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Pathways for H C O  3 transport across the basolaterai membrane were investigated using membrane vesicles 
isolated from rat renal cortex. The presence of C I - - H C O 3 -  exchange was assessed directly by 3 6 0 -  tracer 
flux measurements and indirectly by determinations of acridine orange absorbance changes. Under 10% 
C O z / 9 0 %  N z the imposition of an outwardly directed H C O  3 concentration gradient (pH o 6 / p H  i 7.5) 
stimulated C I -  uptake compared to C ! -  uptake under 100% Nz in the presence of a pH gradient alone. 
Mediated exchange of C I -  for H C O  3- was suggested by the H C O  3 gradient-induced concentrative 
accumulation of intravesicular CI - .  Maneuvers designed to offset the development of ion-gradient-induced 
diffusion potentials had no significant effect on the magnitude of H C O  3 gradient-driven CI - uptake further 
suggesting chemical as opposed to electrical C I - - H C O 3 -  exchange coupling. Although basolateral mem- 
brane vesicle C ! -  uptake was observed to be voltage sensitive, the DIDS  insensitivity of the C I -  conductive 
pathway served to distinguish this mode of C I -  translocation from H C O  3- gradient-driven C I -  uptake. No 
evidence for K + / C I -  cotransport was obtained. As determined by acridine orange absorbance measure- 
ments in the presence of an imposed pH gradient (pHo 7 . S / p H  i 6), a HC03-  dependent increase in the rate 
of intravesicular alkalinization was observed in response to an outwardly directed C I -  concentration 
gradient. The basolateral membrane vesicle origin of the observed C i - - H C 0 3  exchange activity was 
verified by experiments performed with purified brush-border membrane vesicles. In contrast to our previous 
observations of the effect of C I -  on H C O  3 gradient-driven Na + uptake suggesting a basolateral membrane 
N a + - H C 0 3  - for C I -  exchange mechanism, no effect of Na + on C I - H C 0 3 -  exchange was observed in the 
present study. 

Introduction 

The renal proximal tubule performs a critical 
function in maintaining acid-base balance by re- 
turning most of the filtered HCO 3 to the circula- 
tion. The reabsorption of filtered HCO 3 is 

Abbreviations: TMA, tetramethylammonium; Hepes, 4-(2-liy- 
droxyethyl)-l-piperazineethanesulfonic acid; Mes, 4-morpho- 
lineethanesulfonic acid; Val, valinomycin; FCCP, carbonyl 
cyanide p-trifluoromethoxyphenylhydrazone; DIDS 4,4'-diiso- 
thiocyanatostilbene-2,2'-disul fonic acid. 

achieved by proximal tubular acidification which 
occurs as a result of H + secretion across the 
luminal membrane. The carbonic acid formed by 
titration of filtered HCO 3 is subsequently dehy- 
drated by luminal membrane carbonic anhydrase 
with the evolving CO 2 moving into the cell where 
carbonic acid is reformed by the action of cyto- 
plasmic carbonic anhydrase. The protons arising 
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from intracellular carbonic acid are recycled back 
across the luminal membrane and HCO 3 exits the 
cell across the basolateral membrane. 

The predominant mechanism of H + secretion 
across the luminal membrane of the proximal 
tubule is by Na+-H + exchange which couples the 
downhill influx of Na + to the uphill efflux of H +. 
The evidence for this H + secretory pathway is 
widespread as its existence has been demonstrated 
in microperfusion experiments in vivo [1-4], in 
isolated tubules [5-8] and brush border membrane 
vesicles [9-11]. In contrast, only recently have the 
mechanisms mediating HCO 3 efflux across the 
basolateral membrane been elucidated. Studies of 
mammalian and nonmammalian proximal tubules 
perfused in vivo [12,13] and in vitro [14-16] sug- 
gest an electrogenic Na+ /HCO3 - cotransport 
mechanism as an exit pathway for basolateral 
membrane HCO~- efflux. This finding has been 
further supported by the demonstration of electro- 
genic N a + / H C O 3  cotransport in preparations of 
purified basolateral membrane vesicles [17-19]. In 
addition to renal proximal tubule cells this ion- 
coupled HCO 3 transport pathway has also been 
identified in cultured cells derived from monkey 
kidney and bovine corneal endothelium [20,21]. 

The possible existence of a basolateral mem- 
brane C1--HCO 3 exchange mechanism may rep- 
resent an alternate HCO 3 efflux pathway in ad- 
dition to N a + / H C O 3  cotransport. The presence 
of basolateral membrane C1--HCO3- exchange has 
been suggested from both mammalian [14,22-24] 
and nonmammalian [25,26] tubule perfusion stud- 
ies. Indirect evidence for basolateral membrane 
C1--HCO 3 exchange has also been obtained from 
investigations of sulfate transport using isolated 
basolateral membrane vesicles [27]. 

In this report the possible presence of a baso- 
lateral membrane C1--HCO3- exchange mecha- 
nism was assessed by both 36C1- tracer uptake 
and acridine orange absorbance measurements 
using preparations of purified membrane vesicles 
isolated from rat renal cortex. Evidence support- 
ing the existence of C1--HCO 3 exchange was 
obtained which is consistent with our previous 
observation of anion exchange mechanisms in rab- 
bit basolateral membrane vesicles [28]. These find- 
ings suggest an alternate ion-coupled HCO 3 
transport pathway in addition to Na+ /HCO3 - 

cotransport which may mediate HCO 3 efflux 
across the proximal tubule cell basolateral mem- 
brane. 

Materials and Methods 

Membrane preparations 
Rat renal basolateral membrane vesicles were 

prepared by differential and Percoll density gradi- 
ent centrifugation as previously described [18]. 
The basolateral membrane fraction was enriched 
9-12-fold compared to the homogenate in specific 
activity of the basolateral membrane marker (Na + 
+ K+)-ATPase and represented 9-14% of the total 
homogenate (Na + + K+)-ATPase activity [29]. The 
specific activity of maltase, a luminal membrane 
marker enzyme, was enriched 1-2-fold and repre- 
sented 1-2% of the homogenate maltase activity 
[30]. Both freshly prepared and frozen basolateral 
membrane preparations were used in this study as 
prel iminary experiments  indicated freezing 
( - 7 0  ° C) had no effect on C1--HCO 3 exchange 
activity. Brush-border membrane vesicles were 
isolated from rat renal cortex by the divalent 
cation aggregation method described previously 
[31] and stored frozen at - 7 0 ° C  in 200 mM 
mannitol, 50 mM potassium gluconate, 10 mM 
Hepes-KOH (pH 7.4) until used. Membrane pro- 
tein was determined by a sodium dodecyl sulfate- 
Lowry assay with bovine serum albumin as the 
standard [32]. 

Isotopic flux measurements 
Thawed (20-25 ° C) or freshly prepared aliquots 

of membrane vesicles were washed twice in 100 
mM TMA gluconate, 86 mM Hepes, 43 mM 
TMA(OH) (pH 7.5) by centrifuging 30 min at 
44 000 × g. The second pellet was resuspended to 
10-30 mg of p ro te in /ml  in the same media and 
isosmotic solutions of appropriate ionic composi- 
tion were added to obtain the desired intravesicu- 
lar solution described for each experiment in the 
figure legends. The membrane suspension was in- 
cubated for 120 min at room temperature to in- 
sure complete transmembrane equilibration of the 
added media. During the pre-equilibration period 
the membranes were gassed continuously with 
humidified 100% N 2 or 90% N2/10% CO2. The 
extravesicular media were prepared similarly and 



the final composition for each experiment is given 
in the figure legends. Intravesicular 36C1- content 
was assayed in triplicate at 37 °C  in the continued 
presence of either 100% N 2 or 90% N2/10% CO 2 
by a rapid filtration technique previously de- 
scribed [18,33]. The uptake reaction was quenched 
by the rapid addition of 213 mM potassium gluco- 
nate, 2 mM probenecid, 10 mM Hepes-TMA (pH 
7.5) kept at 4°C.  The diluted membrane suspen- 
sion was passed through a 0.65/~m Millipore filter 
(DAWP) and washed with an additional 9 ml of 
the quench buffer. The filters were dissolved in 3 
ml of Ready-Solv HP (Beckman) and counted by 
scintillation spectroscopy. The process of quench- 
ing, filtration and washing occurred within a 15-s 
period. The timed uptake values obtained were 
corrected for the nonspecific retention of isotope 
by the filters. 

Spectrophotometric determinations of A pH 
The rate of change of intravesicular pH in 

response to an imposed pH gradient (pH o 7 . 5 / p H  i 
6) was monitored by acridine orange absorbance 
spectroscopy using an SLM-Aminco DW2 spec- 
trometer. In the dual wavelength mode the time- 
dependent change in the absorbance difference, 
A492_546, was monitored using 546 nm as a refer- 
ence wavelength (slit width 5 nm) [34]. Equal 
aliquots of thawed (20-25 o C) or freshly prepared 
membranes were washed twice into either 165 mM 
KC1, 5 mM Mes-TMA (pH 6) or 165 mM potas- 
sium gluconate, 5 mM Mes-TMA (pH 6) by 
centrifuging 30 min at 44 000 × g. Each pellet was 
resuspended in its respective media and solutions 
of appropriate ionic composition were added to 
obtain the desired intravesicular solution as de- 
scribed in the figure legend. The membrane sus- 
pension was incubated for 120 min at room tem- 
perature under continuous gassing with either 
humidified 100% N 2 or 95% N2, 5% CO 2. The 
extravesicular or cuvette solutions were prepared 
similarly and their ionic composition is given in 
the figure legend. Experiments were initiated by 
the rapid addition of 10 /~1 membranes (50-80 
/~ g /  protein) to a 2.5 ml stirred cuvette solution 
thermostatically maintained at 25 ° C. Upon ad- 
dition of the vesicles to the cuvette buffer an 
immediate quench of absorbance ( ' pH jump') was 
noted in response to the imposed pH gradient. 
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Among the various transmembrane ionic condi- 
tions tested no significant difference in the magni- 
tude of the ' p H  jump'  was observed which indi- 
cates the dye response and pH gradient was unaf- 
fected by manipulating the intra- and extravesicu- 
lar ionic composition. The initial rate of change of 
intravesicular pH was determined from the linear 
segment of the absorbance change occurring im- 
mediately after the ' p H  jump'. 

Materials 
Acridine orange, Percoll, probenecid, valinomy- 

cin and DIDS were purchased from Sigma (St. 
Louis, MO). Furosemide was generously supplied 
by Hoechst-Roussel (Somerville, NJ). 36C1 was 
obtained from New England Nuclear (Boston, 
MA). Valinomycin was dissolved in 95% ethanol 
and was added to the membrane suspension in a 
1 :100 dilution. Equivalent volumes of ethanol 
were added to control aliquots of membranes. All 
solutions were prepared with distilled-deionized 
water and passed through a 0.22 lam Millipore 
filter. 

Results 

HCOf gradient-driven CI- influx 
The presence of a C1-HCO 3 exchange mecha- 

nism in rat renal basolateral membrane vesicles 
would be suggested by the ability of a HCO 3 
concentration gradient to serve as a driving force 
for intravesiclar concentrative C1- accumulation. 
The time course of intravesicular C1- accumula- 
tion (C1 o = 5 mM) is illustrated in Fig. 1 as a 
function of imposed transmembrane pH and 
HCO 3 gradients. When intra- and extravesicular 
pH was equal at pH 6 C1- uptake was low and 
unaffected by the presence (pH o 6 / p H  i 6 + CO2/ 
HCO3) or nominal absence (pH o 6 / p H  i 6 - C O J  
HCO3) of CO 2 /H CO  3. The imposition of an 
inside alkaline pH gradient in the nominal ab- 
sence of CO2/HCO 3 (pH o 6 / p H  i 7 . 5 -  CO2/  
HCO3) induced a modest stimulation of C1- up- 
take which was further increased in the presence 
of an outwardly directed HCO 3 concentration 
gradient (pH 0 6 / p H  i 7.5 +CO2/HCO3).  The 
observation of concentrative C1- uptake in the 
presence but not the absence of an outwardly 
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Fig. 1. Effect of  HCO 3 on C I -  inf lux. Basolatera] membrane 
vesicles were pre-equilibrated with: (pH o 6/pH i 6-COz): 110 
mM TMA gluconate, 57.3 mM potassium gluconate, 52 mM 
Mes, 45.3 mM Hepes, 23 mM TMA(OH) under 100% N2; 
(pHo 6/pH i 6+CO2): 110 mM TMA gluconate, 57.3 mM 
potassium gluconate, 52 mM Mes, 45.3 mM Hepes, 23 mM 
TMA(OH), 1.8 mM HCO3; (pH o 6/pH i 7.5- CO2): 110 mM 
TMA gluconate, 57.3 mM potassium gluconate, 52 mM man- 
nitol, 45.3 mM Hepes, 23 mM TMA(OH) under 100% N2; 
(pH o 6/pH i 7.5+CO2): 110 mM TNA gluconate, 57.3 mM 
KHCO 3, 52 mM mannitol, 45.3 mM Hepes, 23 mM TMA(OH) 
under 10% CO2/90% N 2. Uptake of 36C1- (5 mM) occurred 
from extravesicular solutions containing: (pH o 6/pH i 6 -  
CO2): 109 mM TMA gluconate, 57.4 mM potassium gluco- 
hate, 52 mM Mes, 44.3 mM Hepes, 27 mM TMA(OH) under 
100% N2; (pH o 6/pH i 6+CO2): 109 mM TMA gluconate, 
57.4 mM potassim gluconate, 52 mM Mes, 44.3 mM Hepes, 27 
mM TMA(OH), 1.8 mM HCO~- under 10% CO2/90% N2; 
(pH o 6/pH i 7.5-CO2): 109 mM TMA gluconate, 57.4 mM 
potassium gluconate, 47 mM Mes, 9 mM Hepes, 25 mM 
TMA(OH), 42 mM mannitol under 100% N2; (pH o 6/pH i 
7.5+CO2): 109 mM TMA gluconate, 57.4 mM K +, 59 mM 
gluconate, 47 mM Mes, 9 mM Hepes, 25 mM TMA(OH), 29 
mM mannitol, 2 mM HCOf under 10% CO2/90% N 2. A 
representative experiment of three independent observations is 

illustrated. 

directed HCO 3 gradient  suggests the coupled ex- 
change of C1- for HCO~- in  the membranes .  

The nature  of H C O ~  coupling to C1- uptake 
was next examined by evaluat ing the effect of 
maneuvers  designed to min imize  m e m b r a n e  
potent ial  development  as is shown in Fig. 2. In  the 
presence of a p H  gradient  (pH o 6 / p H  i 7.5 + 
C O 2 / H C O 3 )  HCO 3 gradient- induced C1- uptake 
was determined with Ko = K i in the presence (450 
~M) or absence of val inomycin.  The magni tude  of 
HCO 3 gradient  induced C1- uptake was only 
slightly reduced in the presence of va l inomycin  
which suggests a negligible con t r ibu t ion  of ion- 
gradient  (H +, O H - ,  H C O j ) - i n d u c e d  diffusion 
potentials  to C1 uptake. 

16 -Valinomycln pH o 6'pH 17 5 * CO 2/HCO3 

.E 14 

12 + 
O g 
~- 10 

O 
-~ ~ pH o 6/pH i 6 + CO 2/HCO 3 

C n 

Time (sec) 

Fig. 2. Effect of valinomycin on HCO 3 gradient-driven CI 
influx. Basolateral membrane vesicles were pre-equilibrated as 
described in the legend to Fig. 1. The timed uptake of 36C1 (5 
mM) occurred from solutions described in the legend to Fig. 1. 
Where indicated membranes were preincubated with 
valinomycin (450 ~ M) or an equivalent volume of ethanol (1%) 
for a minimum of 30 rain. Results of a representative experi- 

ment performed in triplicate are illustrated. 

Conductive Cl-  uptake 
Possible indirect  electrical coupling between an 

outwardly directed HCO 3- gradient  and C I -  up- 
take was further evaluated by testing for a baso- 

lateral membrane  C1- conductive pathway. Cl 

uptake was measured with K o > K i in the pres- 
ence (225 ffM) and  absence of val inomycin.  As 
shown in Fig. 3, a va l inomycin- induced  inside 

positive K diffusion potent ial  markedly st imulated 
C1 uptake compared to control  indicat ing the 
presence of a conductive pathway for C1- translo- 

cation. This vol tage-dependent  s t imulat ion of C1- 
uptake was virtually abolished when the protono-  
phore  F C C P  was presen t  in add i t i on  to 
val inomycin.  With  K o >  K i in the absence of 
val inomycin C1- uptake was similar to control  
which suggests a lack of K + / C 1  - cotransport  in 

these membranes.  
In  an at tempt  to dist inguish the C l -  conduct ive 

pathway from C1- -HCO3 exchange each was 
tested for sensitivity to D1DS inhibi t ion.  As shown 
on the left of Fig. 4 the conductive uptake of C l -  
was insensitive to DIDS  (10 # M - 2 5 0  /~M). In 
contrast,  as shown to the right of Fig. 4, H C O ~  
gradient  s t imulated C1- uptake was markedly in- 
hibited by DIDS  (150 20 /~M). The observed dif- 
ference in sensitivity to DIDS  inhib i t ion  suggests 
H C O  3 gradient- induced C1- uptake does not  oc- 
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Fig. 3. C1- influx driven by a valinomycin-induced K ÷ diffu- 
sion potential. Basolateral membrane vesicles were pre-equi- 
librated with: (K o = Ki): 110 mM TMA gluconate, 57.3 mM 
potassium gluconate, 52 mM Mes, 45.3 mM Hepes, 23 mM 
TMA(OH) (pH 6); (Ko > Ki): 167.3 mM TMA gluconate, 52 
mM Mes, 45.3 mM Hepes, 23 mM TMA(OH) (pH 6). The 10 s 
uptake of 36C1- (5 mM) occurred from an extravesicular 
solution containing 110 mM TMA gluconate, 57.3 mM potas- 
sium gluconate, 52 mM Mes, 45.3 mM Hepes, 23 mM 
TMA(OH) (pH 6). Where indicated membranes were prein- 
cubated with valinomycin (225 ~M) or an equivalent volume of 
ethanol (1%) for a minimum of 30 rain. FCCP (65 /zM) or an 
equivalent amount of ethanol (0.13%) was present in the ex- 
travesicular solution. Control C1- uptake was 1.1135:0.014 
nmol/mg protein. The mean+ S.E, of five experiments, each 

performed with a different membrane preparation, is shown. 

cur  via the previously  descr ibed  C1- conduct ive  

pa thway.  

CI- gradient-dependent intravesicular alkaliniza- 
tion 

If  a C 1 - - H C O  3 exchange mechan i sm is p resen t  
then  not  only should  gradients  of H C O  3 dr ive  
C1- up take  as previous ly  shown, bu t  C1- gradients  

should  dr ive in t raves icular  H C O  3 accumula t ion .  
The  la t ter  was examined  b y  de te rmin ing  the effect 
of  ou tward ly  d i rec ted  C1- gradients  on the ra te  of  
in t raves icular  p H  change as shown in Fig. 5. In  
the presence of  an imposed  p H  grad ien t  (pH o 
7 . 5 / p H  i 6) C1- g rad ien t - induced  a l te ra t ions  of  
the ra te  of in t raves icular  a lka l in iza t ion  was moni -  
to red  by  acr id ine  orange abso rbance  measure-  
ments  in the  presence or  absence  of C O 2 / H C O 3 .  
As  shown on the left  in Fig. 5 the impos i t ion  of  an 
ou tward  C1- grad ien t  had  no effect on  the ra te  of  
in t raves icular  a lka l in iza t ion  in the nomina l  ab-  
sence of C O 2 / H C O ~ - .  The  impos i t ion  of an in- 
ward ly  di rec ted  H C O  3 grad ien t  s ignif icant ly  in- 
creased the rate  of  in t raves icular  a lka l in iza t ion  
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Fig. 4. Effect of DIDS on conductive C1- uptake vs. HCO 3- 
gradient-driven C1- uptake. Conductive C1- uptake: the 20-s 
uptake of 36C1- (5 mM) was assayed as described in the legend 
to Fig. 3 for Ko>Ki+Val ;  HCO3 gradient driven C1- 
uptake: the 20-s uptake of 36C1- (5 mM) was assayed as 
described in the legend to Fig. 1 for pH o 6/pH i 7.5+CO 2. 
Membranes were preincubated with valinomycin (450 btM) for 
a minimum of 30 min. Control values for conductive and 
HCO 3 gradient-driven C1- uptake were 1.59 5:0.49 and 2.4 5: 
0.23 nmol/mg protein, respectively. The data from four experi- 
ments, each performed with a different membrane preparation, 

are shown. 

which was still fur ther  increased in the presence of 
an ou tward ly  di rec ted  C1- gradient .  Whereas  the 
C1- g rad ien t - induced  increase in the rate  of  in- 
t ravesicular  a lka l in iza t ion  was s ignif icant ly  re- 
duced  by  the red cell an ion  exchange inh ib i to r  
furosemide  [35], no signif icant  inh ib i t ion  was ob-  
served in the  absence  of C1-. These  results  fur ther  
suggest a flux coupl ing  of  C1- and  HCO~- which is 

sensit ive to furosemide.  

Brush-border membrane HCO 7 gradient-driven 
Cl-  influx 

The presence of  C I - - H C O 3  exchange in pur i -  
f ied b r u s h - b o r d e r  m e m b r a n e  ves ic les  was  
evaluated  to de te rmine  the m e m b r a n e  origin the 
anion  ant ipor ter .  As  shown in Fig. 6 the impos i -  
t ion of an inside a lkal ine  p H  grad ien t  in the 

nomina l  absence  of C O 2 / H C O  3 (pH o 6 / p H i  7.5, 
N2) s ignif icant ly s t imula ted  b ru sh -bo rde r  mem-  
b rane  C1- up take  c o m p a r e d  to the level observed 
in the absence  of  a p H  grad ien t  (pHo 6 / p H i  6, 
C O 2 / H C O 3 ) .  The  same inside a lkal ine  p H  gradi-  
ent  in the presence of C02/HCO;  fur ther  s t imu- 
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Fig. 5. Effect of CI-  on the rate of intravesicular alkalinization. 
Basolateral membrane vesicles were pre-equilibrated with 165 
mM K gluconate (0C1) or 165 mM KC1 (CI i > Clo), 5 mM 
Mes/TMA(OH) (pH 6), 20 FM acridine orange and 1.5 mM 
potassium gluconate when under 100% N 2. Membranes gassed 
with 5% CO2/95% N 2 were similarly pre-equilibrated except 
substituting 1.5 mM KHCO 3 for 1.5 mM potassium gluconate 
and where indicated 0.5 mM furosemide was present. The 
extravesicular cuvette solutions were gassed in parallel with the 
membrane vesicles and consisted of 165 mM potassium gluco- 
nate, 5 mM Hepes/TMA(OH) (pH 7.5), 20 FM acridine 
orange under 100% N2; 137 mM potassium gluconate, 28 mM 
KHCO3, 5 mM Hepes/TMA(OH) (pH 7.5), 20 ~M acridine 
orange and where indicated 0.5 mM furosemide under 5% 
CO2/95% N 2. Membranes were preincubated with valinomy- 
cin (450 ~tM) for at least 30 rain. The control absorbance 
change rate was 0.1455±0.008 absorbance uni t /min  per mg 
protein. The data shown represents values obtained from nine 

experiments. 
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Fig. 6. HCO 3 gradient-driven C1- uptake by brush border 
membrane vesicles. Brush-border membrane vesicles were pre- 
equilibrated as described in the legend to Fig. 1. The 15 s 
uptake of 36 C1- (5  mM) occurred from extravesicular solutions 
described in the legend to Fig. 1. Where indicated membranes 
were preincubated with valinomycin (450/zM) or an equivalent 
volume of ethanol (1%) for a minimum of 30 min. The data 

from three experiments are shown. 

lated C1- uptake by these luminal membrane 
vesicles. However, the pH gradient induced stimu- 
lation of C1- uptake both in the presence and 
absence of CO2/HCO 3- was significantly reduced 
by maneuvers designed to offset membrane poten- 
tial development (valinomycin + Ko = Ki). Al- 
though this maneuver abolished pH gradient-in- 
duced C1- uptake in the absence of CO2/HCO3, 
C1- uptake in the presence of CO2/HCO f re- 
mained above the control level (pH o 6 / p H  i 6) 
which may suggest the existence of luminal mem- 
brane C1-HCO 3 exchange. In view of the low level 
of brush-border membrane contamination present 
in the basolateral membrane preparation used in 
these studies the magnitude of this putative lumi- 
nal membrane C1--HCOf exchanger is not suffi- 
cient to account for the C1--HCO3 exchange ac- 
tivity observed in basolateral membranes. 

Na + coupling to CI - - H C O f  exchange 
Previously we presented evidence suggesting the 
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Fig. 7. Effect of Na + on HCO~- gradient-driven C1 influx. 
Basolateral membrane vesicles were pre-equilibrated under 10% 
CO2/90% N 2 with: (0Na): 153 mM TMA gluconate, 57.3 mM 
KHCO3, 45.3 mM Hepes, 23 mM TMA(OH) (pH 7.5); (Na i = 
Nao, Na~ > Nao): 53 mM TMA gluconate, 100 mM sodium 
gluconate, 57.3 mM KHCO 3, 45.3 mM Hepes, 23 mM 
TMA(OH) (pH 7.5). The 20-s uptake of 36C1- (5 mM) oc- 
curred from an extravesicular solution containing: (0Na): 153 
mM TMA gluconate, 57.3 mM K +, 66 mM gluconate, 37 mM 
Mes, 9 mM Hepes, 25 mM TMA(OH) (pH 6); (Na i = Nao): 
53 mM TMA gluconate, 100 mM sodium gluconate, 57.3 mM 
K ÷, 66 mM gluconate, 37 mM Mes, 9 mM Hepes, 25 mM 
TMA(OH) (pH 6); (Na i > Nao): 133 mM TMA gluconate, 20 
mM sodium gluconate, 57.3 mM K ÷, 66 mM gluconate, 37 
mM Mes, 9 mM Hepes, 25 mM TMA(OH) (pH 6). Where 
indicated membranes were preincubated with valinomycin (450 
~tM) or an equivalent volume of ethanol (1%) for a minimum 
of 30 min. The data shown were compiled from three experi- 

ments. 



coupling of C1- to N a + / H C O ~  - cotransport con- 
sistent with a basolateral membrane Na+-HCO3 
for C1 exchange mechanism [18]. To investigate 
the existence of this transport pathway further the 
coupling of Na  + to HCO£ gradient-dependent 
C1- uptake and efflux was assessed as shown in 
Figs. 7 and 8, respectively. As depicted in Fig. 7 
the magnitude of HCO~- gradient-induced C1- 
uptake was not further increased when intra- and 
extravesicular Na  + was equal or when an out- 
wardly directed Na  + gradient was imposed. Given 
the possibility that the apparent Na  + insensitivity 
of HCO~- gradient-induced C1- uptake may have 
resulted from a functional asymmetry of the anti- 

120 

~-~I00 
+1 

O 80 
tl 

"6 60 

40 

PHO 75/pHi 75  pHo 75/pHi 6 PHo75/PHi 6 ~ o  7figp~i 6 PHo 75~pH, 6 

+ Val ÷ Val + Val + Val 

Fig. 8. Effect of Na + on HCO~ gradient-driven CI-  efflux. 
Basolateral membrane  vesicles were pre-equilibrated under 10% 
CO2/90% N 2 with: (pH o 7 . 5 / p H  i 7.5, 0Na): 101 m M  T M A 
gluconate, 41 m M  Hepes, 26 m M  TMA(OH),  57.3 m M  KHCO3, 
14.2 mM potassium gluconate, 52 mM  mannitol,  6 mM  36C1 ; 
(pH o 7 .5 /pH  i 6, 0Na, Na  i < Nao): 101 m M  T M A  gluconate, 
41 m M  Hepes, 26 m M  TMA(OH),  71.5 mM  potassium gluco- 
nate, 52 mM Mes, 6 m M  36C1-; (PHo 7 . 5 / p H  i 6, Na i = Nao): 
51 m M  TMA gluconate, 50 m M  sodium gluconate, 41 mM  
Hepes, 26 m M  TMA(OH),  71.5 mM  potassium gluconate, 52 
m M  Mes, 6 m M  36C1-. The extravesicular solutions were: 
(pHo 7 .5 /pH  i 7.5, 0Na): same as intravesicular solution de- 
scribed above; (pHo 7 . 5 / p H  i 6, 0Na): 101 mM  T M A gluco- 
nate, 41 mM Hepes, 10 mM Mes, 37 m M  TMA(OH),  57.2 m M  
KHCO3, 14.3 mM potassium gluconate, 31 m M  mannitol,  6 
m M  36C1; (pH o 7 .5 /pH  i 6, Na i = Nao): 51 mM  T M A gluco- 
hate, 50 mM sodium gluconate, 41 m M  Hepes, 10 mM  Mes, 37 
mM TMA(OH),  57.2 m M  K H C O  3, 14.3 m M  potassium gluco- 
nate, 31 mM mannitol,  6 mM  36C1 ; (pH o 7 .5 / pH  i 6, Na i < 
Nao): 61 mM TMA gluconate, 40 m M  sodium gluconate, 41 
mM Hepes, 10 mM Mes, 37 mM  TMA(OH),  57.2 m M  KHCO3, 
14.3 mM potassium gluconate, 31 mM  mannitol,  6 mM  36C1-. 
Where  indicated m e m b r a n e s  were pre incubated  with 
valinomycin (450 ~M) or an equivalent volume of ethanol (1%) 
for a minimum of 30 min. The data from three experiments are 
shown as the % of initial ( T =  0) C1- content remaining 

after 10 s. 

481 

porter the effect of Na  + on HCO 3 gradient-in- 
duced C1- efflux was examined as shown in Fig. 8. 
With intra- and extravesicular C1- initially equal, 
the efflux of C1- was determined in the presence 
(pH o 7 . 5 / p H  i 6) and absence (pH o 7 . 5 / p H  i 7.5) 
of an inwardly directed HCO~- gradient. In the 
absence of Na  + intravesicular C1- was signifi- 
cantly reduced by the imposition of an inwardly 
directed HCO 3 gradient compared to level ob- 
served when intra- and extravesicular HCO 3- was 
equal. However, in the continued presence of an 
inwardly directed HCO 3 gradient the level of 
intravesicular C1- was not further reduced when 
intra- and extravesicular Na  + was equal or an 
inwardly directed Na  + gradient was imposed. 
Thus, similar to the previous experiment (Fig. 7) 
examining the effect of Na  + on HCO~- gradient- 
induced C1- uptake these data also suggest a lack 
of coupling between Na + and basolateral mem- 
brane C1 -HCO~- exchange. 

Discussion 

The present investigation was conducted to gain 
further insight as to the mechanism(s) of HCO_( 
permeation across the basolateral membrane of 
mammalian proximal tubule cells. Specifically, the 
possible presence of an anion antiporter mediating 
the exchange of C1- for HCOy was assessed di- 
rectly by tracer flux and indirectly by acridine 
orange absorbance measurements using prepara- 
tions of purified basolateral membrane vesicles. 
Evidence was obtained suggesting the existence of 
a basolateral membrane anion antiporter oper- 
ative as a C1--HCO 3 exchanger. 

The presence of a basolateral membrane C1-- 
HCO~- exchanger was first assessed by examining 
the ability of HCO~- to serve as a driving force for 
the accumulation of intravesicular CI-.  In appreci- 
ation of the reported presence of basolateral mem- 
brane-associated carbonic anhydrase [36] experi- 
ments were conducted in the presence or nominal 
absence of CO 2 so as to distinguish between O H -  
and HCO 3- as the preferred driver ion for C1- 
uptake. The observed pH gradient-induced stimu- 
lation of CI -  uptake in the absence of C O : / H C O  3 
suggests the coupled exchange of CI -  for O H -  (or 
H + / C 1 -  cotransport) and implies the presence of 
a C1--HCO 3 exchanger. This implication was 
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strengthened by the further stimulation of CI- 
uptake noted in the presence of the same pH 
gradient and an outwardly directed HCO 3 gradi- 
ent. That the concentrative uptake of C1 (over- 
shoot) was observed in the presence but not the 
absence of C O 2 / H C O  3- also argues favorably for 
the mediated exchange of C1- for HCO 3. 

Apart from the coupled exchange of C1- for 
HCO~ an alternate mechanism may be invoked 
to explain the observed H C O f  gradient-induced 
stimulation of C1- uptake. As the experiment de- 
scribed above was performed in the absence of 
maneuvers designed to minimize the development 
of membrane potential differences, the noted 
stimulation of C1- uptake may have resulted from 
ion-gradient (H +, OH- ,  HCO 3)  induced diffusion 
potentials. This possibility was evaluated by de- 
termining HCO 3 gradient-induced C1 uptake in 
the presence and absence of valinomycin when 
K o = K~. Whereas H C O /  gradient-induced C1- 
uptake was slightly reduced in the presence of the 
ionophore, concentrative C1- uptake persisted 
which suggests a negligible contribution of ion 
gradient-induced diffusion potentials to C1- up- 
take. Thus, the HCO~ gradient-induced stimula- 
tion of basolateral membrane C1- uptake would 
appear to be the result of direct coupling i.e. anion 
exchange, rather than indirect electrostatic inter- 
actions. However, as we did not verify the ade- 
quacy with which valinomycin in the presence of 
symmetrical K + concentrations offset the develop- 
ment of ion-gradient induced diffusion potentials 
the issue remained open and was investigated fur- 
ther. To the extent that H C O f  gradient-induced 
C1 uptake occurred indirectly via electrostatic 
interactions then a voltage sensitive pathway for 
C1- uptake should be present as has been previ- 
ously described for this membrane preparation 
[37]. As defined by a valinomycin inducible stimu- 
lation of C1 uptake in the presence of an in- 
wardly directed K+-gradient, a basolateral mem- 
brane C1--conductive pathway was detected in the 
present study as well. In an attempt to distinguish 
the C1--conductive pathway from C1--HCOf ex- 
change each was tested for sensitivity to DIDS 
inhibition. Whereas the conductive uptake of C1- 
was essentially DIDS insensitive, HCO 3 gradient- 
driven C1- uptake was markedly inhibited by 
DIDS (150 = 20 /LM). The observed difference in 

sensitivity to DIDS inhibition further suggests 
HCO~- gradient-induced C1- uptake does not oc- 
cur via a C1- conductive pathway and most likely 
represents coupled exchange of C1- for HCO~. 

Consistent with the operation of a basolateral 
membrane anion exchange mechanism coupling 
the flows of HCO 3 and C1- we have demon- 
strated the ability of HCO~ to serve as a driving 
force for intravesicular C1- accumulation. In keep- 
ing with the properties of this anion exchanger to 
couple the flows of HCO~ and C1- then gradients 
of C1- should serve as a driving force for intraves- 
icular HCO 3 accumulation. This was shown indi- 
rectly by monitoring changes in acridine orange 
absorbance in response to the collapse of an im- 
posed inside acid pH gradient. In the nominal 
absence of C O J H C O /  the imposition of an out- 
wardly directed C1- gradient was observed to have 
no effect on the rate of intravesicular alkaliniza- 
tion. However, in the presence of C 0 2 / H C 0 3  the 
same outwardly directly C1- gradient caused a 
significant increase in the rate of intravesicular 
alkalinization suggesting a more rapid influx of 
H C O /  consistent with C1--HCO 3 exchange. Fur- 
thermore, the C1- gradient-induced increase in the 
rate of intravesicular alkalinization was abolished 
by anion exchange inhibitor furosemide. The ob- 
servation of an inhibitor-sensitive, HCO3-depen- 
dent, C1 gradient-induced increase in the rate of 
intravesicular alkalinization supports the findings 
obtained from the tracer flux measurements and 
further suggests the existence of mediated CI - 
HCO 3 exchange in rat basolateral membrane 
vesicles. 

Owing to the possible existence of a brush 
border membrane C1--HCO 3 exchange mecha- 
nism [37-43] and the small amount of luminal 
membrane contamination detected in the baso- 
lateral membrane preparation used in this study 
the membrane origin of the anion exchange activ- 
ity was assessed. Although a significant stimula- 
tion of brush-border membrane vesicle C1- uptake 
was observed in the presence of an outwardly 
directed HCO~- gradient, the magnitude of stimu- 
lation was reduced by more than 60% when mem- 
brane potential development was blunted. This 
finding suggests that much of the C1 uptake 
occurring in the absence of maneuvers controlling 
for membrane potential development resulted from 



i on -g rad ien t - induced  di f fus ion potent ia ls .  How- 
ever, it should  be  no ted  that  a small  bu t  signifi-  
can t  s t imula t ion  of C1 up take  pers is ted  in the 
presence of  va l inomycin  and symmetr ica l  K + con- 
cen t ra t ions  which may  indicate  luminal  m e m b r a n e  
C1 - H C O  3 exchange or  incomple te  shunt ing of  
m e m b r a n e  potent ia l .  W h e n  consider ing the low 
level of b ru sh -bo rde r  m e m b r a n e  con t amina t i on  
present  in the baso la te ra l  m e m b r a n e  p repara t ion ,  
we conclude  that  the magn i tude  of this pu ta t ive  
lumina l  m e m b r a n e  C 1 - - H C O  3 exchange act ivi ty  
is not  sufficient to account  for the anion  exchange 
observed in baso la te ra l  membranes .  

Final ly ,  p r o m p t e d  by  our  previous  observa t ions  
of  the effects of C1- on HCO~- g rad ien t - induced  
baso la te ra l  m e m b r a n e  N a  ÷ up take  [18] consis tent  
with the ope ra t ion  of a N a + - H C O 3  for C1 ex- 
change mechanism,  we invest igated the effects of 
N a  + on H C O  3 grad ien t -dr iven  C1 uptake  and 
efflux. C o m p a r e d  to the absence  of N a  +, the level 
of H C O  3 g rad ien t - induced  C I -  up take  remained  
cons tan t  when intra-  and  ext raves icular  N a  + was 
equal  or when an ou tward ly  d i rec ted  N a  + grad ien t  
was imposed  which suggests a lack of  N a  + cou- 
p l ing  to C 1 - - H C O  3 exchange.  In  an effort  to 
compensa te  for a poss ible  funct ional  a symmet ry  
of  the N a + - H C O 3  for C1 exchange mechan i sm 
the coupl ing  of N a  + to C 1 - - H C O  3 exchange was 
further  invest igated by  examining  the effect of  
N a  + on H C O  3 grad ien t -dr iven  C1- efflux. Again,  
as wi th  H C O  3- g rad ien t - induced  C1- uptake ,  N a  + 
was wi thout  effect on H C O  3 grad ien t -dr iven  C1- 
efflux. The  appa ren t  N a  + insensi t ivi ty  of baso-  
la tera l  m e m b r a n e  C 1 - - H C O y  exchange no ted  in 
this membrane  vesicle s tudy cont ras ts  the recent  
r epor t  of N a  + dependen t  C 1 - - H C O  3 exchange 
loca ted  at the baso la te ra l  m e m b r a n e  of  microper -  
fused rat  p rox ima l  convolu ted  tubules  [24]. Whi le  
it is poss ible  that  the proper t ies  of  the anion  
exchange mechan i sm (Na  + dependency)  may  have 
been al tered dur ing  the rout ine  p r epa ra t i on  of 
baso la te ra l  m e m b r a n e  vesicles, this is inconsis tent  
with the effects of C1- on H C O 3  gradient - in-  
duced  N a  + up take  we previously  descr ibed  [18]. 
Perhaps  a more  l ikely exp lana t ion  m a y  be  the 
existence of  two baso la te ra l  m e m b r a n e  C 1 - - H C O  3 
exchange mechanisms  dis t inguished by  the prop-  
er ty  of coupl ing  to N a  +. Our  inabi l i ty  to detect  an 
effect of N a  + on H C O  3 grad ien t -dr iven  C1 up- 
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take may  reflect  an add i t iona l  difference be tween  
these two mechanisms  in their  respect ive affinit ies 
for C1-. This  is suggested by  the appa ren t  Na+- in  - 
dependen t  anion exchange observed in the present  
s tudy  using a low C1 concen t ra t ion  (5 m M )  and 
the N a  + dependence  demons t r a t ed  when much  
higher  C1 concent ra t ions  were used [24]. 
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