
Vol. I00, No. 1,1981 

May 15, 1981 

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 
Pages 433-441 

PHORBOL ESTER STIMULATION OF Na INFLUX AND Na-K PUMP ACTIVITY 

IN SWISS 3T3 CELLS 

P h i l l i p  Dicker  and Enrique Rozengurt 

Imper ia l  Cancer Research Fund Labora to r i es ,  
L i n c o l n ' s  Inn F ie l ds ,  

London WC2A 3PX 
England. 

Received April 2,1981 

SUMMARY 

Tumor p romot ing  phorbol  e s t e r s ,  at nM c o n c e n t r a t i o n s ,  
r a p i d l y  s t imu la te  Na en t ry  in to  i n t a c t  3T3 c e l l s  incubated in 
the presence of ouabain. The e f f e c t  is s p e c i f i c  and time and 
dose -dependan t .  In the absence of ouabain phorbo l  e s t e r s  
increase Na-K pump a c t i v i t y .  Since s t i ~ u l a t i o n  of Na-K pump 
a c t i v i t y  by TPA is i )  dependant on the Na concen t ra t ion  in the 
medium i i )  abol ished by the sodium ionophore monensin, we suggest 
t h a t  the ph~rbol  e s t e r s  s t i m u l a t e  Na-K pump a c t i v i t y  by 
inc reas ing  Na i n f l u x  in to  3T3 c e l l s .  

Recent s tud ies  on the mi togenic ac t ions of vasopress in ( I )  

and of 12 -O- te t radecanoy l -pho rbo l -13 -ace ta te  (TPA) , the most 

potent tumor promoting agent of the phorbol es te r  f am i l y  (2 ) ,  led 

to the proposal tha t  these chemica l ly  d iverse  molecules modulate 

3T3 c e l l  f u n c t i o n  th rough  a common mechanism ( 3 ) .  Thus, 

vasopressin or TPA s y n e r g i s t i c a l l y  s t imu la te  DNA synthes is  to an 

i d e n t i c a l  leve l  when added in the presence of o ther  growth 

f a c t o r s ,  but show ne i the r  s y n e r g i s t i c  nor a d d i t i v e  e f f e c t s  wi th 

each other  (3 ) .  TPA and vasopress in also have equ iva len t  non- 

s y n e r g i s t i c ,  e f f e c t s  in i n d u c i n g  2 - d e o x y g l u c o s e  uptake and 

o r n i t h i n e  d e c a r b o x y l a s e  a c t i v i t y  many hours p r i o r  to the 

ABBREVIATIONS: DMEM: Dulbecco's modi f ied Eagle 's  medium. 
Me-TPA: 4 -O-Me thy l - 12 -O- te t r adecanoy l - pho rbo l - 13 -ace ta te .  TPA: 
1 2 - O - t e t r a d e c a n o y l - p h o r b o l - 1 3 - a c e t a t e .  PDB: P h o r b o l - 1 2 - 1 3 -  
d i b u t y r a t e .  
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s t i m u l a t i o n  of DNA s y n t h e s i s  ( 3 ) .  Fu r the rmore ,  w i t h i n  minutes 

a f t e r  t h e i r  a d d i t i o n  to c e l l s ,  both agents i n h i b i t  the b ind ing  of  

r a d i o l a b e l l e d  e p i d e r m a l  g row th  f a c t o r  to s p e c i f i c  s u r f a c e  

r e c e p t o r s  ( 4 , 5 , 6 , 7 ) .  These f i n d i n g s  suggest  t h a t  the ac t i on  of  

phorbol  es te r s  and vasop ress in  r a p i d l y  converges i n to  a common 

mechanism, p robab ly  at the l eve l  of the plasma membrane (3 ) .  

A s t r i k i n g  f u n c t i o n a l  change o c c u r r i n g  in the  plasma 

membrane is  the a c t i v a t i o n  of the Na-K pump w i t h i n  minutes of the 

a d d i t i o n  of a v a r i e t y  of m i togen ic  molecu les ( 8 , 9 ) ,  i n c l u d i n g  

vasop ress in  (10) and TPA (11 ) ,  to qu iescen t  3T3 c e l l s .  Recent 

ev idence i n d i c a t e s  t ha t  the a c t i v i t y  of the Na-K pump in i n t a c t  

c e l l s  is  l i m i t e d  and r egu la ted  by the i n t e r n a l  Na + con ten t  and 

t ha t  vasop ress in  and o the r  p o l y p e p t i d e  growth f a c t o r s  s t i m u l a t e  

the Na-K pump in qu iescen t  3T3 c e l l s  by i n c r e a s i n g  Na + e n t r y  and 

a v a i l a b i l i t y  to the i n t r a c e l l u l a r  Na ÷ t r a n s p o r t  s i t e  of the pump 

( 1 0 , 1 2 - 1 5 ) .  The mechanism by which TPA inc reases  the a c t i v i t y  of 

the pump remains unknown. The r e s u l t s  presented here suggest  

t ha t  TPA, l i k e  vasop ress in  and o ther  g row th -p romot ing  f a c t o r s ,  

s t i m u l a t e s  the a c t i v i t y  of the Na-K pump by i n c r e a s i n g  Na + e n t r y  

i n to  the c e l l .  

MATERIALS AND METHODS 

Cel l  C u l t u r e :  Swiss 3T3 c e l l s  (16 were ma in ta ined  as 
p r e v i o u s l y  desc r ibed  ( 1 ) .  The c e l l s  were subcu l t u red  to 30 mm 
Nunc P e t r i  d ishes w i th  Du lbecco 's  mod i f i ed  Eag le ' s  medium (DMEM) 
c o n t a i n i n g  10% f e t a l  bovine serum. The medium was changed 2 days 
a f t e r  p l a t i n g  and s tud ies  were performed on q u i e s c e n t ,  c o n f l u e n t  
c u l t u r e s  4-7 days l a t e r .  Cu l t u res  were shown to be qu iescen t  by 
a ~ t o r a d i o g r a p h y  ( l a b e l l i n g  i n d e x  0 5%) a f t e r  40 hrs  w i t h  
( H ) - t h y m i d i n e  as p r e v i o u s l y  desc r ibed  i 8 ) .  

8 6 ~  fluxe~% anrd c o n t e n t :  I n t r a c e l l u l a r  e l e c t r o l y t e  con ten t  
and KD and L~Na uptake was measured as p r e v i o u s l y  +descr ibed 
(12 ) .  A l l  va lues  are the means of  d u p l i c a t e  (Rb uptake)  
q u a d r u p l i c a t e  (Na ÷ uptake and ion measurements) d ishes which d id 
not vary  by more than 10% from the mean. 
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M a t e r i a l s :  ~ovine i n s u l i n  (26 i n t e r n a t i o n a l  un i ts /mg)  and 
(Arg) vasopress in were obtained from Sigma. Phorbol es ters  were 
obtained from Consol idated Midland Corporat ion (Brewster ,  New 
York) .  The serum used was f e t a l  bovine (Flow Labora to r i es ,  
R o c k v i l l e ,  Md.) which had been exhaus t i ve l y  d ia lysed against  
O.14M cho l ine c h l o r i d e .  Al l  o ther  mater ia l  used were of reagent 
grade. 

RESULTS AND DISCUSSION 

Incubat ion of quiescent  Swiss 3T3 c e l l s  wi th 100 ng/ml TPA, 

a s a t u r a t i n g  concen t ra t ion  fo r  induc t ion  of mi togenesis (3) 

increases the i n i t i a l  ra te  of 86Rb + uptake (F ig .  I ) .  This 

s t i m u l a t i o n  is  a lmost  e x c l u s i v e l y  on the o u a b a i n - s e n s i t i v e  

component of 86Rb + i n f l u x ,  which comprises 50 to 80% of t o t a l  

i n f l u x .  The s t i m u l a t o r y  e f f e c t  of phorbol es ters  on the Na-K 

pump d i sp lays  remarkable s p e c i f i c i t y .  Only those phorbol es te rs  

which s t i m u l a t e  m i t o g e n e s i s  in 3T3 c e l l s ,  e .g .  TPA and 

p h o r b o l - 1 2 - 1 3 - d i b u t y r a t e  (PDB) but not 4 - O - m e t h y l - 1 2 - O -  

t e t r a d e c a n o y l - p h o r b o l - 1 3 - a c e t a t e  (MeTPA), the i n a c t i v e  analogue 

of TPA (2 ,17 ) ,  enhance ouabain s e n s i t i v e  86Rb + i n f l u x  (F ig .  I ) .  

The s t i m u l a t i o n  of 86Rb + uptake by TPA was genera l l y  less than 

tha t  induced by 10% fe ta l  bovine serum but comparable to tha t  

e l i c i t e d  by vasopressin (F ig .  I ) .  

As r e p o r t e d  p r e v i o u s l y ,  86Rb + uptake depends on the 

concen t ra t ion  of K + in the medium (8 ,10 ) .  TPA, l i k e  serum and 

vasopressin (8,10)  does not change the apparent a f f i n i t y  of the 

Na-K pump fo r  e x t r a c e l l u l a r  K + but increases the V max. f o r  K + 

t r a n s p o r t .  As shown in Fig.  I ,  ( r i g h t  panel) the apparent K M fo r  

K ÷ uptake was 1.7 mM e i t h e r  in the presence or absence of TPA, 

whereas the tumor promoter increased the V max of uptake from 6.1 

to 9.0 n moles/mg p r o t e i n / m i n .  

The a c t i v i t y  of the Na-K pump in quiescent Swiss 3T3 c e l l s  

is h igh ly  s e n s i t i v e  to changes in i n t r a c e l l u l a r  Na + concen t ra t i on  
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S t i m u l a t i o n  of  ouabain s e n s i t i v e  86Rb + uptake in Swiss 
Is by phorbol  e s t e r s .  Le f t  pane l .  Quiescent  c u l t u r e s  

were incubated  45 min in DMEM plus the a ~ i t i o n s  as i n d i c a t e d  in 
the presence or absence of 2mM ouaba in .  Rb (1.5 x I0 cpm~awa ~ 
added and a f t e r  an a d d i t i o n a l  15 min (8 ,14)  the uptake of  ~VRb- 
was measured as in M a t e r i a l s  and Methods. A l l  phorbol  es te rs  had 
a f i n a l  c o n c e n t r a t i o n  of  200 ng/ml ,  and vasopress in  was p resen t  
at 50 ng/ml .  10% (v, o l / v o l )  serum induced an 82% inc rease  in 
ouabain s e n s i t i v e  Rb- upta l n .  h is  expe r imen t .  R igh t  panels 
Rate of o u a b a i n - s e n s i t i v e  k~6Rb tup take  as a f u n c t i o n  of  K 
c o n c e n t r a t i o n  in  the absence (0 ) ,  or presence of  200 ng/ml TPA 
(A) .  Quiescent  c u l t u r e s  of Swiss 3T3 ~ e l l s  were r a p i d l y  washed 
th ree  t imes w i t h  KC l - f r ee  medium at 37 C and then ~ncubated w i t h  
medium c o n t a i n i n g  d i f f e r e n t  c o n c e n t r a t i o n s  of K (checked by 
f lame photometry)  in the absence or presence of  2mM ouabain and, 
in each case, w i t h  or w i t h o ~  2~0 ng/ml TPA. A f t e r  20 min,  the 
c u l t u r e s  were l a b e l l e d  w i t h  ~VRb- and incubated  f o r  an a d d i t i o n a l  
i0 min,  du r ing  which per iod uptake was l i n e a r  w i t h  t ime .  A l l  
o ther  expe r imen ta l  d e t a i l s  were as descr ibed  under M a t e r i a l s  and 
Methods. 

(12 )  and bo th  serum and v a s o p r e s s i n  s t i m u l a t e  the  a c t i v i t y  o f  t he  

pump by i n c r e a s i n g  Na + e n t r y  i n t o  t he  c e l l  ( 1 0 , 1 2 , 1 5 ) .  S e v e r a l  

l i n e s  o f  e v i d e n c e  d i s c u s s e d  b e l o w  s u g g e s t  t h a t  TPA s t i m u l a t e s  

pump a c t i v i t y  i n  a s i m i l a r  f a s h i o n .  

The r a t e  o f  86Rb ÷ i n f l u x  d e c r e a s e s  when t h e  s o d i u m  

c o n c e n t r a t i o n  o f  t he  medium i s  l o w e r e d  and sod ium r e p l a c e d  by 

c h o l i n e .  When Na + i s  p r e s e n t  i n  the  media at  l ow  c o n c e n t r a t i o n s  

(40 mM), TPA causes  a 100% i n c r e a s e  i n  o u a b a i n  s e n s i t i v e  86Rb ÷ 

i n f l u x  w h i l e  a t  h i g h  (140 mM) Na + c o n c e n t r a t i o n s  t he  p h o r b o l  
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TABLE I : 

A d d i t i o n  

S t i m u l a t i o n  of  ouabain s e n s i t i v e  86Rb + i n f l u x  in  3T3 
ce~Is by TPA or serum in  the presence o f  40 or 140 mM 
Na in  the medium 

Ouabain s e n s i t i v e  86Rb # i n f l u x  (nmoles/mg p r o t e i n / m i n )  

40 mM Na + % Increase 140 mM Na + % inc rease  

None 1.1 2.0 

TPA 2.2 100 2.8 40 

Feta l  bov ine 5.0 354 6.0 200 
serum 

Q u i e s c e n t  3T3 c u l t u r e s  were p r e i n c u b a t e d  f o r  40 min in  DMEM 
c o n t a i n i n g  a d d i t i o n s  as shown. Then, the c u l t u r e s  were washed th ree  
t imes in serum- f ree  DMEM l a c k i n g  NaCI  (bu t  c o n t a i n i n g  40 mM Na 
HCOR), w ~ i c h  was supplemented w i t h  NaCl or c h o l i n e  c h l o r i d e  to a 
f i n ~ l  Na- c o n c e n t r a t i o n  of  40 or 140 mM. Cu l t u res  were then 
incubated  f o r  15 min w i th  I ml of the same medium c o n t a i n i n g  the 
~ d i ~ i o n s  as i n d i c a t e d ,  in the presence or absence of  2 mM ouaba in .  

~Rb" (2 .5  x I0 cpm/d ish)  was added, then the c e l l s  wmre incubated  
f o r  an a d d i t i o n a l  10 min and o u a b a i n - s e n s i t i v e  ~ORb ÷ up take  
determined as in M a t e r i a l s  and Methods. The c o n c e n t r a t i o n s  of  TPA 
and f e t a l  bov ine serum were 200 ng/ml and 10% v o l / v o l  r e s p e c t i v e l y .  

e s t e r  i n c r e a s e s  t he  a c t i v i t y  o f  t he  pump by 40% ( T a b l e  I ) .  

S i m i l a r l y ,  serum ( T a b l e  I )  or  v a s o p r e s s i n  (10 )  i n d u c e  a more 

p r o n o u n c e d  s t i m u l a t i o n  o f  86Rb ÷ i n f l u x  a t  l ow Na + c o n c e n t r a t i o n s .  

In  o r d e r  to  t e s t  d i r e c t l y  i f  b i o l o g i c a l l y  a c t i v e  p h o r b o l  

e s t e r s  s t i m u l a t e  Na + e n t r y  i n t o  t he  c e l l s  we measured t o t a l  

i n t r a c e l l u l a r  Na + c o n t e n t  i n  3T3 c e l l s  i n c u b a t e d  in  t he  p r e s e n c e  

o f  o u a b a i n  ( t o  p r e v e n t  t he  e x i t  o f  sod ium f rom c e l l s  v i a  t h e  

Na-K pump) w i t h  o r  w i t h o u t  v a r i o u s  p h o r b o l  e s t e r s .  T a b l e  I I  

shows t h a t  i n  c u l t u r e s  i n c u b a t e d  w i t h  TPA and o u a b a i n ,  t h e  

i n t r a c e l l u l a r  Na + c o n t e n t  i n c r e a s e s  60% more t h a n  in  c u l t u r e s  

exposed  to  o u a b a i n  i n  t he  absence  o f  TPA. T h i s  e f f e c t  was 

s p e c i f i c  s i n c e  Me-TPA d i d  no t  augment  Na + c o n t e n t ,  whereas  PDB 

enhanced t he  a c c u m u l a t i o n  o f  i n t r a c e l l u l a r  Na + as e f f e c t i v e l y  as 

TPA. The s t i m u l a t i o n  o f  Na + e n t r y  by the  tumor  p r o m o t e r s  was 

s i m i l a r  i n  m a g n i t u d e  to  t h a t  caused by v a s o p r e s s i n ,  b u t  l e s s  t h a n  

t h a t  i n d u c e d  by serum.  T h u s ,  t he  r e l a t i v e  e f f e c t s  Of t h e s e  
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TABLE I I  : Effect of phorbol esters, vasopressin and serum on 
Na accumulation into 3T3 cel ls incubated in the 
presence of ouabain 

Addi t ion 
Increase in i n t r a c e l l u l a r  Na + 

(~ moles/mg p ro te i n )  

None 0.34 

TPA 0.56 

PDB 0.54 

Me-TPA 0.40 

Vasopressin 0.57 

Serum 0.69 

The conditions were as in Fig. 2 ( l e f t  panel) except that the 
additions were as indicated above. All the phorbol esters were 
present at 200 ng/ml, serum at 10% vol/vol and vasopressin at 50 
ng/ml. 

d i v e r s e  agents on Na + accumu la t i on  (Tab le  I I }  and on the a c t i v i t y  

of  the Na-K pump ( F i g .  I )  are i d e n t i c a l .  The r e s u l t s  shown in 

Table I I I  demons t ra te  t h a t  TPA a lso  i n c r e a s e s  the r a t e  of  i n f l u x  

of  22Na + i n t o  3T3 c e l l s ,  

+ 
The a b i l i t y  of TPA to a c c e l e r a t e  the accumu la t i on  of  Na in 

c e l l s  incuba ted  w i t h  ouabain is  f u r t h e r  c h a r a c t e r i z e d  in F ig .  2. 

The l e f t  pane l  shows t h a t  TPA i n d u c e s  t h i s  e f f e c t  in  a 

c o n c e n t r a t i o n - d e p e n d e n t  f a s h i o n ;  a d e t e c t a b l e  e f f e c t  i s  seen at  

c o n c e n t r a t i o n s  as low as 3 ng /ml .  The shape of  t h i s  dose- 

response is  s i m i l a r  to t h a t  w i t h  which TPA ac ts  s y n e r g i s t i c a l l y  

w i t h  p o l y p e p t i d e  growth f a c t o r s  to s t i m u l a t e  DNA s y n t h e s i s  in 3T3 

c e l l s  ( 3 ) .  F ig .  2 ( r i g h t  pane l )  i l l u s t r a t e s  the t i m e - c o u r s e  of  

the enhanced accumu la t i on  of  Na + caused by TPA. These f i n d i n g s  

r a i s e  the p o s s i b i l i t y  t h a t  TPA s t i m u l a t e s  the Na-K pump p r i m a r i l y  
+ 

by i n c r e a s i n g  the e n t r y  of Na i n t o  the c e l l s .  

Monensin,  a monova lent  ion ionophore w i t h  an a f f i n i t y  f o r  

K + Na + l O - f o l d  h ighe r  than f o r  ( 1 8 ) ,  has been shown to c a r r y  Na + 
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E f f e c t  o f  phorbol  es te rs  and serum on 22Na+ i n f l u x  
i n t o  3T3 c e l l s  incubated in the presence o f  ouabain 

A d d i t i o n  Rate o f  22Na + uptake 
(nmoles/mg p r o t e i n  min) 

Cont ro l  3.42 + 0.25 

TPA 4.73 + 0.36 * 

Serum 7.54 + 0.45 * 

Quiescent c u l t u r e s  were incubated f o r  45 min in DMEM plus the 
a d d i t i o n s  as i n d i c a t e d  and then washed tw ice  in DMEM w i t h o u t  NaCl 
(but  w i th  40 mM NaHCO 3) and supplemented w i th  I00 mM c h o l i n e  
c h l o r i d e .  Cu l tu res  were then i n c u b a t e d ^ i n  0.5 ml o f  the l a t t e r  
medium c o n t a i n i n g  2 mM ouabain plus ZZNa + (5 ~Ci~ml)  and the 
a d d i t i o n s  as i n d i c a t e d .  A f t e r  3 mins (10,12)  2 Na uptake i n t o  
c u l t u r e s  was determined as in M a t e r i a l s  and Methods. The data 
rep resen t  the means + SD from q u a d r u p l i c a t e  d ishes .  * I n d i c a t e s  p < 
0.001 when compared ~Tith c o n t r o l  c u l t u r e s .  

A 0-3 
° / 

0.21 / : L  

0 '1~" 

I 
"6 

0 10 100 1000 - 15 30 45 

[TPA1 ng//mi Time (mins) 

E f f e c t  of  TPA on the inc rease in Na + con ten t  of  3T3 
c e l l s  incubated in the presence o f  ouabain as a f u n c t i o n  of  TPA 
c o n c e n t r a t i o n  ( l e f t  pane l )  or t ime ( r i g h t  pane l ) .  Le f t  pane l .  
C u l t u r e s  were i n c u b a t e d  in DMEM c o n t a i n i n g  the  i n d i c a t e d  
c o n c e n t r a t i o n s  of TPA fo r  45 min. Then, 2mM ouabain +was adde~ 
and a f t e r  an a d d i t i o n a l  45 min t o t a l  i n t r a c e l l u l a r  Na measure~ 
as in M a t e r i a l s  and Methods. The i n i t i a l  i n t r a c e l l u l a r  Na 
con ten t  was 0.15 umoles/mg p r o t e i n .  R ight  pane l .  Cu l tu res  were 
incubated in DMEM w i thou t  (0) or w i th  ( • )  200 ng/ml TPA. A f t e r  
45 min 2 mM ouabain was added and a f t e r  the t i m e s  i n d i c a t e d  on 
the abscissa t o t a l  i n t r a c e l l u l a r  Na* measured as in M a t e r i a l s  and 
Methods. 
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TABLE IV : 

Addition 

None 

TPA 

Serum 

Stimulation of ouabain sensi t ive 86Rb + uptake in Swiss 
3T3 ce l ls  by TPA and serum in the absence or presence 
of monensin 

Ouabain sensi t ive 86Rb + uptake 
(n moles/mg protein/min) 

No other addit ion Monensin 

1.6 8.3 

2.5 8.3 

3.3 6.7 

Condit ions were as in Fig. 1 ( l e f t  panel) except add i t ions were as 
ind icated above. The concentrat ions of TPA, serum, and monensin 
were I00 ng/ml, 10% vo l / vo l  and 5 ug/ml r e s p e c t i v e l y .  

i n t o  3T3 c e l l s  (12 ) .  Table IV shows t h a t  a d d i t i o n  of  5 ug/ml 

monensin caused a 5 - f o l d  s t i m u l a t i o n  in o u a b a i n - s e n s i t i v e  86Rb + 

i n f l u x .  When TPA or serum were added in the presence of monensin 

they  caused no f u r t h e r  i n c r e a s e .  Thus, under c o n d i t i o n s  in which 
+ 

the i n t r a c e l l u l a r  a v a i l a b i l i t y  of  Na is  no l onge r  r a t e  l i m i t i n g  

f o r  the a c t i v i t y  of the pump, TPA does not s t i m u l a t e  ouaba in-  

s e n s i t i v e  86Rb+ up take .  Taken t o g e t h e r ,  our f i n d i n g s  s t r o n g l y  

s u g g e s t  t h a t  p h o r b o l  e s t e r s  enhance Na-K pump a c t i v i t y  by 

i n c r e a s i n g  the i n f l u x  of  Na ÷ i n t o  the c e l l s .  

We have p r e v i o u s l y  show t h a t  v a s o p r e s s i n  and TPA s t i m u l a t e  

DNA s y n t h e s i s  in 3T3 c e l l s  by pathways which r a p i d l y  converge .  

The c e l l u l a r  r e c e p t o r s  f o r  v a s o p r e s s i n  appear to be d i f f e r e n t  

from those to which phorbol  e s t e r s  bind ( 3 , 1 9 ) .  I t  i s  p l a u s i b l e  

t h a t  v a s o p r e s s i n  and TPA bind to s p e c i f i c  and d i f f e r e n t  r e c e p t o r  

s i t e s  on 3T3 c e l l s ,  to i n i t i a t e  an i d e n t i c a l  s t i m u l a t i o n  of  Na + 

i n f l u x ,  which in tu rn  causes at  l e a s t  one o the r  b i o l o g i c a l  

e f f e c t ,  the s t i m u l a t i o n  of  the Na-K pump. In a d d i t i o n ,  changes 

in Na + f l u x e s  may p lay  a r o l e  in the r e g u l a t i o n  of  Ca ++ movements 

and r e d i s t r i b u t i o n s  in the c e l l .  A Na+-Ca ++ exchange system i s  

p resen t  in the m i t o c h o n d r i a l  membrane of  a v a r i e t y  of  c e l l  t ypes  
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( 20 -22 ) .  Increased Na + e n t r y  s t i m u l a t e d  by TPA or vasop ress i n  

cou ld  induce Ca ++ m o b i l i z a t i o n  from the m i t o c h o n d r i a l  poo l ,  

t h e r e b y  i n c r e a s i n g  the  c y t o s o l i c  Ca ++ c o n c e n t r a t i o n .  The 

p o s s i b i l i t y  t h a t  changes in  m o n o v a l e n t  and d i v a l e n t  c a t i o n  

movements mediate the complex set  of  c e l l u l a r  f u n c t i o n s  modulated 

by p h o r b o l  e s t e r s  in  r e s p o n s i v e  c e l l s  w a r r a n t s  f u r t h e r  

i n v e s t i g a t i o n .  
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