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ABSTRACT Bumetanide-sensitive (BS) unidirectional fluxes of  36C1- o r  22Na+ were mea- 
sured in internally dialyzed squid giant axons while varying the intra- or extracellular concen- 
trations o fNa  + and / o r  C1-. Raising either [C1-]i or [Na+]i resulted in a concentration-depen- 
dent reduction of the BS influx of both ~6C1- and 22Na +. Raising [C1-]i above 200 mM com- 
pletely blocked BS influxes. However, raising [Na+]i to 290 mM resulted in saturable but 
incomplete inhibition of both BS Na + influx and BS C1- influx. The consequences of  varying 
intracellular C1- on cotransporter effiuxes were complex. At lower [C1-]i values (below 100 
raM) intracellular C1- activated cotransporter effiuxes. Surprisingly, however, raising [C1-]i 
levels >125 mM resulted in a [C1-]i- dependent  inhibition of BS effiuxes of both Na + and 
C1-. On the other hand, raising [Na+]i resulted only in the activation of the BS Na + effiux; in- 
tracellular Na + did not inhibit BS effiux even at 290 mM. The inhibitory effects of intracellu- 
lar Na + on cotransporter-mediated influxes, and lack of inhibitory effects on BS effiuxes, are 
consistent with the trans-side inhibition expected for an ordered binding/release model of 
cotransporter operation. However, the inhibitory effects of intracellular C1- on both influxes 
and effiuxes are not explained by such a model. These data suggest that C1- may interact with 
an intracellular site (or sites), which does not mediate C1- transport, but does modulate the 
transport activity of the Na +, K +,C1- cotransporter. 

I N T R O D U C T I O N  

Na+,K+,C1 - cotransport  has been  identified in a wide 
variety of  cells since its initial identification in Ehrlich 
ascites t umor  cells (Geck et al., 1980). It behaves as a 
tightly coupled t ransport  process having an absolute re- 
qu i rement  for the c/s-side presence of  all three cotrans- 
por ted  ions. The loop diuretics such as furosemide and 
bumetan ide  block Na+,K+,CI - cotransport  at relatively 
low concentrat ions (in the low ~M range; e.g., Russell, 
1983, Palfrey and O'Donnel l ,  1992). 

Although considerable at tention has been  directed 
toward unders tanding  the regulation of  Na+,K+,C1 - 
cotransport  by second-messengers (e.g., Palfrey and 
Greengard,  1981; Brock et al., 1986; O 'Donne l l  and 
Owen, 1986), the possibility of  "intrinsic" regulation by 
the cot ranspor ted  ions themselves has only recently 
been  generally recognized (Palfrey and O'Donnel l ,  
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1992). The ability of  high intracellular [CI-] to pro- 
foundly reduce unidirectional influxes via the cotrans- 
por ter  in the squid giant axon has been  known for 
some time (Russell, 1976, 1979, 1983; Altamirano et al., 
1989; Breitwieser et al., 1990). More recently, evidence 
f rom other  preparat ions  has been  for thcoming  for sim- 
ilar inhibitory effects of  intracellular C1- (Levinson, 
1990; Forbush et al., 1992; Lytle and Forbush, 1992; 
O'Neill  and Klein, 1992; Haas and McBrayer, 1994) as 
well as for intracellular Na + and K + (Whisenant et al., 
1992) on cotransporter-related activities. 

The  mechanism(s)  for these effects of  the intracellu- 
lar ions i s /a re  unknown. One  possibility is that these ef- 
fects represent  kinetic consequences inherent  in a 
highly ordered  ion b ind ing / re lease  mechanism.  There  
is good evidence that Na +, K +, and CI- bind to the 
cot ranspor ter  in a highly ordered  and cooperative 
m a n n e r  and specific models  of  ion binding and release 
have been suggested (Lytle and McManus, 1986; Miya- 
moto  et al., 1986; Duhm,  1987; Lauf  et al., 1987). With 
such models,  one can make specific predictions regard- 
ing the effects of  raising the intracellular concentra-  
tions of  each of  the cotransported ions on unidirec- 
tional fluxes. 
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I n  t h e  p r e s e n t  s tudy,  a sys temat ic  e x a m i n a t i o n  o f  t h e  

e f fec t s  o f  c h a n g e s  o f  i n t r a c e l l u l a r  [C1-] a n d  [Na  +] o n  

c o t r a n s p o r t e r - m e d i a t e d ,  u n i d i r e c t i o n a l  f l uxes  has  b e e n  

p e r f o r m e d .  T h e  e f fec t s  o f  i n t r a c e l l u l a r  N a  + a re  consis-  

t e n t  wi th  a h i g h l y  o r d e r e d  b i n d i n g  m o d e l ,  w h e r e a s  

s o m e  o f  t h e  e f fec t s  o f  i n t r a c e l l u l a r  C1- s u g g e s t  a n  add i -  

t i o n a l  e f f ec t  i n d e p e n d e n t  o f  b i n d i n g  to,  a n d  r e l e a s e  

f r o m ,  an  a n i o n  t r a n s p o r t  si te o n  t h e  c o t r a n s p o r t e r .  

S o m e  o f  t h e s e  resul t s  h a v e  b e e n  p r e s e n t e d  in  abs t r ac t  

f o r m  ( A l t a m i r a n o  e t  al., 1989; B r e i t w i e s e r  e t  al., 1992, 

1993) .  

M E T H O D S  

Experiments were conducted at the Marine Biological Labora- 
tory (Woods Hole, MA) in May and June of 1989-1995. Live spec- 
imens of the squid Loligo pealei were decapitated and the first stel- 
lar nerve removed from the mantle. The giant axon was carefully 
dissected from this nerve and mounted horizontally in the dialy- 
sis chamber by cannulating at either end (e.g., Russell, 1983). 

Unidirectional Flux Measurements by Intracellular Dialysis 

The technique of intracellular dialysis (Brinley and Mullins, 
1967) was used as previously described (Russell, 1979, 1983; 
Breitwieser et al., 1990). Briefly, a 35-40 mm length of axon was 
cannulated at both ends in a specially designed dialysis chamber, 
and then the dialysis tube was carefully guided longitudinally 
through the axon until the porous region was positioned in the 
central portion of the axon. The axon was then dialyzed through 
this tube at a rate of 2 ~l /min.  The temperature of the dialysis 
chamber bath was maintained at 17~ 

Unidirectionalflux procedures. To measure unidirectional fluxes, 
fluids contained the requisite radionuclide, either 36C1 ( 4 0  / ~ C i /  

mmol for influx or 100 ~xCi/mmol for efflux) or 22Na (50 p~Ci/ 
mmol for influx or 100 I~Ci/mmol for effiux). In the case of 36C1, 

the carrier C1 was taken into account when determining the fi- 
nal [C1-]. Radioisotope which crossed the axolemma was picked 
up either in the flowing internal dialysis fluid or the flowing ex- 
ternal seawater which was collected directly into scintillation vials 
for 5-rain sample periods. Each sample was counted to an error 
not >4% using an LS-3801 scintillation counter (Beckman In- 
struments, Inc., Irvine, CA). 

Experimental Solutions 

Table I gives the compositions of the internal dialysis fluids (DF) 
and the squid seawaters (SSW) used in these experiments. 

General Experimental Conditions 

For the influx studies, the control conditions were: external fluid 
(squid seawater), [K+]0 = 100 raM, [Na+]o = 335 raM, and 
[C1-]o = 561 raM; internal fluid (dialysis fluid), [K+]i = 200 mM, 
[Na+]i = 0 mM and [C1-]i = 0 raM. We will refer to this condi- 
tion as follows: [100 K,335 Na,561 C1]o/[200 BL0 Na,0 C1]i. The 
external ion concentrations were set at optimal levels based on 
our studies of external ion activation of the cotransporter (Alta- 
mirano, A.A., G.E. Breitwieser, andJ.M. Russell, unpublished ob- 
servations). The [K+]i was 200 mM to permit us to vary [Na+]i be- 
tween 0 and 290 mM while minimizing depolarization of the 

T A B L E  I 

Composition of Experimental Fluids 

Dialysis Fluids Squid Seawater 

retool/liter 
K + 200 100 

Na  + 0 -290  0 -335  

N M D G  + 0 - 2 9 0  0 -335  

Ca 2+ 0 3 

M g  2+ 8 63 

CI-  0 - 3 0 0  0-561 

G l u t a m a t e  206 -506  - -  

S u l f a m a t e -  - -  0-561 

E G T A  2 - -  

EDTA - -  O. 1 

EPPS - -  10 

M O P S  25 - -  

TRIS  19.3 - -  

ATP 4 - -  

P h e n o l  r ed  0.5 0.2 

O u a b a i n  - -  0.01 

T T X  - -  0.0001 

p H  7.30-7.35 8.0 

Osmola l i ty  970 975 

NMDG + = A~rnethyl-o-glucammonium; EGTA = ethylene glycol-bis 
([3-aminoethyl ether) N,N,N',N'-tetraacetic acid; EDTA = ethylenedi- 
aminetetraacetic acid; EPPS = N-[2-hydroxyethyl]-piperazine-N'-{3-pro- 
pane sulfonic acid]; MOPS = 3-[N-morpholino]-propane sulfonic acid; 
Tris = tris(hydroxymethyI)amino methane; ATP = adenosine-5'-triphos- 
phate; TTX = tetrodotoxin. 

axon. Axonal depolarization to 0 mV or more positive values acti- 
vates voltage-sensitive Na + and C1- channels resulting in large, 
noncotransporter-mediated ion fluxes which obscure cotrans- 
porter-mediated fluxes of these same ions (unpublished observa- 
tions). Unless otherwise noted, when [C1- ]  i was  varied, [ N a + ] i  

was 0 mM and likewise, when [Na+]i was varied, [C1-]i = 0 raM. 

R E S U L T S  

Effects of lntraceUular Anions on Cotransport-mediated Fluxes 

Cl- influx. As p r e v i o u s l y  m e n t i o n e d ,  h i g h  i n t r a c e l l u -  

la r  [C1-] has  l o n g  b e e n  k n o w n  to i n h i b i t  t h e  i n f l u x  o f  

all  t h r e e  c o t r a n s p o r t e d  i o n s  in  t h e  s q u i d  a x o n  (Russel l ,  

1976, 1979, 1983; A l t a m i r a n o  e t  al., 1989; B r e i t w i e s e r  e t  

al., 1990) .  W e  h a v e  a l r e a d y  s h o w n  t h a t  c o t r a n s p o r t e r -  

m e d i a t e d  C1- i n f l u x  is h a l f - i n h i b i t e d  w h e n  [C1-] i = 9 0 -  

100 m M  a n d  c o m p l e t e l y  i n h i b i t e d  w h e n  [ C l - ] i  = 2 5 0 -  

300 m M  (Bre i tw ie se r  e t  al., 1990) .  

I n  t h e  p r e s e n t  s tudy,  we  e x a m i n e d  t h e  e f fec t s  o f  sev- 

e ra l  o t h e r  i n t r a c e l t n l a r  a n i o n s  o n  c o t r a n s p o r t e r - m e d i -  

a t e d  C I -  in f lux .  I n t r a c e U u l a r  C I -  was f irs t  d i a lyzed  ou t ,  

a n d  t h e n  150 m M  o f  t he  tes t  a n i o n  d i a lyzed  in. Fig. 1 

c o m p a r e s  t h e  i n h i b i t o r y  e f fec t s  o n  BS C1- i n f l u x  o f  150 

m M  i n t r a c e l l u l a r  C1- as wel l  as severa l  o t h e r  tes t  a n i o n s  

( S C N - ,  B r - ,  I , N O 3 - ,  a n d  $042-), 
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FIGURE 1. Effect on bumetanide-sensitive C1- influx of various 
anions in the intracellular fluid. Axons were dialyzed for 60 min 
with a C1--free/Na+-free dialysis fluid (DF) before 36C1 was added 
to the external fluid to begin the influx measurements. After a 45- 
min period to assess the control C1- influx (in the absence ofintra- 
cellular CI-), the DF was changed to one containing 150 mM of 
the anion being tested. Samples collected 45-75 rain after the test 
anion was added were used to calculate the C1- influx under the 
condition of 150 mM [X-]i. Finally, 10 o~M bumetanide was added 
to the external fluid. The control bumetanide-sensitive (BS) influx 
was calculated as the difference between the control influx and the 
influx in the presence of bumetanide; the test BS influx was the 
difference between the influx with 150 mM X- and the influx in 
the presence of bumetanide. The difference between control in- 
flux and test influx divided by the control influx gives the percent 
of inhibition. Bars represent the mean + SEM of the results from 
the number of axons indicated within each bar. 

A l though  all the an ions  tested caused  i n h i b i t i o n  of  
co t r anspor t e r -med ia t ed  CI-  influx,  SCN-,  Br- ,  C1- a n d  
I -  were par t icular ly  effective. Fig. 2 compares  the con-  

c e n t r a t i o n - d e p e n d e n t  inh ib i to ry  effects of  CI- ,  SCN-  
a n d  Br -  o n  co t r anspor t -med ia t ed  CI-  influx.  The  half- 
inh ib i to ry  cons tan ts  (Ki0.5) were as follows: SCN-  = 18 

mM; Br -  -- 32 mM; C1- = 92 mM. Others  have re- 
po r t ed  that  SCN-  is u n a b l e  to replace  CI-  in  suppor t -  
i ng  co t ranspor t  (Owen a n d  Prastein,  1986, Miyamoto 

et  al., 1986, bu t  see K inne  et  al., 1986). We have con-  
f i rmed  this for the squid  axon.  In  axons  dialyzed with 

C1--free fluid, add i t i on  of  in t race l lu la r  SCN-  (over the 
r ange  2-50  mM) did  n o t  activate a bumetan ide - sens i -  
tive Na + effiux (data n o t  shown) .  

C l -  a n d  N a  + effluxes. We previously e x a m i n e d  activa- 
t ion  of  co t r anspor t e r -med ia t ed  effiux as a f u n c t i o n  of  
[CI-] i u p  to [Cl-] i  = 150 mM (Al tamirano  a n d  Russell, 
1987). Since this is in  the range  where  in t race l lu la r  C1- 
begins  to i nh ib i t  co t r anspor t e r -med ia t ed  influx,  we re- 
e x a m i n e d  the effect o f  c h a n g i n g  [C1-]i o n  BS C1- ef- 
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FIGURE 2. Dose-response relation for inhibition of bumetanide- 
sensitive C1- influx by intracellular C1 , SCN- and Br-. The exter- 
nal fluid contained 100 mM [K+], 335 mM [Na +] and 561 mM 
[C1-] and the internal dialysis fluid contained 200 mM [K+], 0 mM 
[Na + ] and variable [X-] as indicated. Axons were dialyzed free of 
intracellular C1- and a control influx was obtained. Then the test 
anion was dialyzed into the axon at the various concentrations 
(one concentration per axon). Finally, each axon was treated with 
10 p.M bumetanide to determine the bumetanide-sensitive C1- in- 
flux. Each point represents the mean of at least three axons. The 
smooth curves represent fits to the Hill equation: (V = Vmax" 
IX-In~[X-]  n + K~ppn). The best-fit parameters for each ion are as 
follows: CI-, K~0.5 = 91.7 +_ 3.0 mM, Hill n = 4.0 - 0.4; SCN-, 
K~0.5 = 17.9 - 2.3 mM, Hill n = 1.6 _+ 0.3; Br-, K~05 = 31.9 -+ 2.4 
mM, Hill n = 2.0 + 0.3. 

f lux by e x t e n d i n g  the range  of  [Cl-] i  values s tudied  

(be tween [C1-]i = 50 a n d  300 mM).  For  these a6C1 ef- 
flux studies the ionic  cond i t ions  were as follows: [100 

K,335 Na,561 C1]o/[200 K,200 Na,A Cl]i. Fig. 3 shows 
that  a biphasic  re la t ionsh ip  exists be tween  [CI-] i a n d  

the BS effiux of  C1-. At lower [C1-] i values (0-125 
mM),  the co t r anspor t e r -med ia t ed  CI-  effiux rises as 

f u n c t i o n  of  [C1-]i a long  a s igmoidal  curve. This  is as ex- 
pec ted  for a substrate  of  the co t r anspor t e r  which has 
mul t ip le  C1- b i n d i n g  sites. However,  fu r the r  increases 

of  [C1-] i above 125-150 mM, reveal p r o f o u n d  inhib i -  
tory effects c u l m i n a t i n g  in  comple te  i n h i b i t i o n  of  BS 

CI-  effiux at [C1-] i = 300 mM. Thus ,  add i t i on  of  intra-  
cel lular  C1- can result  in  e i ther  a ne t  act ivation (at 
lower [C1-] i levels) or  a ne t  i n h i b i t i o n  of  the cotrans-  
po r t e r  (at h igh  [CI-] i levels), m a k i n g  it difficult  to de- 

t e r m i n e  the a p p a r e n t  affinities of  the in t race l lu la r  CI- 
sites m e d i a t i n g  t r anspor t  versus those m e d i a t i n g  inhib i -  
t ion  of  cot ranspor t .  

Bumetanide-sens i t ive  Na + effiux requi res  the pres- 
ence  of  in t race l lu la r  C1- (e.g., A l t ami rano  a n d  Russell, 
1987). However,  u n d e r  the fol lowing set of  ionic  condi -  
tions, [100 K,335 Na,561 C1]o/[200 K,75 Na,A C1]i , rais- 
ing  [C1-]i f rom 125 to 300 mM abol i shed  the BS Na + 

263 BREITWmSER ET AL. 



T A B L E  I I  

Effects of lncreased [Cl]i on Bumetanide-sensitive Effluxes of Na + and C~ 

[C1]i C1 effiux Na + effiux 

mm pmol/cmZs pmol/cm2s 
125 13.3 -+ 1.4 7.0 +- 0.4 

(n = 5) (n = 4) 
300 -0.2 -+ 0.3 0.14 -+ 0.07 

(n = 3) (n = 3) 

effiux (Table  II) as we have observed for BS C1- effiux. 

Thus,  j u s t  as is the case for co t ranspor te r -media ted  
influxes,  h igh levels of  in t race l lu la r  C1- reduce  the 

co t ranspor t e r -med ia ted  effiuxes of bo th  C1- a n d  Na +. 

Effect of extracellular C l -  on cotransporter-mediated ef- 
f lux.  In t racel lu lar  C1- clearly has a p r o f o u n d  inh ib i to ry  
effect on  bo th  co t ranspor t e r -med ia ted  inf lux  a n d  ef- 

flux. If these effects are due  entirely,  or  in  part,  to inter-  
ac t ion  of  CI-  with t r anspor t  sites, one  migh t  expect  sim- 

ilar effects of  ext racel lu lar  CI- on  C1- effiux (see Alta- 
mi rano  and  Russell, 1987). We therefore tested the effects 

of  r emov ing  ext racel lu lar  C1- us ing  the fol lowing set of  
ionic  condi t ions ;  [100 K,335 Na,0 or 561 C1]o/[200 

K,200 Na,125 Cl]i. Fig. 4 A is representa t ive  of  results 
o b t a i n e d  in four  axons in  which extracel lu lar  C1- was 
rep laced  by sulfamate . In  each of  these axons,  reduc-  

ing  [C1-] o f rom 561 to 0 mM increased  total C1- effiux 
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FIGURE 3. Biphasic dependence of bumetanide-sensitive C1- ef- 
flux on [CI ]i. [K]i = 200 mM; [Na+]i = 200 mM throughout 
these experiments. Intracellular C1 was replaced by glutamate- in 
this study. The external seawater contained 100 mM [K+], 335 mM 
[Na +] and 561 mM [C1 ]. Each axon was dialyzed with the appro- 
priate [C1-] for 50 min before adding 36C1 to the dialysis fluid. Af- 
ter 50 min of measuring effiux, 10 ~M bumetanide was added to 
the external seawater and the effiux measured for another 45 min. 
The effect of bumetanide was usually complete within 15 min after 
it was added (e.g., see Figs. 4 and 5). Numbers in parentheses de- 
note number of axons represented in each data point. Smooth 
line was drawn by eye to fit the data. 
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Effect of removal of extracellular Cl- (replaced with 
sulfamate) on C1 effiux. The composition of the intracellular 
fluid was: [K +] = 200 mM, [Na +] = 200 mM, [C1 ] = 125 raM. 
The external seawater contained [K +] = 100 mM, [Na +] = 335 
raM, [C1 ] = 0 or 561 mM. (A) In this experiment the average CI- 
effiux when [C1-]o = 561 mM was 26.9 pmol/cm~s; when [C1 ],, = 
0 mM, 30.4 pmol/cmZs; after bumetanide, 8.4 pmol/cm2s. (B) In 
this experiment, the axon was superfused throughout with seawa- 
ter containing 10 ~M bumetanide. The average C1 effiux before 
changing to 0-C1- seawater (sulfamate replacement) was 9.3 
pmol/cm2s, during the 0-C1 treatment the average effiux was 9.6 
pmol/cm'2s, after return to 561 mM [C1 ]o, the average effiux was 
9.3 pmol/cm2s. 

f rom 24.5 + 5.4 to 30.6 +-- 4.7 p /cs .  The  average in- 

crease was 6.1 -+ 2.1 p / c s  (p = 0.03; pa i red  s tudents  t 
test). S u b s e q u e n t  appl ica t ion  of b u m e t a n i d e  r educed  
the C1- effiux by 16 p / c s  (to 14.3 _+ 6.1 p / c s ) .  W h e n  
b u m e t a n i d e  was p resen t  t h r o u g h o u t  the e x p e r i m e n t  

(Fig. 4 B), decreas ing  [C1 ]o had  no  effect on  C1 ef- 
flux, suggest ing that  all of  the observed effects of reduc-  
ing [C1-]o were due  to m o d u l a t i o n  of  co t ranspor ter -  
med ia t ed  efflux. 

The  BS C1- effiux in to  561 mM [C1 ]o averages 80% 
of that  m e a s u r e d  in  the p resence  of  0 mM [C1 ]o sug- 
gest ing a trans-side inh ib i to ry  effect of  extracel lular  
C1-. This  trans-side effect on  effiux is qualitatively simi- 
lar to that  observed for influx. However,  co t ranspor ter -  
med ia t ed  C1- efflux is quant i ta t ively m u c h  less sensitive 
to trans-side C1- (extracel lular  C1-) t han  is BS C1- in- 
flux. Inf lux is comple te ly  i nh i b i t e d  by 300 mM [C1-]i 
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whereas  561 m M  [C1- ]o on ly  causes  a 20% inh ib i t i on .  
A n o t h e r  s ign i f ican t  d i f f e r ence  be tween  the  effects o f  

in t ra-  a n d  ex t ra -ce l lu la r  C1- is tha t  ex t r ace l l u l a r  CI -  

does  n o t  i nh ib i t  CI -  in f lux  (no  c/s-side i n h i b i t i o n ) .  
W h e n  BS C1- in f lux  was m e a s u r e d  as a f u n c t i o n  o f  
[C1-]o, the  resul t  was a s i gmo id - shaped ,  sa turab le ,  acti- 
vat ion o f  co t r anspor t  (Altarnirano,  A.A., G.A. Breitwieser,  

a n d J . M .  Russell ,  m a n u s c r i p t  in p r e p a r a t i o n ) ;  no  inhib i -  
t ion o fBS  CI-  influx at  h igher  [CI-] o levels (up to 561 mM; 
A l t a m i r a n o  et  al., 1987) was o b s e r v e d  in s t r ik ing  con-  
t rast  to the  i nh ib i t o ry  effects o f  i nc r ea s ing  i n t r ace l l u l a r  
[C1-] on  C1- effiux. Thus ,  the  effects o f  ex t race l lu la r  C1- 
on  un id i r ec t i ona l  c o t r a n s p o r t e r  f luxes differ  bo th  quan-  
titatively a n d  quali tat ively f rom those  o f  in t race l lu la r  C1-. 

Effects of lntracellular Na + on Cotransporter-mediated Fluxes 

Effects of  intraceUular Na + on BS Cl- influx; [C1-]~ -- 0 
mM. A n  o r d e r e d  b i n d i n g / r e l e a s e  m o d e l  p red ic t s  tha t  
ra i s ing  the  i n t r ace l l u l a r  c o n c e n t r a t i o n  o f  any o f  the  
t h r e e  c o t r a n s p o r t e d  ions  c o u l d  have i nh ib i t o ry  effects 
o n  in f lux  via the  c o t r a n s p o r t e r .  T h e  effect  o f  a given 
ion  will d e p e n d  n o t  on ly  on  its c o n c e n t r a t i o n  b u t  also 
on  its re la t ive  o r d e r  o f  re lease  c o m p a r e d  to tha t  o f  the  
c o t r a n s p o r t e d  ions  whose  in f lux  is b e i n g  m e a s u r e d  (see 
Discuss ion) .  T h e  effect  o n  C1- in f lux  o f  vary ing  in t ra-  
ce l lu la r  [Na + ] f r o m  0 to 200 m M  was s t ud i ed  u n d e r  the  
fo l lowing  set o f  ionic  cond i t ions :  [100 K,335 Na,561 
C1]o/ [200 K,A Na,0 C1]i. Fig. 5 shows an  e x a m p l e  in 
which  a 60% r e d u c t i o n  o f  BS C1- in f lux  o c c u r r e d  w h e n  
[Na+]i was i n c r e a s e d  f rom 0 to 200 mM. Con t ro l s  in 
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which  b u m e t a n i d e  was p r e s e n t  t h r o u g h o u t  the  exper i -  

m e n t  ver i f ied  tha t  ra i s ing  [Na+]i f r om 0 to 200 m M  h a d  
n o  effect  on  bume ta n ide - i n se ns i t i ve  C1- influx.  

T h e  same  p r o t o c o l  a n d  ionic  c o n d i t i o n s  shown in 
Fig. 5 were  u sed  as [Na+]i was systemat ical ly  va r ied  be-  
tween  0 -290  mM. Co l l a t ed  d a t a  in Fig. 6 A show tha t  BS 
C1- in f lux  was i n h i b i t e d  as [Na+]i  was inc reased .  How- 
ever,  in con t r a s t  to the  effect  o f  ra i s ing  [Cl - ] i  (cf. Fig. 
2), c o m p l e t e  i n h i b i t i o n  o f  c o t r a n s p o r t  in f lux  was never  
ach ieved ,  even at  [Na+]i as h igh  as 290 mM. In  Fig. 6 A, 
the  in f lux  da t a  have b e e n  n o r m a l i z e d  as p e r c e n t  inh ib i -  
t ion  o f  BS C1- in f lux  (0% inh ib i t i on  at  0 m M  [Na+]i) 
a n d  t h e n  f i t ted  a c c o r d i n g  to a single-si te  b i n d i n g  
mode l .  This  fit  y ie lds  an  a p p a r e n t  i nh ib i t o ry  c o n s t a n t  
(Ki0.5) for  i n t r a c e l l u l a r  N a  + o f  138 mM, a n d  an  appa r -  
e n t  m a x i m a l  i n h i b i t i o n  o f  BS C1- in f lux  o f  80%. 

Effects of intracellular Na + on BS Cl-  influx: [Cl-]i = 
125 mM. T o  d e t e r m i n e  w h e t h e r  the  p r e s e n c e  o f  in t ra-  
ce l lu la r  C1- mod i f i e s  i n h i b i t i o n  o f  c o t r a n s p o r t e r  in f lux  
by i n t r ace l l u l a r  Na +, we va r ied  [Na+]i  in the  p r e s e n c e  
o f  125 m M  [C1-] i ( ionic  cond i t i ons :  [100 K,335 Na,561 
C l i o / [ 2 0 0  K,A Na,125 C1]i). (The  r e a d e r  will recal l  tha t  
at  this [Cl- ] i ,  c o t r a n s p o r t - m e d i a t e d  efflux was m a x i m a l  
[when [Na+]i = 200 mM; see Fig. 3].)  Fig. 6 B shows 
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FIGURE 5. Effect of raising [Na+]i on C1- influx in an internally 
dialyzed squid axon. For 50 rain before zero time, this axon was di- 
alyzed with a fluid that contained 200 mM K § 0 mM Na § and 0 
mM C1-. At zero time the axon was exposed to squid seawater 
([K +] = 100 mM, [Na +] = 335 mM and [C1-] = 561 raM) that 
c o n t a i n e d  36C1 and influx measurements begun. After 50 min, the 
internal dialysis fluid was changed to one containing 200 mM Na +. 
This resulted in a fall of CI- influx from ~71 pmol/cm2s to ~43 
pmol/cm2s. At 100 rain, 10 txM bumetanide was added to the sea- 
water and the C1- influx declined further to ~25 pmol/cm2s. 

FmUR~ 6. Relationship between the bumetanide-sensitive (BS) 
C1- influx and intracellular [Na +] ([K+]i = 200 mM, [C1 - ]  i = 0 or 
125 mM). Each symbol represents the mean _+ SEM of data from 
at least three axons. The data are plotted as percent of inhibition 
and fitted to the Michaelis-Menten equation as shown by the 
smooth line. (A) Relationship between the BS C1- influx and intra- 
cellular [Na+]i in the absence ofintracellular C1- (Cl- replaced by 
g l u t a m a t e - ) :  Ki0,5 = 138  --- 14 mM and maximal inhibition = 80 _+ 
3.6%. (B) Relationship in the presence of 125 mM [C1-]i: Ki0.5 = 

59 -+ 8.6 mM and maximal inhibition = 63 -+ 2.9%. 
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tha t  u n d e r  this c o n d i t i o n  the  a p p a r e n t  i nh ib i t o ry  con-  
s tan t  for  i n t r ace l l u l a r  Na  + i n h i b i t i o n  o f  BS C1- in f lux  
was 59 mM, a b o u t  ha l f  tha t  obse rved  in the  abse nc e  o f  
i n t r ace l l u l a r  C1-. However ,  even  in  the  p r e s e n c e  o f  in- 
t r ace l lu la r  CI- ,  ra i s ing  [Na+]i as h igh  as 290 m M  d i d  
n o t  c o m p l e t e l y  i nh ib i t  c o t r a n s p o r t  inf lux;  the  a p p a r e n t  
m a x i m a l  i n h i b i t i o n  o f  the  BS C1- in f lux  was ~ 6 3 %  
(Fig. 6 B). Thus ,  ra i s ing  [C1-] i a c t ed  to inc rease  the  ap- 
p a r e n t  i nh ib i t o ry  affini ty for  N a  + b u t  d i d  n o t  resu l t  in  a 
c o m p l e t e  i n h i b i t i o n  o f  c o t r a n s p o r t  by in t raceUula r  
N a  +. 

Effects of  intracellular Na  + on BS Na + influx: [Cl-] i  = 
0 mM. To d e t e r m i n e  w h e t h e r  the  effects o f  in t race l lu -  
lar  N a  + were  on  c o t r a n s p o r t  func t ions  in gene ra l ,  o r  
l imi t ed  to c o t r a n s p o r t  o f  CI- ,  we also s t u d i e d  the  effects 
o f  varying [Na+]i o n  BS N a  + in f lux  in the  ab se nc e  o r  
p r e s e n c e  o f  i n t r ace l l u l a r  C1-. Fo r  the  first  series o f  
these  studies,  the  ionic  c o n d i t i o n s  were:  [100 K, 335 
Na, 561 C1]o/[200 K,A Na,0 C1]i. Each  a x o n  was dia- 
lyzed with a s ingle  [Na +] a n d  the  BS N a  + in f lux  mea-  
sured .  Fig. 7 A shows the  resul ts  f r om a series o f  such 
e x p e r i m e n t s .  T h e  effects on  BS N a  + in f lux  o f  ra i s ing  
[Na+]i in the  absence  o f  i n t r ace l l u l a r  C1- were  s imi lar  
to those  on  BS C1- in f lux  (Fig. 6 A; [C1-]i = 0 mM) ,  
tha t  is, i n t r ace l l u l a r  N a  + i n h i b i t e d  BS Na  + in f lux  with 
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FIGURE 7. Relationship between bumetanide-sensitive Na + in- 
flux and [Na+]i. ([K+]i = 200 raM). Each symbol represents the 
mean + SEM of data from at least five axons. The data are plotted 
as percent inhibition and fitted with the Michaelis-Menten equa- 
tion as shown by the smooth line. (A) [Cl-]i = 0 mM (C1- replaced 
by glutamate ): Ki05 = 114 + 14 mM; maximal inhibition = 49.6 -+ 
2.5%. (B) [CI-] i = 125 mM: Ki0.5 = 45.3 -+ 2.2 mM; maximal inhi- 
bition = 54.3 -+ 0.6%. 

an  a p p a r e n t  i nh ib i t o ry  c o n s t a n t  o f  114 m M  (cf. 138 
m M  for  i n h i b i t i o n  o f  BS C l -  in f lux  u n d e r  iden t i ca l  con-  
d i t ions ,  Fig. 6 A). Jus t  as was the  case for  C1- influx,  in- 
t r ace l lu l a r  N a  + u p  to 290 m M  d id  n o t  c o m p l e t e l y  in- 
h ib i t  the  BS N a  + influx; the  a p p a r e n t  m a x i m a l  inhib i -  

t ion  was ~ 5 0 % .  

Effect of  intraceUular Na + on BS Na + influx: [Cl-]i = 
125 mM. T h e  in f l uence  o f  i n t r ace l l u l a r  CI-  on  the  for- 
go ing  r e l a t i o n s h i p  was s t ud i e d  u n d e r  the  fo l lowing set 
o f  ionic  cond i t ions :  [100 K,335 Na,561 C1]o/[200 K, A 
Na,125 C1]i. Fig. 7 B shows tha t  a t  [Cl - ] i  = 125 m M  the  
a p p a r e n t  i nh ib i t o ry  c o n s t a n t  for  the  i n t r ace l lu l a r  N a  + 
is r e d u c e d  f rom 114 m M  (see Fig. 7 A) to 45 m M  with- 
o u t  s ignif icant ly  af fec t ing  the  a p p a r e n t  m a x i m a l  inh ib i -  
t ion  caused  by ra is ing  [Na+]i . Thus ,  i n t r ace l l u l a r  CI-  
inc reases  the  a p p a r e n t  affinity o f  the  puta t ive  Na  + 
b i n d i n g  site m e d i a t i n g  the  pa r t i a l  i n h i b i t i o n  o f  Na  + in- 
flux. This  ag rees  with the  resul ts  n o t e d  when  s tudy ing  
the  effects o f  varying the  i n t r ace l l u l a r  [Na + ] a n d  [C1-] 
o n  BS C1- influx.  

Activation of  bumetanide-sensitive Na + efflux by intracellu- 
lar Na +. T o  f u r t h e r  e x a m i n e  the  po t en t i a l  i n t e rac t ions  
o f  i n t r ace l l u l a r  N a  + with the  c o t r a n s p o r t e r ,  we de te r -  
m i n e d  the  r e l a t i onsh ip  b e t w e e n  [Na+]i a n d  BS N a  + ef- 
flux. Fo r  these  studies,  the  ionic  c o n d i t i o n s  were:  [100 
K,0 Na,561 C l i o / [ 2 0 0  K, A Na,125 C1]i. [C1-]i was set  a t  
the  o p t i m a l  level for  effiux, 125 m M  (see Fig. 3), a n d  
the  axons  were  s u p e r f u s e d  with a Na+-free  m e d i a  to 
p r e v e n t  N a + / N a  + e x c h a n g e  fluxes.  T h e  ac t iva t ion  o f  
BS Na  + eff iux by i n t r ace l l u l a r  N a  + is i l lus t ra ted  in  Fig. 
8. In  sha rp  con t r a s t  to the  r e l a t i onsh ip  be tw e en  C1- ef- 
f lux a n d  in t r ace l lu l a r  [C1-] (cf. Fig. 3), ra i s ing  in t race l -  
lu la r  N a  + m o n o t o n i c a l l y  act ivates BS N a  + eff iux with- 
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FIGURE 8. Activation of bumetanide-sensitive Na + effiux by intra- 
cellular Na + ([K+]i = 200 mM; [Cl-]i = 125 raM). Each symbol 
represents the mean --_ SEM of data from at least four axons. The 
smooth line is a fit of the data to the Hill equation which gave the 
following parameters: K0. 5 = 57 _+ 1.5 raM; Vm~ = 10.2 _+ 0.1 
pmol/cmes; Hill n = 1.98 --_ 0.08. 
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out any indication of  inhibition at high [Na+]i (up to 
290 mM). Note that the apparent  affinities for internal 
Na + for both activation of  cotransport  Na § effiux (57 
mM; at [C1-]i = 125 mM) as well as for inhibition of  
Na + and C1- influxes are very similar (59 mM, Fig. 6 B 
and 45 mM, Fig. 7 B; at 125 mM [C1-]i). 

D I S C U S S I O N  

In this study, we systematically explored the effects of  
intracellular CI- and Na § on Na+,K+,C1 - cotransport- 
mediated unidirectional fluxes of  C1- and Na*. The  
present  results coupled with previously published ob- 
servations (Russell, 1979; 1983; Breitwieser et al., 1990) 
show that both intracellular ions substantially affect 
cotransporter-mediated,  unidirectional influxes as well 
as effiuxes. However, the patterns of  effects on unidi- 
rectional fluxes are quite different for the two ions. For 
example, intracellular C1- can completely inhibit the 
cotransporter-mediated influxes and effiuxes of  all 
three cotransported ions, whereas intracellular Na § 
only partially inhibits the cotransporter-mediated in- 
fluxes of  Na § and C1- and does not  inhibit effluxes at 
all. The  central question is whether  these intracellular 
effects by cotransported ions on cotransporter-medi- 
ated fluxes represent  effects mediated by hi therto un- 
identified modifier  sites (either as discrete sites or via 
allosteric modifications) or are simply predictable con- 
sequences of  a cotransporter  process possessing a 
tightly-coupled, highly ordered  binding and release 
mechanism for the cotransported ions. 

An Ordered Binding Model for Na+,K +, Cl - Cotransport: 
Some General Predictions 

Evidence from several laboratories (Lytle and Mc- 
Manus, 1986; Lauf  et al., 1987; Miyamoto et al., 1986; 
Duhm, 1987) including our  own (Altamirano, A.A., 
G.A. Breitwieser, andJ.M. Russell, manuscript  in prepa- 
ration) supports the view that the cotransporter  binds 
and releases the transported ions in a tightly coupled 
and highly ordered  manner.  An inherent  property of  a 
highly o rdered  binding/release mechanism is that rais- 
ing the concentrat ion of  any of  the trans-side ions 
might be expected,  by mass action, to reduce unidirec- 
tional, cotransporter-mediated fluxes. This follows from 
the fact that the binding or release of  any given ion de- 
pends upon  the binding or release of  the ion preced- 
ing it in a highly ordered  process. Thus, by raising 
[ Na+ ] i, occupancy of  an intracellular Na + site (or sites) 
is (are) favored and this makes the internal release of  
all subsequent ions in the release order  less likely. Im- 
plicit in this description of  transport  by an ordered  
binding/re lease  model  is the assumption that the 
cotransporter  can only "cross" the membrane  in ei ther 
the fully loaded or the fully unloaded forms. 

Evidence for an Intracellular Cl- Modulatory Site 

We have shown here and in previous publications (Rus- 
sell, 1983; Breitwieser et al., 1990) that intracellular C1- 
can completely inhibit all the cotransporter-mediated, 
unidirectional influxes of  Na +, K + and C1-. A signifi- 
cant new finding of  this study is that high [CI-] i also 
completely inhibits the BS effiuxes of  both CI- (see Fig. 
3) and Na + (Table II). It is not  obvious how this latter 
observation could be explained as a mass action effect 
on an ordered  binding/re lease  mechanism. The sim- 
plest explanation for these observations is that, in addi- 
tion to interacting with intracellular transport  sites, in- 
tracellular CI- interacts with a site(s) or region(s) 
which is /are distinct from the cotransport  b ind ing/  
release sites and which mediate inhibition of  transport.  
It is possible that intracellular SCN- binds to, or inter- 
acts with, this putative site(s) since SCN-, in the ab- 
sence of  intracellular CI-, is a very effective inhibitor of  
cotransport  influx (see Figs. 1 and 2), but  does not  sup- 
port  cotransport  effiux. Alternatively, SCN- may bind 
to a transport  site, but  not  permit  transport  to occur. 

Effects of Extracellular Cl- Are Consistent with 
an Ordered Binding~Release Model 

Two observations suggest that the effects of  extracellu- 
lar CI- are mediated by a different mechanism than the 
effects of  intracellular C1-. First, raising [Cl-]o to 561 
mM only reduced BS CI- effiux by ~--,20%, in contrast to 
the total inhibition of  BS CI- influx observed when 
[C1-]i was raised to 200-300 mM (see Fig. 2). This dif- 
ference might simply reflect substantially different af- 
finities, but  the same general mechansim, on the two 
sides of  the membrane.  A second, and perhaps more 
persuasive reason, is that raising [C1-] o to 561 mM does 
not  inhibit CI- influx, i.e., external CI- does not  inhibit 
cotransport  influx, unlike intracellular CI-, which in- 
hibits cotransport  effiux (Altamirano et al., 1987; Alta- 
mirano et al., manuscript  in preparat ion).  

Effects of Elevated [Na+ ]i May Be Explained 
by an Ordered Binding/Release Model 

Although raising [Na+]i inhibited the bumetanide-sen- 
sitive influxes of  both CI- and Na + , we saw no evidence 
that such inhibition could be complete (e.g., Fig. 6, A 
and B; Fig. 7, A and B). In addition, intracellular Na + 
did not  inhibit bumetanide-sensitive Na + effiux. Thus, 
there are important  quantitative and qualitative differ- 
ences between the effects of  intracellular Na + and 
those of  intracellular C1- on the cotransporter.  

We have calculated apparent  binding constants for 
Na + binding to three functionally distinct intracellular 
sites, one  involved with activation of  cotransporter- 
mediated effiux and the other  two involved with inhibi- 
tion of  cotransporter-mediated influxes: (a) an intra- 
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cellular site or sites by which Na + activates cotransport  
efflux (in the presence of intracellular CI-) with an ap- 
parent  activation constant of  57 mM, (Fig. 8); (b) an in- 
tracellular site at which Na + mediates inhibition of C1- 
influx in the presence of intracellular C1- with an ap- 
parent  inhibitory constant of  59 mM (Fig. 6 B); and (c) 
an intracellular site at which Na + mediates inhibition 
of  Na + influx when intracellular C1- is present, with an 
apparent  inhibitory constant of  45 mM, (Fig. 7 B). The 
apparent  binding constants for these three function- 
ally-defined sites fall within the relatively narrow range 
of 45-65 mM. The most parsimonious interpretation of  
these independent  results is that the three functionally- 
defined sites are, in fact, the same, i.e., they are Na + 
cotransport  binding/release sites. 

In the absence of  intracellular CI-, the apparent  in- 
hibitory constant for intracellular Na + was higher  (114 
mM; Fig. 7 A) than that noted in the presence of  125 
mM intracellular C1- (45 mM; Fig. 7 B). Thus, the pres- 
ence of  intracellular C1- increased the apparent  affinity 
of  the "inhibitory" site for Na +. This is expected if C1- 
must be released before Na + release. In an ordered  
binding/release model,  the presence of  high [CI-] i 
would facilitate occupancy of  the C1- site making the 
subsequent release of  Na + less likely; thus increasing 
the apparent  affinity of the Na + site. This effect of  in- 
tracellular C1- on inhibition of  influx is consistent with 
the fact that intracellular C1- is necessary for cotrans- 
port  effiux of Na + (Altamirano and Russell, 1987). 
Thus, all our  observations are consistent with the ef- 
fects of intracellular Na + being mediated via a trans- 
port  site participating in an ordered  binding/release 
mechanism. 

Physiological Consequences of Inhibition by Intracellular Ions 

Regardless of  the mechanism of  intracellular ion-medi- 
ated inhibition, such inhibition has physiologically im- 
portant  consequences. For the squid axon, under  nor- 
mal intracellular ion conditions, ([C1-] i = 125 mM; 
[Na+]i = 50 raM) influx and effiux are relatively small 
and about  equal (being 6-7.5 and 4-5 picomol/cm2.s 
for C1- and Na +, respectively) despite the fact that the 
net thermodynamic driving force greatly favors net  in- 
flux. 

Thus, a low, steady state cotransporter-mediated in- 
flux, coupled with leak flux, prevents the cotransporter  
from raising [C1-]i to the level predicted from a ther- 
modynamic consideration of the ion gradients which 
serve as the energy source of  this cotransporter  (Rus- 
sell, 1983). In principle, this "excess" thermodynamic 
energy favoring influx could be accessed by adjusting 
the inhibitory constants for intracellular CI-. In fact, we 
have demonstrated that shrinkage of  the squid axon 
stimulates cotransport  influx by shifting the intracellu- 

lar C1- inhibitory relationship towards higher  [Cl-]i 
(Breitwieser et al., 1990). Another  obvious conse- 
quence of  maintaining a relatively low cotransporter- 
mediated influx would be to lessen the intracellular 
"Na § load" which must be cleared out by the sodium 
pump. 

IntraceUular [CI- ] as a Modulator in Other Systems 

The present results strongly suggest an "intrinsic" regu- 
latory role for intracellular C1- with respect to the 
Na+,K+,C1 - cotransporter.  In fact, numerous  recent  re- 
ports suggest that intracellular C1- may be an impor- 
tant modulator  of a surprisingly wide variety of  cellular 
functions including ion transporters, ion channels and 
other  cellular a n d / o r  membrane-localized proteins 
such as G-proteins (Higashijima, et al., 1987; Nakajima 
et al., 1992). Nucleotide receptors (Middleton et al., 
1993) and ubiquinol oxidase (Orii et al., 1995) are two 
recent  additions linked to changes of [C1-]i. 

Intracellular Cl- as a modulator of ion transporters. Intra- 
cellular C1- has been suggested (in the absence of  di- 
rect [C1-]i measurements) to exert  a modulatory effect 
on a variety of ion transport  mechanisms, supporting 
earlier findings in the internally dialyzed squid giant 
axon (Russell, 1976, 1979, 1983; Breitwieser et al., 
1990, 1992a, b). In shark rectal gland, [3H]-benzmet- 
anide binding (used as a marker for Na+,K+,C1 - 
cotransport  activity) can be stimulated by perfusing the 
gland with a low [C1-] Ringer solution (Lytle and For- 
bush, 1992; Forbush et al., 1992). O'Neill and Klein 
(1992) repor ted  that preincubation of vascular endo- 
thelial cells in Na + or K+-free media (which presum- 
ably lowers [C1-] i) leads to a stimulation of  cotransport  
influx. Haas and McBrayer (1994) repor ted that nysta- 
tin-permeabilized tracheal epithelial cells bathed in low 
[C1-] solutions (NO~- replaced C1 ) exhibited higher 
C1- flux than those bathed in high [C1-] solutions. 
Muscarinic stimulation of  both the Na+ /H + exchanger  
and the Na+,K+,C1 - cotransporter  activity in salivary 
acinar cells is repor ted  to be mediated via a reduction 
of [Cl-]i (Robertson and Foskett, 1994). However, 
shrinkage activation of  the Na+ /H + exchanger  in inter- 
nally dialyzed barnacle muscle fibers requires the pres- 
ence of  intracellular C1- (Davis et al., 1994). These lat- 
ter two results suggest that N a+ /H  + exchange may have 
an optimal [C1-]i level, as we have shown for the effiux 
mode of  the Na+,K+,C1 - cotransporter.  

Intracellular Cl-  as a modulator of ion channels. In ad- 
dition to effects on ion transporters, intracellular [C1-] 
has also been implicated in the regulation of  several 
ion conductance mechanisms. For instance, intracellu- 
lar anions, including CI-, appear  to slow down the gat- 
ing of  delayed rectifier K + channels in squid giant ax- 
ons (Adams and Oxford,  1983). A CaZ+-activated, non- 
selective cation channel  in lung epithelium has an 
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i n c r e a s e d  o p e n  p robab i l i t y  when  [C1-]i is d e c r e a s e d  
( T o h d a  e t  al., 1994). In  i n t r a l o b u l a r  d u c t  cells o f  

m o u s e  salivary g lands ,  increases  o f  [CI- ]  i resu l t  in  an  
inc rease  in N a  + c o n d u c t a n c e  a n d  a dec rea se  in C1- 
c o n d u c t a n c e  ( D i n u d o m ,  e t  al., 1993). A s t imula to ry  ef- 
fect  o f  i n t r a c e l l u l a r  C1- has  b e e n  o b s e r v e d  for  CFTR ac- 
t ivat ion,  i n d e p e n d e n t  o f  its r e g u l a t i o n  by cAMP ( W a n g  
et  al., 1993). Cel l  sh r inkage  can  also act ivate  a C1-- 
d e p e n d e n t  cat ion conduc tance  (Chan and  Nelson,  1992). 

H o w  Does IntraceUular Cl-  Exert Modulatory Effects ? 

T h e  m o l e c u l a r  m e c h a n i s m ( s )  by which  i n t r ace l l u l a r  
C1- exer t s  m o d u l a t o r y  effects is cu r r en t l y  u n k n o w n ,  b u t  
two r e c e n t  s tudies  sugges t  r a t h e r  d i f f e r en t  possibi l i t ies .  
Peru tz  a n d  co-workers  (1994),  s tudy ing  C1- -med ia t ed  
r e d u c t i o n  in oxygen  affini ty o f  h e m o g l o b i n ,  have d e m -  
o n s t r a t e d  a k i n d  o f  a l los ter ic  effect  which  does  n o t  de-  
p e n d  o n  b i n d i n g  o f  CI- ,  b u t  r a t h e r  seems  to be  d u e  to 
the  neu t r a l i z a t i on  o f  e lec t ros ta t ic  r e p u l s i o n  o f  posi t ive 
cha rges  in the  h e m o g l o b i n  b i n d i n g  cavity (Shih  a n d  
Perutz ,  1987; Pe ru tz  et  al., 1994). This  is a va r ia t ion  o f  
the  m e c h a n i s m  sugges t ed  for  h igh  i n t r ace l l u l a r  C1-- 

m e d i a t e d  ac t iva t ion  o f  CFTR, s ince  o t h e r  ha l ides ,  in- 

c l u d i n g  I - ,  m i m i c  the  effect  (Wang  et  al., 1993). 
A n o t h e r  r e c e n t  s tudy suggests  a s o m e w h a t  m o r e  di- 

rec t  effect  o f  CI- .  This  s tudy used  an  ap i ca l ly -en r i ched  
m e m b r a n e  p r e p a r a t i o n  f r o m  lung  e p i t h e l i u m  to show 
tha t  p h o s p h o r y l a t i o n  o f  a 37-kD p r o t e i n  was b iphas i -  
cally d e p e n d e n t  o n  [C1-].  M a x ima l  p h o s p h o r y l a t i o n  
was o b s e r v e d  at  [C1-] = 40 mM. H i g h e r  (or  lower)  
[C1-] caused  r e d u c e d  p h o s p h o r y l a t i o n  ( T r e h a r n e  et  
al., 1994). No te  tha t  this is the  same qual i ta t ive  p a t t e r n  
o f  m o d u l a t i o n  we observe  for  the  effect  o f  i n t r ace l l u l a r  
C1- o n  the  Na+,K+,CI - c o t r a n s p o r t e r  in the  ef f iux 
m o d e  (e.g., Fig. 3), b u t  n o t  the  inf lux  m o d e .  T h e s e  ob-  
servat ions  a re  pa r t i cu la r ly  i n t e r e s t i ng  because  Lytle a n d  
F o r b u s h  (1992) have sugges t ed  tha t  i n t r ace l l u l a r  C1- 
m i g h t  e x e r t  its i nh ib i t o ry  effect  o n  c o t r a n s p o r t  by re- 
d u c i n g  p h o s p h o r y l a t i o n  o f  the  c o t r a n s p o r t  p ro t e in .  
Since  we have r ecen t ly  p r o v i d e d  ev idence  aga ins t  a 
s t imula to ry  effect  o f  i n t r ace l l u l a r  C1- on  p r o t e i n  phos-  
pha tases  ( A l t a m i r a n o  et  al., 1996), i t  is poss ib le  tha t  ele- 
va ted  [C1-] i inh ib i t s  c o t r a n s p o r t  by r e d u c i n g  p r o t e i n  ki- 
nase  activity. 

We wish to express our gratitude to the Director and Staff at the Marine Biological Laboratory in Woods 
Hole, MA where these experiments were performed. We also thank Joshua C. Russell for expert techni- 
cal assistance during these studies. 

Supported by DHHS NS-11946 (J. M. Russell). 

Original version received 30 August 1994 and accepted version received 3 November 1995. 

R E F E R E N C E S  

Adams, D.J., and G. S. Oxford. 1983. Interaction of internal anions 
with potassium channels of the squid giant axon. J. Gen. Physiol. 
82:429-448. 

Altamirano, A. A., and J. M. Russell. 1987. Coupled Na/K/C1 ef- 
flux. "Reverse" unidirectional fluxes in squid axons.J. Gen. Phys- 
iol. 89:669-686. 

Altamirano, A. A., G. E. Breitwieser, and J. M. Russell. 1987. 
Na+,K+,C1 - coupled cotransport in squid axon. Acta Physiol. 
Scand. 136(Suppl. 582):16. 

Altamirano, A. A., G. E. Breitwieser, andJ. M. Russell. 1995. Effects 
of okadaic acid and intracellular CI- on Na+,K+CI - cotransport. 
Am. J, Physiol.: Cell Physiol. 269:C878-C883. 

Breitwieser, G. E., A. A. Altamirano, and J. M. Russell. 1990. Os- 
motic stimulation of Na+,K+,CI - cotransport in squid giant axon 
is [C1-]i dependent. Am. J. Physiol. Cell Physiol. 256:C749-C753. 

Breitwieser, G. E., A. A. Altamirano, andJ. M. Russell. 1992a. An in- 
tracellular site modifies Na,K, CI cotransport. FASEBJ. 6:A1485. 
(Abstr.) 

Breitwieser, G. E., A. A. Altamirano, andJ. M. Russell. 1992b. Inhib- 
itory effects of intracellular ions on Na+,K+,CI - cotransporter- 
mediated C1- influx.J. Gen. Physiol. 100:73a. (Abstr.) 

Breitwieser, G. E., A. A. Altamirano, and J. M. Russell. 1993. 
Na,K, CI cotransport is modulated by intracellular [Na] and [K]. 
FASEBJ. 7:A442. (Abstr.) 

Brinley, F.J.,Jr., and L.J. Mullins. 1967. Sodium extrusion by inter- 
nally dialyzed squid axons.9[ Gen. Physiol. 50:2303-2332. 

Brock, T. A., C. Brugnara, M. Cassa, and M. A. Gimbrone Jr. 1986. 
Bradykinin and vasopressin stimulate Na+-K+-CI - cotransport in 
cultured endothelial cells. Am. J. Physiol.: Cell PhysioL 250:C888- 
C895. 

Chan, H. C., and D. J. Nelson. 1992. Chloride-dependent cation 
conductance activated by cell shrinkage. Science (Wash. DC). 257: 
669-67l. 

Davis, B. A., E. M. Hogan, and W. F. Boron. 1994. Shrinkage- 
induced activation of Na-H exchange in barnacle muscle fibers. 
Am. J. Physiol. Cell Physiol. 266:C1744-1753. 

Dinudom, A.,J. A. Young, and D. I. Cook. 1993. Na + and C1 con- 
ductances are controlled by cytosolic C1- concentration in the in- 
tralobular duct cells of mouse mandibular glands. J. Membr. Biol. 
135:289-295. 

Duhm,J. 1987. Furosemide-sensitive K + (Rb +) transport in human 
erythrocytes: Modes of operation, dependence on extracellular 
and intracellular Na +, kinetics, pH dependency and the effect of 
cell volume and N-ethylmaleimide.J. Membr. Biol. 98:15-32. 

Forbush III, B. F., M. Haas, and C. Lytle. 1992. Na-K-CI cotransport 
in the shark rectal gland. I. Regulation in the intact perfused 
gland. Am. J. Physiol. Cell Physiol. 262:C1000-C1008. 

Geck, P., C. Pietrzyk, B.-C. Burckhardt, B. Pfieffer, and E. Heinz. 
1980. Electrically silent cotransport of Na +, K + and CI- in Ehr- 
lich cells. Biochim. Biophys. Acta. 600:432-447. 

Haas, M., and D. G. McBrayer. 1994. Na-K-CI cotransport in nysta- 
tin-treated tracheal cells: regulation by isoproterenol, apical UTP 

269 BREITWIESER ET AL. 



and [Cl]i. Am. J. Physiol. Cell Physiol. 266:C1440-C1452. 
Higashijima, T., K. M. Ferguson, and P. C. Sternweiss. 1987. Regula- 

tion of hormone-sensitive GTP-dependent regulatory proteins by 
chloride.J. Biol. Chem. 262:3597-3602. 

Kinne, R., E. Kinne-Saffran, B. Scholermann, and H. Schutz. 1986. 
The anion specificity of the sodium-potassium-chloride cotrans- 
porter in rabbit kidney outer medulla: studies on medullary 
plasma membranes.  Pflftgers Arch. 407:5168-5173. 

Lauf, P. IL, T.J. McManus, M. Haas, B. Forbush, III, J. Duhm, P. W. 
Flatman, M. H. Saier, andJ.  M. Russell. 1987. Physiology and bio- 
physics of chloride and cation cotransport across cell mem- 
branes. Fed. Proc. 46:2377-2394. 

Levinson, C. 1990. Regulatory volume increase in Ehrlich ascites tu- 
mor cells. Biochim. Bi~phys. Acta. 1021:1-8. 

Lytle, C., and B. Forbush, III. 1992. Is [C1-] t the switch controlling 
Na-K-CI cotransport in shark rectal gland? Biophys. J. 61:A384. 
(Abstr.) 

Lytle, C., and T. J. McManus. 1986. A minimal kinetic model of 
[Na+K+ 2C1] cotransport with ordered binding and glide symme- 
try. J. Gen. Physiol. 88:36a. (Abstr.) 

Middleton, J. P., A. W. Mangel, S. Basavappa, andJ .  G. Fitz. 1993. 
Nucleotide receptors regulate ion transport in renal epithelial 
cells. Am. J. Physiol. Renal, Fluid Elect. Physiol. 264:F867-F873. 

Miyamoto, H., T. Ikehara, H. Yamaguchi, K. Hosokawa, T. Yonezu, 
and T. Masuya. 1986. Kinetic mechanism of the Na+,K+,C1 - 
cotransport as studied by Rb + influx into HeLa cells: effects of 
extracellular monovalent ions.J. Membr Biol. 92:135-150. 

Nakajima, T., T. Sugimoto, and Y. Kurachi. 1992. Effects of anions 
on the G-protein-mediated activation of the muscarinic K + chan- 
nel in the cardiac atrial cell membrane:  Intracellular chloride in- 
hibition of the GTPase activity.J. Gen. Physiol. 99:665-682. 

O'Donnell ,  M. E., and N. E. Owen. 1986. Atrial natriuretic factor 
stimulates Na/K/C1 cotransport in vascular smooth muscle cells. 
Proc. Natl. Acad. Sci. USA. 83:6132-6136. 

O'Neill, W. C., andJ .  D. Klein. 1992. Regulation of vascular endo- 
thelial cell volume by Na-K-2C1 cotransport. Am. J. Physiol. Cell 
PhysioL 262:C436-C444. 

Orii, Y., T. Mogi, M. Sato-Watanabe, T. Hirano, and Y. Anraku. 
1995. Facilitated intramolecular electron transfer in the Escheri- 
chia coli bo-type ubiquinol oxidase requires chloride. Biochemistry. 
34:1127-1132. 

Owen, N. E., and M. L. Prastein. 1985. Na+/K+/C1 cotransport in 
cultured human  fibroblasts.J. Biol. Chem. 260:1445-1451. 

Palfrey, H. C., and P. Greengard. 1981. Hormone-sensitive ion 
transport systems in erythrocytes as models for epithelial ion 
pathways. Ann. NY  Acad. Sci. 372:291-308. 

Palfrey, H. C., and M. E. O'Donnell .  1992. Characteristics and regu- 
lation of the Na/K/CI  cotransporter. Cell Physiol. Biochem. 2: 293- 
307. 

Perutz, M. F., D. T.-b. Shih, and D. Williamson. 1994. The chloride 
effect in human  haemoglobin. A new kind of allosteric mecha- 
nism. J. Mol. Biol. 239:555-560. 

Robertson, M. A., andJ.  K. Foskett. 1994. Na + transport pathways in 
secretory acinar cells: membrane  cross-talk mediated by [C1 ]i. 
Am. J. Physiol. CeU Physiol. 267:C146--C156. 

Russell, J. M. 1976. ATP-dependent chloride influx into internally 
dialyzed squid giant axons.J. Membr. Biol. 28:335-350. 

Russell,J. M. 1979. C1 and Na influx: A coupled uptake mechanism 
in the squid giant axon. J. Gen. Physiol. 73:801-818. 

Russell, J. M. 1983. Cation-coupled chloride influx in squid axon: 
role of potassium and stoichiometry of the transport process. J. 
Gen. Physiol. 81:909-926. 

Shih, D. T.-b., and M. F. Perutz. 1987. Influence of anions and pro- 
tons on the Adair coefficients of haemoglobins A and Cowtown 
(His HC3(146) [3---)Leu). J. Mol. Biol. 195:419-422. 

Tohda, H., J. K. Foskett, H. O'Brodovich, and Y. Marunaka. 1994. 
C1- regulation of a CaZ+-activated nonselective cation channel  in 
[3-agonist-treated fetal distal lung epithelium. Am. J. Physiol. Cell 
Physiol. 266:C104-C109. 

Treharne,  K.J., L.J. Marshall, and A. Mehta. 1994. A novel chlo- 
r ide-dependent GTP-utilizing protein kinase in plasma mem- 
branes from human  respiratory epithelium. Am. J. Physiol. Lung 
Cell. Mol. Physiol. 267:L592-L601. 

Wang, X., Y. Marunaka, L. Fedorko, S. Dho, J. K. Foskett, and H. 
O'Brodovich. 1993. Activation of C1- currents by intracellular 
chloride in fibroblasts stably expressing the human  cystic fibrosis 
t ransmembrane conductance regulator. Can. J. Physiol. Pha~vna- 
col. 71:645-649. 

Whisenant, N., M. Khademazad, and S. Muallem. 1992. Regulatory 
interaction of intracellular ATP, Na + and C1- with the NaK2C1 
cotransporter.J. Gen. Physiol. 100:55a. (Abstr.) 

270 Internal Effects of  Na and Cl on Na, K, CI Cotransport 


