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The e f f l ux  of the i n t r a c e l l u l a r  pH f luorochrome 2 ' , 7 ' - b i s ( 2 - c a r b o x y e t h y l ) - 5 ( 6 ) -  

c a r b o x y f l u o r e s c e i n  (BCECF) was q u a n t i f i e d  in four  cu l tu red  e p i t h e l i a l  cel l  l ines;  

HCT-8,  T84, HGT-1 and MDCK. BCECF ef f lux  was t i m e - d e p e n d e n t ,  and a f t e r  5 h 

4 5 - 9 1 %  of the  i n i t i a l  BCECF l eaded  was e x t r a c e l l u l a r ,  e f f tux  being g r e a t e s t  in 

MDCK cel ls .  Deple t ion  of c e l l u l a r  ATP app rox ima te ly  h a l v e d  BCECF eff lux .  

BCECF e f f lux  was inh ib i t ed  by indomethac in ,  v i n b l a s t i n e  and ve rapami l ,  but  not  

by n i f ed ip ine  or r e se rp ine .  Cer ta in  f e a t u r e s  of BCECF ef f lux  resemble  drug 

e f f lux  in mul t idrug  r e s i s t a n t  cel ls ,  but  i nh ib i t ion  of e f f lux  d i sp lays  a d i s t i nc t  

pha rmaco log ica l  prof i le  sugges t i ng  BCECF is a s u b s t r a t e  for a nove l  ATP-  

dependent transport system. ® 1990 Academ±c Press, ~nc. 

Considerable recent interest has been shown in the diverse superfamily of 

ATP-dependent transport proteins [I-4], which include the mammalian mdrl gene 

product, P-glycoprotein, implicated as a drug efflux pump in multidrug resistance 

(mdr) [2], the pfmdr gene product associated with chloroquine-resistance in 

Plasmodium falciparum [5], and the cystic fibrosis transmembrane regulator 

(CFTR) protein, of unknown function [6]. Drug efflu× in cells expressing mdrl 

has a well-recognised pharmacological profile, including the ability of verapamil, 

nifedipine and reserpine to inhibit this efflux, so reversing the mdr phenotype 

I7-91. 

The f luorochrome 2 ' , 7 ' - b i s ( 2 - c a r b o x y e t h y l ) - 5 ( 6 ) - c a r b o x y f l u o r e s c e i n  (BCECF) 

is widely  used as an i nd i ca to r  of  i n t r a c e l l u l a r  pH, and dye loss has  been  no ted  

as a l imi t ing  fac to r  in such e x p e r i m e n t s  [101. This has n e c e s s i t a t e d  the  use, in 

one repor t ,  of an anion exchange  res in  to ac t  as a s ink to bind the  

e x t r a c e l l u l a r  BCECF [i 1[. In the  p r e s e n t  s t udy  we repor t  t h a t  BCECF ef f lux  from 

c u l t u r e d  ep i t he l i a l  ce l ls  is an e n e r g y - d e p e n d e n t  process  r e sembl ing  drug e f f lux  

in ce l l s  e x p r e s s i n g  mdr l .  In add i t ion ,  i nh ib i t i on  of BCECF ef f lux  by a number  of 
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p h a r m a c o l o g i c a l  a g e n t s  s h o w s  t h a t  t h e  t r a n s p o r t  s y s t e m  m e d i a t i n g  BCECF e f f l u x  

i s  d i s t i n c t  f rom mdr .  

Materials and Methods 

H u m a n  i l e a l - c a e c a l  ( H C T - 8 ) ,  c o l o n i c  (T84)  a n d  g a s t r i c  ( H G T - 1 )  
a d e n o c a r c i n o m a ,  a n d  M a d i n - D a r b y  c a n i n e  k i d n e y  (MDCK) e p i t h e l i a l  c e l l s  w e r e  
s e e d e d  i n t o  24 wel l  p l a t e s  a t  1 0 5 - 5 x 1 0 5  c e l l s / w e l l  a n d  a l l o w e d  to  fo rm c o n f l u e n t  
m o n o l a y e r s .  Ce l l s  w e r e  p r e - t o a d e d  w i t h  BCECF by  a d d i t i o n  of  t h e  n o n -  
f l u o r e s c e n t  a c e t o x y m e t h y l  e s t e r  fo rm of  BCECF (BCECF-AM,  M o l e c u l a r  P r o b e s  Inc . :  
H C T - 8  a n d  H G T - 1 ,  20  llg m l - ~ ;  T 84  a n d  MDCK, 40  lag m1-1)  f o r  70  min  a t  20"C. 
T h e  c e l l s  we re  t h e n  w a s h e d  t w i c e  w i t h  1 mi of  p h o s p h a t e  b u f f e r e d  s a l i n e  (PBS) 
b e f o r e  e f f l u x  w as  s t u d i e d  a t  37"C a n d  5% COz in  t h e  a p p r o p r i a t e  s e r u m - f r e e  ce l l  
c u l t u r e  m e d i u m  c o n t a i n i n g  g l u c o s e  fo r  e a c h  ce l l  l i n e .  A t  p r e - d e t e r m i n e d  
i n t e r v a l s ,  t h e  ce l l  c u l t u r e  m e d i u m  w as  r e m o v e d  for  a n a l y s i s ,  a n d  r e p l a c e d  w i t h  
f r e s h  m e d i u m .  BCECF f l u o r e s c e n c e  w as  q u a n t i f i e d ,  a f t e r  d i l u t i n g  t h e  ce l l  c u l t u r e  
m e d i u m  1 :100  in  PBS, a t  538  nm e m i s s i o n  a n d  485  nm e x c i t a t i o n ,  in  a P e r k i n -  
E l m e r  L S - 5  s p e c t r o f l u o r i m e t e r .  A t  t h e  e n d  of  t h e  e x p e r i m e n t ,  r e m a i n i n g  
i n t r a c e l l u l a r  BCECF w a s  m e a s u r e d  a f t e r  t h e  c e l l s  w e r e  l y s e d  b y  t h e  a d d i t i o n  of 
0.1% ( v / v )  T r i t o n  X - I O 0 .  T h e  r a t e  of  e f f l u x  of  BCECF w a s  c a l c u l a t e d  as  a 
p e r c e n t a g e  o f  t h e  t o t a l  i n i t i a l  BCECF f l u o r e s c e n c e .  

In o r d e r  to  d e p l e t e  c e l l u l a r  ATP poo l s ,  15 mM s o d i u m  a z i d e  a n d  50  mM 2 -  
d e o x y - D - g l u c o s e  ( 2 - D O G )  w e r e  a d d e d  to  t h e  s e r u m - f r e e  m e d i u m  fo r  t h e  e n t i r e  
i n c u b a t i o n  181. T h e  e f f e c t s  o f  i n d o m e t h a c i n ,  v e r a p a m i l ,  n i f e d i p i n e ,  r e s e r p i n e  a n d  
v i n b l a s t i n e  s u l p h a t e  w e r e  i n v e s t i g a t e d  by  t h e i r  p r e s e n c e  t h r o u g h o u t  t h e  
m e a s u r e m e n t  of  BCECF e f f l u x .  None  of  t h e  d r u g s  i n t e r f e r e d  w i t h  m e a s u r e m e n t  of  
BCECF f l u o r e s c e n c e  ( d a t a  n o t  s h o w n ) .  BCECF e f f l u x  was  e x p r e s s e d  as  a p e r c e n t  
of  BCECF e f f l u x  u n d e r  c o n t r o l  c o n d i t i o n s ,  in  t h e  p r e s e n c e  of  s e r u m - f r e e  m e d i u m  
a l o n e .  S i g n i f i c a n c e  of  d i f f e r e n c e  b e t w e e n  g r o u p s  was  t e s t e d  b y  S t u d e n t ' s  t t e s t ,  
w i t h  s i g n i f i c a n c e  s e t  a t  P < 0 .05 .  D a t a  is e x p r e s s e d  a s  t h e  m e a n  +_ 1 S.E.M. 

R e s u l t s  

BCECF e f f l u x  w a s  o b s e r v e d  in  a l l  f o u r  e p i t h e l i a l  c e l l  l i n e s  i n v e s t i g a t e d .  

T h e  e f f t u x  was  t i m e - d e p e n d e n t ,  a n d  a f t e r  5 h was  76 + 6 ( n = 4 1 ) ,  77 +- 2 ( n = 7 ) ,  

91 _+ 0 ( n = 3 )  a n d  45 + 4 ( n = l l )  % of  t h e  o r i g i n a l  BCECF l o a d e d  i n t o  H C T - 8  

(Fig.  1), T84,  MDCK a n d  H G T - 1  c e l l s ,  r e s p e c t i v e l y ,  w a s  e x t r a c e l l u l a r .  In H C T - 8  

c e l l s  t h e  r a t e  of  BCECF el, f l u x  w as  l o w e r  d u r i n g  t h e  f i r s t  h o u r ,  a n d  t h e  

f r a c t i o n a l  r a t e  of  BCECF e f f l u x  [12] was  s t i l l  g r e a t e r  a t  4 - 5  h,  0 . 1 4 2  _+ 0 .011  

h - t  ( n = 4 ) ,  a s  c o m p a r e d  w i t h  0 - 1  h,  0 .051 -+ 0 .003  h -~ ( n = 4 )  ( F i g . l ) .  

R e p l a c e m e n t  of  m e d i u m  NaC1 b y  KC1 to  d e p o l a r i s e  t h e  t r a n s m e m b r a n e  e l e c t r i c a l  

p .d .  in  H C T - 8  c e i l s  h a d  no  e f f e c t  u p o n  BCECF e f f l u x  i n t o  t h e  m e d i u m  ( c o n t r o l  

e f f t u x  w a s  64+_2% of  t o t a l  f l u o r e s c e n c e ,  e f f l u x  in h i g h  K was  6 5 + 3 %  of  t o t a l  

f l u o r e s c e n c e  a t  5h,  n = 6 ) .  I n c l u s i o n  of  101aM or 1001aM BCECF in  t h e  

e x t r a c e l l u l a r  i n c u b a t i o n  m e d i u m  h a d  no  e f f e c t  u p o n  t h e  a m o u n t  of  BCECF 

r e m a i n i n g  w i t h i n  H C T - 8  c e l l s .  C o n t r o l  h o m o g e n a t e s  h a d  18+_3% ( n = 6 )  of  t h e  

t o t a l  f l u o r e s c e n c e  m e a s u r a b l e  s t i l l  in  t h e  m o n o l a y e r s  a f t e r  5h,  h o m o g e n a t e s  

e x p o s e d  to  e x t e r n a l  BCECF h a d  16+2% a n d  14+-2% ( n = 7 )  r e m a i n i n g  fo r  e x t e r n a l  

c o n c e n t r a t i o n s  of  10 a n d  1001aM r e s p e c t i v e l y .  T h e r e f o r e  BCECF e f f l u x  is  n o t  

s i m p l y  d e p e n d e n t  u p o n  t h e  p r e v a i l i n g  t r a n s m e m b r a n e  e l e c t r o c h e m i c a l  g r a d i e n t .  

S o d i u m  a z i d e  a n d  2 - d e o x y - D - g l u c o s e  t r e a t m e n t  In H C T - 8  c e l l s  w a s  a s s o c i a t e d  
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Fig 1. E n e r g y  d e p e n d e n c e  of BCECF e f f l u x  in HCT-8 c e l l s  w i t h  t ime.  BCECF 
e f f lux '  was  m e a s u r e d  a t  37°C in s e r u m  f ree  med ium c o n t a i n i n g  g l u c o s e  ( c o n t r o l ,  
©), in  t h e  p r e s e n c e  of 15 mM sod ium a z i d e  and  50 ram 2 - d e o x y - D - g l u c o s e  
(Az-DOG; e)  o v e r  5 h. R e s u l t s  a re  p l o t t e d  as  m e a n  _+ 1 s.c.  (n=4)  BCECF e f f l u x  
( e x p r e s s e d  a s  a p e r c e n t  of t he  t o t a l  i n i t i a l  BCECF), 

w i t h  a s u b s t a n t i a l  loss  o f  i n t r a c e l t u l a r  K ( c o n t r o l  c e l l s  170 + 10 t i m o t e s / l O  6 

c e l l s ,  n = 8 ,  w i th  sod ium a z i d e / 2 - D O G  t r e a t m e n t  l n t r a c e l l u l a r  K was  be low 

d e t e c t i o n  l im i t s  c o n s i s t e n t  w i t h  t h e  a b o l i t i o n  of  N a - K - A T P a s e  a c t i v i t y ) .  In 

c o n t r a s t  to  t h e  e n h a n c e d  K loss ,  sod ium a z i d e  and 2 - d e o x y - D - g l u c o s e  t r e a t m e n t  

r e d u c e d  BCECF e f f l u x  a t  a l l  t i m e  p o i n t s  (Fig.  1), and a t  5 h BCECF e f f l u x  was  

44 +_ 5 ( n = 4 )  and  44 +- 1 (n=4)  % of  c o n t r o l  v a l u e s  in H C T - 8  (Fig.  1) and  T84 

c e l l s ,  r e s p e c t i v e l y .  

T a b l e  1. I n h i b i t i o n  o f  BCECF e f f l u x  from e p i t h e l i a l  c e l l s  

I n h i b i t o r  Cone, BCECF e f f l u x  
(ttM) (% of c o n t r o l  e f f l u x )  

HCT-8  T84 MDCK HGT-1 

I n d o m e t h a c i n  500 21_+2 (30)* 50_+3 (6)* 52_+3 (3)* 21+_6 (6) 

V i n b l a s t i n e  100 41_+8 (6)* 45_+3 (3)* 45_+3 (3)* N.D. 

V e r a p a m i l  50 64_+11 (3)* 97+_3 (3) 86-+2 (3) N.D. 

N i f e d i p i n e  100 95-+3 (3) N.D, 99-+I (3) N.D. 

R e s e r p i n e  100 96_+3 (3) 98_+1 (3) 98_+2 (3) N.D. 

R e s u l t s  a r e  e x p r e s s e d  as  m e a n  _+ 1 s .c.  ( o b s e r v a t i o n s )  BCECF 
e f f l u x  e x p r e s s e d  a s  a p e r c e n t  of  e f f l u x  in  c o n t r o l  c e l l s  w i t h o u t  i n h i b i t o r  (5h) .  

" BCECF e f f l u x  s i g n i f i c a n t l y  r e d u c e d  as  compared  w i t h  c o n t r o l  e f f l u x .  

ND ( n o t  d e t e r m i n e d ) .  
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BCECF ef f lux  was modu la t ed  by a v a r i e t y  of  pharmaco log ica l  agen ts .  

Indomethac in ,  500 tiM, r educed  BCECF e f f lux  to 2 1 - 5 2  % of con t ro l  in al l  four  

cel l  l ines  (Table 1), with IC~o v a l u e s  ( c o n c e n t r a t i o n  r equ i r ed  to produce  50% of 

maximal  inh ib i t ion)  of 103.8 _+ 0.7, 97.6 _+ 0.9 and 23,6 _+ 0.3 tim in HCT-8,  T84 

and HGT-1 cells ,  r e s p e c t i v e l y ,  The P - g l y c o p r o t e i n  s u b s t r a t e  v i n b l a s t i n e  

s u l p h a t e ,  100 tiM, r e su l t ed  in g r e a t e r  t h a n  50 % inh ib i t ion  of BCECF ef f lux  in 

HCT-8,  T84 and MDCK cel ls  (Table  1), wi th  an ICno in HCT-8 cel ls  of 4 ~lM, 

Verapami l ,  50 tiM, a calc ium c h a n n e l  a n t a g o n i s t  which inh ib i t s  P - g l y c o p r o t e i n -  

m e d i a t e d  drug e f f lux  a t  1 - 2  tim [8], reduced  BCECF ef f lux  in HCT-8 cel ls ,  bu t  

was less  e f f e c t i v e  in MDCK, and i n e f f e c t i v e  in T84 cel ls  (Table  1). Nifedlp ine ,  

a n o t h e r  calc ium channe l  a n t a g o n i s t  which is an inh ib i to r  of P - g l y c o p r o t e i n  a t  a 

c o n c e n t r a t i o n  of 50 tim [8], was unab le  to reduce  BCECF ef f lux  a t  c o n c e n t r a t i o n s  

r ang ing  from 1 to 1000 1JM (Table  1). A th i rd  drug with the  a b i l i t y  to l nh lb i t  

P - g l y c o p r o t e i n ,  r e se rp ine  [81 was also i n e f f e c t i v e ,  at  c o n c e n t r a t i o n s  of 1 to 1000 

tiM, as an inh ib i to r  of  BCECF ef f lux  (Table  1). 

D i s c u s s i o n  

The p r e sen t  s tudy  d e m o n s t r a t e s  t h a t  c e l l u l a r  e f f lux  of BCECF is by an 

A T P - d e p e n d e n t  mechanism with a nove l  pharmacologica l  prof i le .  The e f f tux  of 

s e v e r a l  o t h e r  f luorochromes  has  been r e l a t e d  to a c t i v i t y  of P - g l y c o p r o t e i n ,  and 

was s e n s i t i v e  to known inh ib i t o r s  of P - g l y c o p r o t e i n ,  inc lud ing  ve rapami l  and 

r e s e r p i n e  [12,131. Both HCT-8 and T84 express  mdrI [15; Hunter ,  Simmons & 

Htrst ,  unpubl i shed] .  Al though  v e r a p a m i l  was able to i n t e r f e r e  with BCECF ef f lux  

in a t  l e a s t  one cell  l ine,  two o t h e r  a n t a g o n i s t s  of P - g l y c o p r o t e i n - m e d i a t e d  drug 

e f f lux ,  r e s e r p i n e  and n i f ed ip ine ,  were  unab le  to reduce  BCECF e f f lux  e v e n  a t  

c o n c e n t r a t i o n s  much g r e a t e r  t han  those  r equ i red  to inh ib i t  P - g l y c o p r o t e i n  

a c t i v i t y  [7-9] .  In c o n t r a s t ,  i ndome thac in ,  an agent  which has  not  been 

a s s o c i a t e d  with r e v e r s a l  of mdr or inh ib i t ion  of P - g l y c o p r o t e i n  media ted  drug 

e f f lux ,  was a p o t e n t  i n h i b i t o r  BCECF eff lux.  In addi t ion ,  s e v e r a l  common 

inh ib i t o r s  of an ion  t r a n s p o r t  sys tems  and anion conduc t ances ,  e.g., furosemide,  

4 - a c e t a m i d - 4 ' - i s o c y a n a t o s t i t b e n e - 2 , 2 ' - d i s u l f o n i c  acid  (SITS), 4 , 4 ' -  

d i i s o t h i o c y a n a t o s t i l b e n e - 2 , 2 * - d i s u l f o n i c  acid (DIDS), p robenec id  and 5 -  

n i t r o - 2 - ( 3 - p h e n y l p r o p y l a m i n o ) b e n z o i c  acid (NPPB), were i n e f f e c t i v e  inh ib i to r s  of 

BCECF ef f lux  at  c o n c e n t r a t i o n s  g iv ing  maximal an ion  t r a n s p o r t  inh ib i t ion  

(manusc r ip t  in p r e p a r a t i o n ) .  Thus the  pharmacolog ica l  prof i le  for inh ib i t ion  of 

BCECF e f f lux  is i n d i c a t i v e  of a novel  mechanism. N e v e r t h e l e s s ,  v i n b l a s t i n e  

su lpha t e ,  a mdr s u b s t r a t e ,  was a po ten t  i nh ib i t o r  of BCECF ef f lux .  This l a t t e r  

o b s e r v a t i o n ,  cons ide red  with  the  inh ib i to ry  ac t ion  of ve rapami l  and the  

e n e r g y - d e p e n d e n t  n a t u r e  of  BCECF eff lux,  is s u g g e s t i v e  of  i ts  media t ion  by a 

n o v e l  A T P - d e p e n d e n t  e f f lux  mechanism r e l a t ed  to t h e  supe r f ami ly  of membrane 

t r a n s p o r t  p r o t e i n s  [1-4] .  
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We have  no ted  a reduced i n i t i a l  eff lux ra te  of BCECF in control  cells (Fig. 

1), This  may r e s u l t  from i n t r a c e l l u t a r  acid g e n e r a t i o n  dur ing  re lease  of BCECF 

by e s t e r a s e  a c t i v i t y  from the BCECF-AM. However, f l u o r e s c e n t  ra t io  i n t e n s i t y  

measu remen t s  of BCECF-loaded HCT-8 cells to de te rmine  i n t r a c e l l u l a r  pH [16] 

gave va lues  of 7 .0 -7 .2  (unpub l i shed  obse rva t ions ) .  An a l t e r n a t i v e  hypothes i s  

could i nvo lve  i n t r a c e l l u l a r  endosomal dye accumula t ion  followed by t r ans loca t ion  

and exocytos i s  a t  the  plasmalemma. Such a mechanism has been  suggested for 

mdr [17]. However, a c c u m u l a t i o n  of BCECF in i n t r a c e l l u l a r  o rgane l l es  is reported 

to be low [10,t81, and d i rec t  v i s u a l i s a t i o n  of BCECF-loaded HCT-8 cells unde r  

e p i - f l u o r e s c e n c e  r evea l ed  an uniform d i s t r i b u t i o n  of the  fluorochrome. 

BCECF car r i es  four n e g a t i v e l y  charged carboxyl  groups,  th is  molecular  
i 

conf igu ra t i on  des igned to e n t r a p  it  within the cytosol  of cells  a f te r  hydrolys is  

of the uncharged  e s t e r  form [10]. P -g lycop ro t e in  s u b s t r a t e s  are l ipophil ic  

ca t ions ,  and the  pharmacophore  con ta ins  a basic n i t rogen  atom and two p lanar  

aromat ic  r ings  [19]. BCECF may be a model s u b s t r a t e  for a re la ted  ATP- 

d e p e n d e n t  t r a n s p o r t  p ro t e in  with a spec i f ic i ty  for an ions .  There  are a l ready  

poss ib le  c a n d i d a t e s  for th i s  prote in ,  inc lud ing  the  gene product  of m d r 3  [201, 

and CFTR [6], both with unknown  physiological  func t ions ,  and both members of 

the supe r fami ly  of A T P - d e p e n d e n t  t r an spo r t  p ro te ins  [1-41. Of the cell l ines  

s tud ied  here,  a t  l eas t  T84 cells  express CFTR [6]. 

In add i t i on  to i t s  w e l l - d e f i n e d  role in media t ing  mul t id rug  r e s i s t ance  in 

cance r  cells,  the  phys io log ica l  role of P - g l y c o p r o t e i n  in ep i the l i a l  cells of 

t i s s u e s  such as the i n t e s t i n e  and k idney  has  been proposed as de tox i f i ca t ion  

mechanism [211. The novel  e n e r g y - d e p e n d e n t  eff lux system repor ted  here may 

s imi la r ly  ac t  to excrete ,  or l imit  abso rp t ion  of a no t he r  class  of xenobio t ics .  
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