y l ,  5, 6, 7, 8 - t e t r a h y d r o p t e r i n e )  b e i n g  s u b -  
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Fig. 1. Effect of EGTA on t ryptophan hydroxylase activity. Curve A: 
Brain supernate was pre-incubated for 5 rain with various concentra- 
tions of EGTA, with no added Ca; reaction started by addition of 
6 MPH 4. Curve B: supernate pre-incubated with EGTA, then Ca 
added to provide 2 • 10 -3 M Ca in excess of respective EGTA con- 
centration, then 6 MPH,  added. Data represents means • SE for 
4 preparations. 
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Fig. 2. Effect of ionized Ca-concentration oi1 tryptophaI1 hydroxyl- 
ase activity. Brain supernate was pre-incubated for 5 rain with 10 -~ M 
EGTA, then Ca added to provide ionized Ca-levels calculated from 
data  of Weber and Winecur, or added in excess of EGTA (10 -4 and 
10 a Ca++-points). Data from 4 preparations. Activity at 10 SM 
Ca ++ was compared with activities at other Ca++-Ievels, using 
Student 's  t-test and taking < 0.05 as being statistically significant. 
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sa tura t ing  a t  0.2 mM and 0.05 mM respect ively.  Approxi -  
m a t e l y  2 mg  of prote in  was used, in a final incuba t ion  
vo lume  of 0.5 ml. 
Results and discussion. In  the  first  exper iment ,  E G T A  
(ethylene glycol te t raacet ic  acid) a t  var ious concent ra t ions  
was pre incuba ted  a t  37 ~ for 5 min  wi th  the  bra in  super- 
na te  to complex  endogenous Ca++ which migh t  normal ly  
be associated wi th  the  hydroxylase  or which migh t  have  
been l iberated wi th in  the  homogena te  af ter  redis t r ibut ion  
f rom var ious  compa r tmen t s  suck as mi tochondr ia ;  the  
react ion was t h e n  ini t ia ted by  addi t ion of 6 M P H  4. Curve 
A of figure 1 shows t h a t  E G T A  has l i t t le effect below 
5 • 10 -s M, b u t  a t  this concent ra t ion  enzymat ic  ac t iv i ty  
is marked ly  suppressed and then  remains cons tan t  wi th  
increasing E G T A  concentrat ions .  The  possibi l i ty  t h a t  
E G T A  had deleterious effects in addi t ion to complexing  
the  Ca was tes ted  by  pre- incubat ing  wi th  EGTA,  then  
adding an excess of Ca to give a final  concen t ra t ion  of 
2 • 10 .2 M free Ca in all cases. Curve B shows t h a t  the  re- 
ac t iva t ion  of the  enzyme by  Ca varies af ter  an init ial  ex- 
posure to E G T A ,  depending on the  E G T A  concentra t ion.  

R e a c t i v a t i o n  by  Ca is cons tan t  af ter  exposure of up to 
10 .4 M EGTA,  b u t  is subopt imal  af ter  exposure  to 10 -s M 
EGTA,  suggest ing t h a t  this higher  concent ra t ion  of 
chelat ing agent  damages  the  enzymes.  The  effect  of 
var ious  concent ra t ions  of ionized Ca on enzymat ic  ac- 
t i v i t y  were t h e n  studied, by  pre- incubat ing  the  bra in  ex- 
t r a c t  wi th  10-a M EGTA,  followed by  addi t ion of Ca to 
yield the  indica ted  ionized Ca-concentrat ions,  as cal- 
cula ted by  the  me thod  of Weber  and Winecur  11. F igure  2 
shows t h a t  when  the  ionized Ca is ad jus ted  to 10 -2 M 
there  is a reduc t ion  in ac t iv i ty  f rom 70 ng of 5-hydroxy-  
t r y p t o p h a n / m g  prote in  seen wi th  the  na t ive  enzyme  to 
27 ng /mg a t  this low Ca++-concentration.  Increas ing the  
free Ca-levels up to 10-~ M shows a t rend  of increased 
enzymat ic  ac t iv i ty  which however  does not  become sta- 
t i s t ical ly  s ignif icant  unt i l  the  Ca++-concentrat ion reaches 

10 -~ M. A sharp b reak  in the  curve  is then  seen, wi th  
marked  increase ill a c t iv i ty  a t  10 3 M free Ca, as observed 
by  o ther  workers 3, 4. The  finding t h a t  the  ac t iv i ty  of the  
na t ive  enzyme is h igher  t h a n  t h a t  seen in presence of 10 -4 
Ca ++ m a y  mere ly  ref lect  an ac t iva t ion  of the  enzyme by  
Ca l iberated upon homogeniza t ion  f rom mi tochondr ia  or 
o ther  Ca-compar tments ,  and as Such would have  l i t t le 
physiological  significance. 
The  effects of o ther  d iva len t  metals  were also s tudied in 
exper iments  (data no t  shown) in which brain supernate  
was pre- incubated  wi th  10 -4 EGTA,  followed by  addi t ion  
of 2 x l0  -4 M meta l  to yield app rox ima te ly  10 -4 free 
meta l ;  hydroxylase  ac t iv i ty  was then  assayed. Bar ium,  
zinc, s t ront ium,  magnes ium and manganese  had no effect 
on the  EGTA- t rea t ed ,  Ca-depleted enzyme,  bu t  Fe++ 
was considerably  more ac t ive  than  Ca. I t  has been sug- 
gested 12 t h a t  ac t iva t ion  of t r y p t o p h a n  hydroxylase  by  
Fe  in v i t ro  is due to the  breakdown of H20  2 produced by  
the  non-enzymat ic  ox ida t ion  of the  reduced pter in  co- 
factor ;  however ,  Fe  could no t  be replaced by catalase in 
our  exper iments .  
These exper iments  thus  demons t ra te  t h a t  r a t  brain 
t r y t o p h a n  hydroxylase  is no t  s ignif icant ly  ac t iva ted  by  
ionized Ca wi th in  the  concent ra t ion  range predic ted  f rom 
giant  squid axon studies to be physiological ly impor tan t ,  
a l though ac t iva t ion  becomes s ta t is t ical ly  significant  at  
10 -4 M Ca++ and is v e r y  ev iden t  a t  h igher  me ta l  con- 
centrat ions,  as shown by  other  workers~,4. I t  would thus  
seem t h a t  a direct  ac t iva t ion  of the  hydroxylase  by  Ca ++ 
has l i t t le  physiological  significance, and t h a t  o ther  
mechanisms mus t  be sought  to expla in  the  regulat ion of 
this  enzyme in vivo.  
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Summary. Admin i s t r a t ion  of 5-bromo-2 ' -deoxyur id ine  to p regnan t  mice on the  6th day  p.c. brings about  significant  
reduct ion  in the  incorpora t ion  of 3H-uridine into R N A  of l l - d a y - o l d  embryos  and causes e l iminat ion of a R N A  species 
character is t ic  of t ha t  deve lopmenta l  stage. 

There  is ample  evidence to  show t h a t  5-bromo-2 ' -deoxy-  
uridine (BUdR) inhibi ts  d i f ferent ia ted funct ions of a 
va r i e ty  of eukaryot ic  cells3-6. This effect has been pur- 
por ted  to be media ted  th rough  the suppression of t ran-  
script ion of specific genes subsequent  to the  incorpora-  
t ion of the analogue into D N A  5-9. Al te rna t ive ly ,  i t  has 
been suggested t h a t  normal  regula tory  processes migh t  
be d is rupted  by  thymine  subs t i tu t ion  of the  targe t D N A  
by  B U d R  s, lo. The former  possibi l i ty  is born ou t  by  the  
observat ions  t h a t  the  suppressive effects of B U d R  on 
gene funct ion are reversible by subject ing the  subs t i tu ted  
D N A  to the  di lut ion effects of growing the  cells in B U d R -  
free med ium 11-14. The role of the  la t te r  course of events  
in de termining  the  cellular responses to B U d R  could be 
ascertained by  s tudying  the  influence of the  analogue 
exposure on the  t ranscr ip t ional  process in a system, like 
developing  embryos,  in which in te rdependent  sequent ia l  
gene act ion is established. The  present  expe r imen t  has 
been designed on the  basis of this concept.  

Materials and methods. BALB/c+  female mice 21/2-3 
months  of age, were ma ted  wi th  adul t  male mice of 
proved  fer t i l i ty  and ma t ing  was confirmed by  the  
observat ion  of vaginal  plug. On the 6th day pos tco i tum 
each pregnant  mouse was given 2 inject ions of 500 vg of 
B U d R  (Calbiochem.) dissolved in physiological  saline 
via  i.v. r6ute. The in te rva l  be tween  the  inject ions was 
7 h. On the  l l t h  day  of pregnancy,  the  animals  were 
adminis tered  3H-uridine (C.E.N./S.C.K. Mol, Belg ium;  
specific ac t iv i ty :  10 Ci/mmole) at  3.5 tzCi/g body  weight.  
2 h af ter  the  inject ion,  the  mice were sacrificed and 
embryos  collected. Af te r  washing in chilled saline, the  
embryos  were pooled and used for R N A  ext rac t ion  by  
phenol -SDS me thod  essent ial ly as described by  Brown 
and L i t t na  15. 
Rad ioac t iv i t y  of the  R N A  was determined by  adding 
Ins tagel  (Packard Inc.) to a known  vo lume of the  pre- 
para t ion  and count ing  in a Packard  l iquid scint i l lat ion 
system. Count ing t ime  was so selected as to a t t a in  a 


