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Sodium Uptake across Basolateral Membrane of Rat Distal Colon

Evidence for Na-H Exchange and Na-Anion Cotransport

Vazhaikkurichi M. Rajendran, Matthew Oesterlin, and Henry J. Binder
Department of Internal Medicine, Yale University School of Medicine, NewHaven, Connecticut 06510

Abstract

This study sought to characterize the mechanism of Na trans-

port across basolateral membrane vesicles of rat distal colon.
Both an outward proton gradient and an inward bicarbonate
gradient stimulated 22Na uptake. Proton gradient-stimulated
n2Na uptake was activated severalfold by the additional pres-

ence of an inward bicarbonate gradient, and bicarbonate gra-

dient-stimulated nNa uptake was significantly enhanced by an

imposed intravesicular membrane positive potential. 0.1 mM
amiloride inhibited both proton gradient- and bicarbonate gra-

dient-stimulated 22Na uptake by 80 and 95%, respectively,
while 1 mM4,4'-diisothiocyanatostilbene-2,2'-disulfonic acid
(DIDS) inhibited both proton gradient- and bicarbonate gra-

dient-stimulated nNa uptake by 40 and 80%, respectively. Both
proton gradient- and bicarbonate gradient-stimulated 'Na up-

take saturated as a function of increasing Na concentration: the
apparent kinetic constants (K:) for Na for the DIDS-insensi-
tive component of proton gradient-stimulated nNa uptake was

46.4 mM, while the DIDS-sensitive component of proton gra-

dient- and bicarbonate gradient-stimulated nNa uptake had K.
for Na of 8.1 and 6.4 mM, respectively. Amiloride inhibited
both DIDS-insensitive proton gradient- and bicarbonate gra-

dient-stimulated 22Na uptake with an inhibitory constant (Kj of
-35 and 1 &NI, respectively. Weconclude from these results
that proton gradient-stimulated 22Na uptake represents both
DIDS-insensitive Na-H exchange and DIDS-sensitive electro-
genic Na-OH cotransport, and that the DIDS-sensitive compo-

nent of proton gradient-stimulated nNa uptake and bicarbon-
ate gradient-stimulated 22Na uptake may represent the same

electrogenic Na-anion cotransport process. (J. Clin. Invest.
1991. 88:1379-1385.) Key words: DIDS-sensitive Na uptake
DIDS-insensitive Na uptake - Bicarbonate-stimulated Na co-

transport * DIDS-sensitive Na-OH cotransport

Introduction

Recent studies with colonic apical membrane vesicles (AMV)1
have demonstrated a Na-H exchange with characteristics that
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1. Abbreviations used in this paper: AMV, apical membrane vesicles;
BLMV, basolateral membrane vesicles; DIDS, 4,4'-diisothiocyanato-
stilbene-2,2'-disulfonic acid; EIPA, 5-(N-ethyl-N-isopropyl) amiloride;
MES, 2-[N-morpholinolethanesulfonic acid; NMG, N-methyl-D-glu-
camine.

differ from the properties of Na-H exchange that has been iden-
tified in many other membranes of both polar and nonpolar
cells (1). Because this Na-H exchange is not proton activated,
we proposed that Na-H exchange of AMVis primarily in-
volved with vectorial Na transport. Thus, we initiated these
studies to determine whether a Na-H exchange (i.e., proton
gradient-stimulated 'Na uptake) was also located on the baso-
lateral membrane of epithelial cells of rat distal colon. Because
preliminary studies revealed that proton gradient-stimulated
22Na uptake by isolated basolateral membrane vesicles
(BLMV) was both 4,4'-diisothiocyanatostilbene-2,2'-disulfonic
acid (DIDS)-sensitive and DIDS-insensitive (2), we planned
this investigation to characterize the properties of Na transport
in BLMVwith particular emphasis on the effect of both proton
and bicarbonate gradients on 22Na uptake.

The results presented in this study indicate the presence ot
both DIDS-insensitive Na-H exchange, with properties that
differ somewhat from the Na-H exchange of AMV, and a novel
DIDS-sensitive electrogenic Na-anion cotransport process
which has affinity for both hydroxyl and bicarbonate but not
for other inorganic and organic anions.

Methods
Preparation of basolateral membrane vesicles. BLMVfrom scraped
mucosa of distal colon of Sprague-Dawley rats (200-250 g) were iso-
lated by sucrose density gradient and differential centrifugation
method of Biber et al. (3). BLMVwas resuspended in 20 mMTris-HCI
buffer (pH 7.4) containing 250 mMsucrose and was used for enzyme
assays. BLMVused for uptake studies were resuspended in respective
media that are specified in figure legends and stored at -700C. Frozen
vesicles were thawed and incubated at room temperature for 90 min
before the uptake studies. Uptake rates in fresh and frozen vesicles were

quantitatively identical; as a result, all the uptake experiments were
performed with frozen vesicles. The purity of BLMVwas assessed by
the basolateral enzyme marker NaK-ATPase. The specific activity of
Na,K-ATPase in BLMV(1071.8±84.8 psmol inorganic phosphate, (Pi)
liberated per mgprotein * min) permeabilized with SDSwas enriched
12.7-fold more than that of homogenate (84.5±13.8 Mmol Pi liberated
per mgprotein * min). Almost similar enrichment (11 .4-fold) was ob-
served for BLMV(539.5±42.6 gmol Pi liberated per mgprotein . min)
vs. homogenate (47.3±6.8 smol Pi liberated per mgprotein * min) in
nonpermeabilized membranes (i.e., in the absence of SDS). The spe-
cific activity of NaK-ATPase in nonpermeabilized membrane is

50% of that observed in membranes permeabilized with SDS. This
observation indicates that these BLMVcontain a mixed (50:50) popula-
tion of right side out and inside out vesicles. The relative purity of the
basolateral membrane was comparable to that of Biber et al. (3).

Preparation of apical membrane vesicles. AMVof rat distal colon
were prepared by the method of Stieger et al. (5) as previously de-
scribed (4).

Enzyme and protein assays. NaK-ATPase was assayed by the
method of Forbush (6). The specific activity of NaK-ATPase was ex-

pressed as mean±SE from six different preparation. Protein was as-

sayed by the method of Lowry et al. using bovine serum albumin as

standard (7).
Uptake studies. 'Na (New England Nuclear Co., Boston, MA) up-

take was measured by rapid filtration technique, as described earlier
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(4). Representative experiments that are illustrated represent the
mean±SEMof triplicate assays. Standard errors of the mean that are
less than 5%are not shown in figures. Kinetic constants were calculated
using Enzfitter program in an IBM PC. All experiments except where
noted were performed with at least three different membrane prepara-
tions from different animals.

Results

The initial experiment was the determination of the effect of an
outward proton gradient on 22Na uptake in BLMV. As shown
in Fig. 1, an outward proton gradient stimulated 22Na uptake
and resulted in transient accumulation ("overshoot"). Because
proton gradient-stimulated 22Na uptake was linear for up to at
least 8 s at Na concentrations of 0.1 mMand 100 mM(not
shown), further studies were performed using an incubation
period of 6 s.

The effect of amiloride, an inhibitor of Na-H exchange, was
examined on proton gradient-stimulated 22Na uptake. As
shown in Fig. 2, proton gradient-stimulated 22Na uptake was
inhibited 76%by 0.1 mMamiloride. The effect of several trans-
port inhibitors (all at one mM), DIDS (Fig. 2), bumetanide,
furosemide, and ouabain (not shown), on proton gradient-
stimulated 22Na uptake was also examined. Of the inhibitors
tested only DIDS, an inhibitor of electrogenic Na-HCO3 co-
transport and of anion exchange, significantly inhibited (40%)
proton gradient-stimulated 22Na uptake (Fig. 2). To examine
whether DIDS inhibits the amiloride-insensitive or the amilo-
ride-sensitive fraction of proton gradient-stimulated 22Na up-
take, the effect of simultaneous presence of amiloride and
DIDS was studied. As shown in Fig. 2 the simultaneous pres-
ence of amiloride and DIDS did not inhibit 22Na uptake more
than that which was inhibited by amiloride alone, indicating
that DIDS inhibits the amiloride-sensitive portion of proton
gradient-stimulated 22Na uptake. These results indicate that
BLMVproton gradient-stimulated 22Na uptake is primarily
amiloride-sensitive and consists of a DIDS-sensitive and a
DIDS-insensitive process.

The previous demonstration of DIDS-sensitive Na-HCO3
cotransport in the BLMVof rabbit renal proximal tubule (8, 9)
suggests that the DIDS-sensitive component of proton gra-
dient-stimulated 22Na uptake in colonic BLMVmight repre-
sent Na-OH cotransport perhaps via the Na-HCO3cotransport
process. The DIDS-insensitive component of proton gradient-

400 - Figure 1. Effect of pro-
ton gradient on 22Na
uptake. BLMVof rat

C 300 - distal colon were pre-
loaded with 150 mM

a. / \ K-gluconate, 10 mM
E200 MgSo4, and 50 mM

_5 7 \ MES-Tris (pH 5.5). Up-
EE. / \ take of 22Na (0.2-90

100 min.) was performed by
| J^/D diluting the BLMVinto

an incubation medium
1 2 / that contained 150 mM

Minutes K-gluconate, 10 mM
MgSO4, 0.1 mM22Na,

and either 50 mMMES-Tris (pH 5.5) (open circles) or 50 mM
Hepes-Tris (pH 7.5) (closed circles).

100- Figure 2. Effect of amil-

80- -oride and DIDS on pro-
E ton gradient-stimulated
.E 60 22Na uptake. BLMVof
9

40 rat distal colon were
-4

preloaded with 150 mM
20 K-gluconate, 10 mM

E-_S//X1X MgSO4, and 50 mM
Proton Gradient - + + + + MES-Tris (pH 5.5). Up-
Amilonde - - + - + t of 22
DIDS - - - + + take o Nawasper-

formed for 6 s by dilut-
ing the BLMVinto an incubation medium that contained 150 mM
K-gluconate, 10 mMMgSO4, 0.1 mM22Na, and either 50 mM
MES-Tris (pH 5.5) or 50 mMHepes-Tris (pH 7.5). The experiment
with Hepes-Tris was also performed in presence of amiloride (0.1
mM)and DIDS (1 mM). 22Na uptake in the absence of a proton gra-
dient was performed in MES-Tris, while that in the presence of a
proton gradient in Hepes-Tris. Uptake expressed as percentage maxi-
mumwhich was 86.15 pmol/mg protein * 6 s.

stimulated 22Na uptake might then represent coupled Na-H
exchange. Thus, the effect of an inward bicarbonate gradient
on 22Na uptake was examined in absence (pH. = pHi = 7.5)
(Fig. 3 A) and presence (pH. = 7.5; pHi = 5.5) (Fig. 3 B) of a
proton gradient. A bicarbonate gradient, in the absence of pro-
ton gradient, stimulated 22Na uptake approximately two- to
threefold compared with that in the absence of bicarbonate
gradient, but transient accumulation was not observed (Fig. 3
A). However, in the presence of proton gradient, a bicarbonate
gradient stimulated 22Na uptake by severalfold together with
evidence of a transient accumulation. These results are identi-
cal to that reported in BLMVof rabbit renal proximal tubules
(8, 9). 22Na uptake stimulated by the bicarbonate gradient in
the presence of a proton gradient was linear up to 6 s (not
shown) and was greater than that in the absence of a proton
gradient. As a result, all further experiments were performed
for 6 s.

The effect of bicarbonate concentration on 22Na uptake was
examined to determine the concentration required for maxi-
mal enhancement of bicarbonate gradient-stimulated 22Na up-
take. As the results shown in Fig. 4, increasing bicarbonate
concentration resulted in enhanced 22Na uptake which satu-
rated with a half-maximal bicarbonate concentration of - 40

120 - A 1250 B Figure 3. Effect of bi-
100- 1/00010\ carbonate gradient on

W5 1 22Na uptake. (A) BLMV
'75O

E 6n ofrat distal colon were
40 t preloaded with 150 mM
20 2W K-gluconate, 10 mM

2 k 2 , , ,, ,MgSO4, and 50 mM2 i 2 W Hepes-Tris (pH 7.5).Minutes
Uptake of 22Na (0.2-90

min) was performed by diluting the BLMVinto an incubation me-
dium that contained 50 mMHepes-Tris (pH 7.5), 10 mMMgSO4,
0.1 mM22Na, and either 150 mMK-gluconate (open circles) or 150
mMKHCO3(closed circles). (B) BLMVof rat distal colon were pre-
loaded with 150 mMK-gluconate, 10 mMMgSO4, and 50 mM
MES-Tris (pH 5.5). Uptake of 22Na (0.2-90 min) was performed by
diluting the BLMVinto an incubation medium that contained 50
mMHepes-Tris (pH 7.5), 10 mMMgSO4, 0.1 mMDNa, and either
150 mMK-gluconate (open circles) or 150 mMKHCO3(closed cir-
cles).
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250 Figure 4. Effect of bi-
carbonate concentration

@ 200 / on 22Na uptake. BLMV
of rat distal colon were

.a preloaded with 150 mM
m 100 K-gluconate, 10 mM
E MgSO4, and 50 mM
E 50 - MES-Tris (pH 5.5). Up-

take of 22Na was per-
25 50 I5 100 125 150 formed for 6 s by dilut-25 50 75 100 125 150 ing the BLMVinto an

[HCO3I MM
incubation medium that
contained 50 mM

Hepes-Tris (pH 7.5), 10 mMMgSO4, 0.1 mM22Na, and varying (1-
135 mM)concentrations of KHCO3. Isosmolarity was maintained
by changing K-gluconate concentrations. Results presented are the
absolute values after subtraction of uptake obtained in the absence
of bicarbonate.

mM, evidence for the presence of a specific binding site for
bicarbonate. The sigmoidal shape of the curve observed in this
study suggests that more than one bicarbonate ion is trans-
ported with each Na ion. Analysis of this data with a Hill plot
yielded a coefficient of - 1.7.

Experiments were designed to evaluate the effect of amilo-
ride and DIDS on bicarbonate gradient-stimulated 22Na uptake
(Fig. 5). Both amiloride and DIDS significantly inhibited bicar-
bonate gradient-stimulated 22Na uptake by - 98 and 80%, re-
spectively. Although 150 mMbicarbonate in the absence of
amiloride produced more than a tenfold increase in proton
gradient-stimulated '-Na uptake, bicarbonate failed to stimu-
late 22Na uptake in the presence of amidoride. In the absence of
DIDS, 150 mMbicarbonate increased 22Na uptake by
815.0±2.9 pmol/mg protein - 6 s, but in the presence of DIDS
enhanced 22Na uptake by only 184.0±6.7 pmol/mg protein * 6
s. These results are consistent with the possibility that a major
fraction of bicarbonate gradient-stimulated 22Na uptake repre-
sents DIDS-sensitive Na-HCO3cotransport because the DIDS-
insensitive fraction is less than 20% of total bicarbonate gra-
dient-stimulated 22Na uptake. Because the amiloride-sensitive
component of bicarbonate gradient-stimulated 22Na uptake
was substantially greater than either the DIDS-sensitive or the
DIDS-insensitive component, these results suggest that amilo-

00 _ Figure 5. Effect of amil-
80' - oride and DIDS on bi-

E | - carbonate
E 60[ gradient-stimulated
x 40 22Na uptake. BLMVof

rat distal colon were
20 preloaded with 150 mM

K-gluconate, 10 mM
Bicarbonate - + MgSO4, and 50 mM
Amiloride - - + t MES-Tris (pH 5.5). Up-
DIDS - - - + take of "Na was per-

formed for 6 s by dilut-
ing the BLMVinto an incubation medium that contained 50 mM
Hepes-Tris (pH 7.5), 10 mMMgSO4, 0.1 mM22Na, and either 150
mMK-gluconate or 150 mMKHCO3. Experiment with KHCO3was
also performed in presence of amiloride (0.1 M) and DIDS (1 mM).
Uptake is expressed as percentage maximum which was 965.9 pmol/
mgprotein * 6 s.

ride had inhibited both DIDS-insensitive Na-H exchange and
DIDS-sensitive bicarbonate gradient-stimulated 22Na uptake.

The demonstration that more than one bicarbonate ion is
transported with each Na ion indicates that there is movement
of net negative charge across the membrane. Thus, an intrave-
sicular positive membrane potential should stimulate bicar-
bonate gradient-stimulated 22Na uptake. To examine this possi-
bility the effect of an intravesicular positive membrane poten-
tial generated by an inward K gradient and valinomycin was
determined. Fig. 6 shows that an inward directed bicarbonate
gradient in the absence of pH gradient significantly stimulated
22Na uptake and that the addition of valinomycin further en-
hanced 22Na uptake. The data presented in Fig. 6 also demon-
strates that both DIDS and amiloride inhibited bicarbonate
gradient-stimulated 22Na uptake. These results indicate that
bicarbonate gradient-stimulated 22Na uptake carries net nega-
tive charge and is an electrogenic process.

Experiments were performed to determine the kinetic prop-
erties of both DIDS-insensitive and DIDS-sensitive proton gra-
dient, and bicarbonate gradient-stimulated 22Na uptake. The
results presented in Fig. 7 demonstrate that increasing Na con-
centrations saturated both. DIDS-insensitive (Fig. 7. A) and
DIDS-sensitive (Fig. 7 B) 22Na uptake that was stimulated by a
proton gradient, and bicarbonate gradient-stimulated 22Na up-
take (Fig. 7 C). Analysis of these data with a Lineweaver-Burk
plot yielded different apparent affinity constants (Km) for Na:
thus, the half-maximum saturation concentration for the
DIDS-sensitive and DIDS-insensitive components of proton-
gradient stimulated 22Na uptake was 8.1 and 46.4 mM, respec-
tively, while for bicarbonate gradient-stimulated 22Na uptake
was - 6.4 mM. These data suggest that the DIDS-sensitive
component of proton gradient-stimulated and bicarbonate gra-
dient-stimulated 22Na uptake mayrepresent the same transport
process, which differs from the DIDS-insensitive component of
proton gradient-stimulated 22Na uptake.

Because both proton gradient- and bicarbonate gradient-
stimulated 22Na uptake were sensitive to amiloride, the inhibi-
tory constant (Ki) of amiloride was determined to establish
whether these two uptake processes manifest similar or differ-
ent affinities for amiloride. The results shown in Fig. 8 indicate
that increasing concentrations of amiloride progressively inhib-

10o0 _ Figure 6. Effect of in-
travesicular positive
membrane potential on
bicarbonate

8u 501- -gradient-stimulated
ro _ 22Na uptake. BLMVof

rat distal colon were
.X~:iipreloaded with 150 mM

NMG-gluconate, 10
Valinomycin - --mM MgS04, and 50
Amiloride mMHepes-Tris (pH
DIDS - 7.5). Uptake of 22Na was

performed for 6 s by
diluting the BLMVinto an incubation medium that contained 50
mMHepes-Tris (pH 7.5), 10 mMMgS04, 0.1 mM22Na, and either
150 mMK-gluconate or 150 mMKHCO3. Uptake with KHC03was
also performed in presence of valinomycin (25 AM), DIDS (1 mM),
and amiloride (0.1 mM). Uptake is expressed as percentage maximum
which was 39.4±1.5 pmol/mg protein * 6 s. The addition of valino-
mycin significantly stimulated 22Na uptake (P < 0.01).
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Proton Gradient-Stimulated Figure 7. Effect of Na

A. DIDS-Insensitive B. DIDS-Sensitive C. HCO3Gradient-Stimulated concentration. (A) and
3-r .(B) BLMVof rat distal

2- (@colon were preloaded
c 20 1with 150 mMNMG-glu-

.20 fv conate, 10 mMMgS04,

l 25s 50 and 50 mMMES-Tris
CMi 10- / ~ _ _ _ ~ (pH 5.5). Uptake of 22Na

a0 was performed for 6 s by
_ VTr, , - . diluting the BLMVinto

25 50 75 100 125 25 50 75 100 125 10 20 30 40 50 *e*iuan incubation medium
[Na] mM that contained tracer of

2DNa, 50 mMHepes-Tris
(pH 7.5), 10 mMMgSO4, and varying concentrations of Na-gluconate (2-125 mM). Isosmolarity was maintained by adjusting the concentrations
of NMG-gluconate. This experiment was performed in the absence (total proton gradient-stimulated uptake) and presence (DIDS-insensitive
proton gradient-stimulated uptake) of 1 mMDIDS. Absolute values of DIDS-insensitive uptake presented in A were obtained by subtraction of
uptake determined in medium that contained 50 mMMES-Tris (pH 5.5) in place of Hepes-Tris. The DIDS-sensitive uptake values presented
in Bwere obtained by subtraction of DIDS-insensitive uptake from total proton gradient-stimulated uptake. Inset A in B provides an expanded
scale of DIDS-sensitive uptake values up to 50 mMNa concentration. (C) BLMVof rat distal colon were preloaded with 150 mMK-gluconate,
100 mMNMG-gluconate, 10 mMMgSO4, and 50 mMMES-Tris (pH 5.5). Uptake of 22Na was performed for 6 s by diluting the BLMVinto
an incubation medium that contained 150 KHCO3, 10 mMMgSO4, tracer of 22Na, 50 mMHepes-Tris (pH 7.5), and varying concentration of
Na-gluconate (1-50 mM). Medium isosmolarity was maintained by adjusting NMG-gluconate concentration. Absolute values presented were
obtained by subtraction of uptake determined- in absence of bicarbonate. The best fit curves were drawn using the Michaelis-Menten equation.

ited both proton gradient- and bicarbonate gradient-stimulated
22Na uptake. It should be noted that proton gradient-stimu-
lated 22Na uptake in the presence of DIDS was not significantly
inhibited by 250 and 500 nMamiloride. In contrast, bicarbon-
ate gradient-stimulated 22Na uptake was inhibited by 20 and
30%by these two amiloride concentrations, respectively. Anal-
ysis of these data with-a Dixon plot yielded an apparent Ki for
amiloride of 35 and 1 jiM for DIDS-insensitive component of
proton gradient- and bicarbonate gradient-stimulated 'Na up-
take, respectively. These results provide further confirmation
that DIDS-insensitive component of proton gradient- and bi-
carbonate gradient-stimulated 22Na uptake represent two sepa-
rate and distinct transport processes.

The significantly lower half-maximal inhibitory concentra-
tion of amiloride (K1) for bicarbonate gradient-stimulated 22Na
uptake raised the possibility that bicarbonate might stimulate
22Na uptake via an Na channel as a result of establishing an
intravesicular negative membrane potential. However, an in-
travesicular negative membrane potential, produced by an out-

100 Figure 8. Effect of amil-
oride concentration.
BLMVof rat distal co-
lon were preloaded with

060 \ °\ 150 mMK-gluconate,
Z 6 2 mMNMG-gluconate,
o \ \ 10 mMMgSO4, and 50
`

40 - 0\0 mMMES-Tris (pH 5.5).
Uptake of 'Na was per-

20 - o formedfor6sbydilut-
ing the BLMVinto an

_,, 6 .4 _ -2o, incubation medium that
'-7 -6 -5 -4 -2 contained varying con-

log Amiloride [Ml centrations of amilo-
ride, 50 mMHepes-Tris

(pH 7.5), 10 mMMgSO4, tracer of 22Na, and either 150 mMK-glu-
conate with 1 mMNa2 DIDS (open circles) or 150 mMKHCO3with
2 mMNa-gluconate (closed circles). Uptake obtained in absence of
amiloride considered 100%6Y.

ward K gradient and valinomycin, did not stimulate 22Na up-
take thus excluding the possibility that Na channels are present
in BLMV(data not shown).

To characterize the inhibition of DIDS-insensitive proton
gradient-stimulated and bicarbonate gradient-stimulated 'Na
uptake by amiloride, experiments were also performed with
amiloride analogues. Table I presents the results of experi-
ments with amiloride, ethylisopropylamiloride (EIPA), phena-
mil, and benzamil. These results demonstrate that EIPA is a

Table I. Effect of Amiloride and Its Analogues on Proton
Gradient- and Bicarbonate Gradient-stimulated 22Na Uptake

DIDS-insensitive Bicarbonate
Inhibitors Concentration proton gradient-stimulated gradient-stimulated

AM pmol/mg protein * 6 s

None 1,668.3±76.2 5,982.0±86.4
Amiloride 1 1,715.7±11.711 3,364.7±291.3§

10 932.0±51.8* 1,339.7±89.11
EIPA 1 1,120.3±21.5* 1,374.7±48.81

10 509.0±54.4§ 645.7±40.91
Benzamil 1 1,880.3±42.411 5,586.3±98.1*

10 1,958.3±48.3* 5,523.7±199.711
Phenamil 1 1,735.3±33.311 6.032.7±41.51

10 1,613.7±78.311 5,324.0±78.4*

BLMVof rat distal colon were preloaded with 150 mMK-gluconate,
2 mMNMG-gluconate, 10 mMMgSO4, and 50 mMMES-Tris (pH
5.5). Uptake of 'Na was performed for 6 s by diluting the BLMVinto
an incubation medium that contained 50 mMHepes-Tris (pH 7.5),
10 mMMgS04, trace of DNa, and either 150 mMK-gluconate plus
I mMNa2 DIDS (proton gradient-stimulated) or 150 mMKHCO3
plus 2 mMNa-gluconate (bicarbonate gradient-stimulated). All ex-

periments were performed in presence of 1 and 10MMof indicated
analogues which were dissolved in DMSO.All medium contained
1% DMSO. * P < 0.05, * P < 0.01, I P < 0.001, compared with
control. 1l Not significantly different from control.
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more potent inhibitor of both transport processes than amilo-
ride. Neither benzamil nor phenamil inhibited DIDS-insensi-
tive proton gradient-stimulated or bicarbonate gradient-stimu-
lated 'Na uptake (DIDS-insensitive proton gradient-stim-
ulated 22Na uptake was enhanced by benzamil by less than 12%
for reasons that are uncertain). The order of inhibition by these
analogues is EIPA > amiloride > phenamil = benzamil.

To compare the characteristics of proton gradient-stimu-
lated 22Na uptake in AMVto these results, the effect of a bicar-
bonate gradient, amiloride, and DIDS on proton gradient-
stimulated 22Na uptake was examined in AMV. As the results
show in Fig. 9, proton gradient-stimulated 22Na uptake in
AMVwas inhibited by amiloride but was neither stimulated by
a bicarbonate gradient nor inhibited by DIDS. These results
indicate the absence of Na-anion cotransport in AMV.

Discussion

This study establishes that both a proton gradient and a bicar-
bonate gradient stimulates 22Na uptake and provides evidence
for the presence of both coupled Na-H exchange and electro-
genic Na-anion cotransport in BLMVof rat distal colon. This
study also demonstrates that the electrogenic Na-anion co-
transport of rat colonic BLMVis sensitive to both DIDS and
amiloride. Proton gradient-stimulated 22Na uptake is only par-
tially inhibited by DIDS (Fig. 2) and thus consists of both
DIDS-sensitive and DIDS-insensitive fractions. The latter is
inhibited by amiloride with a Ki of 35 IAM and is probably
similar to the several electroneutral Na-H exchanges that have
been described in multiple epithelial and nonepithelial cells
(10-12). The DIDS-sensitive component of proton gradient-
stimulated 'Na uptake has identical properties as bicarbonate
gradient-stimulated 22Na uptake in that both are inhibited by
DIDS and amiloride and have almost identical Kmvalues for
Na. Therefore, we propose that these results can best be ac-
counted for by the presence of a single DIDS-sensitive Na-an-
ion cotransport process that can be stimulated by either bicar-
bonate or hydroxyl gradients.

Because an electroneutral Na-H exchange has also been
identified in AMVof rat distal colon, it is important to estab-
lish that this BLMVpreparation is not contaminated by AMV.
First, the basolateral membrane marker, Na,K-ATPase, is

125- Figure 9. Effect of bi-
carbonate, DIDS and

100 amiloride on proton
gradient-stimulated

75 Na uptake in AMV.
0 - :R~AMVof rat distal colon

- 50- were preloaded with
K< 150 mMK-gluconate,

25[_ 10 mMMgSO4, and 50
mMMES-Tris (pH

Bicarbonate -V 5.5). Uptake of 22Na Was
Amiloride - - + - performed for 6 s by
DIDS - _ + diluting the AMVinto

an incubation medium
that contained 50 mM

Hepes-Tris (pH 7.5), 10 mMMgS04, 0.1 mM22Na, and either 150
mMK-gluconate or 150 mMKHCO3. Experiment with K-gluconate
was also performed in presence of amiloride (0.1 mM)and DIDS (1
mM). Uptake obtained in K-gluconate considered 100%.

enriched 12.7-fold in this BLMVpreparation (see Methods).
Second, K-ATPase and Cl-OH exchange that have been identi-
fied in AMVare not present in these BLMV(unpublished ob-
servations and reference 9). Third, DIDS-sensitive proton gra-
dient-stimulated 'Na uptake and bicarbonate gradient-stimu-
lated 22Na uptake are not present in AMV(Fig. 9). Finally, the
Kmfor Na for the DIDS-insensitive component of proton gra-
dient-stimulated 'Na uptake in BLMV(Fig. 7A) is substan-
tially higher than that previously identified in AMV(4). These
observations provide compelling evidence that the Na-H ex-
change identified in the BLMVin these studies is not the Na-H
exchange of AMV.

Proton gradient-stimulated 22Na uptake (in the absence of
HCO3)could represent either Na-H exchange that is both amil-
oride-sensitive and partially DIDS-sensitive or the presence of
both amiloride-sensitive Na-H exchange and Na-OH cotran-
sport that is sensitive to both DIDS and amiloride. The demon-
stration that the Kmfor Na for the DIDS-sensitive and DIDS-
insensitive components significantly differ (8.1±3.7 vs.
46.4±5.0 mM) excludes the possibility that there is a single
Na-H exchange with partial sensitivity to DIDS. Further, the
close similarity between the Kmfor Na for the DIDS-sensitive
component of proton gradient-stimulated 22Na uptake and bi-
carbonate gradient-stimulated 22Na uptake (8.1±3.7 vs.
6.4±0.6 mM) is the basis for the presence of a DIDS-sensitive
Na-anion cotransport process with affinity for both hydroxyl
and bicarbonate. Weare not aware of other demonstrations of
bicarbonate-independent, proton gradient-stimulated 22Na up-
take that is DIDS-sensitive. Studies of bicarbonate gradient-
stimulated Na uptake in BLMVof rabbit renal cortex in the
absence of bicarbonate have identified proton gradient-stimu-
lated Na uptake (9). However, Na uptake in these conditions
has been low, presumed to be electroneutral Na-H exchange or
not examined any further (9).

The results represented in Figs. 5 and 6 establish that a

bicarbonate gradient stimulates 22Na uptake that is inhibited
by DIDS. This uptake appears to represent an electrogenic co-

transport process as an intravesicular positive membrane po-
tential (Fig. 6) enhanced DIDS-sensitive bicarbonate gradient-
stimulated 22Na uptake. Similar observations of bicarbonate
stimulation of Na uptake have been reported with BLMVof
renal proximal tubules (8, 9). In the presence of proton gra-
dient, Grassl and Aronson demonstrated enhancement of Na
uptake by a bicarbonate gradient with transient accumulation
(9), while in the absence of proton gradient Akiba et al. re-

ported that a bicarbonate gradient accelerated Na uptake but
did not result in transient accumulation (8). These previous
observations are identical to our own results (see Fig. 3). The
demonstration that 22Na uptake saturates as a function of both
increasing bicarbonate concentration at a fixed Na (0.1 mM)
concentration (Fig. 4) and increasing Na concentration at a

fixed bicarbonate (150 mM)concentration (Fig. 7 C) is consis-
tent with a carrier-mediated Na-HCO3 cotransport process.

The demonstration of a sigmoidal curve for bicarbonate
gradient-stimulated 22Na uptake indicates that more than one

bicarbonate ion is cotransported with each Na ion. As a result,
this Na-HCO3 cotransport system should carry a net negative
charge. Similar observations have been reported in several
other cells (8, 14-18) and a Hill coefficient of 1.7 was calcu-
lated for bicarbonate gradient-stimulated 2Na uptake indicat-
ing a stoichiometry of HCO3to Na of > 1. This stoichiometry
is confirmed by the demonstration that bicarbonate gradient-
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stimulated 22Na uptake is stimulated by an intravesicular posi-
tive membrane potential (Fig. 6).

The kinetic data presented in Fig. 7 and Table II permits
comparison of these transport systems in terms of their kinetic
constants. The two electrogenic Na-anion cotransport (Na-OH
and Na-HCO3) systems have almost identical Kmfor Nabut the
V. , for the bicarbonate gradient-stimulated system is sixfold
greater than the hydroxyl gradient-stimulated system. As a
consequence, these results indicate that bicarbonate does not
alter the affinity of this transport process for Na but increases
the turnover rate of the cotransport process. Comparison of the
kinetic constants of DIDS-insensitive Na-H exchange and Na-
anion cotransport systems also reveal that the former repre-
sents a low affinity, high capacity system, while the latter is a
high affinity, low capacity system.

DIDS-sensitive, bicarbonate gradient-stimulated 22Na up-
take identified in BLMVof rat distal colon has many but not
all of the characteristics of bicarbonate gradient-stimulated
22Na uptake that has previously been described in other epithe-
lial (8, 9, 14-18). As indicated in the data presented in Figs. 5
and 6, bicarbonate gradient-stimulated 22Na uptake is substan-
tially inhibited by DIDS; however, prior studies of this trans-
port process have not reported amiloride sensitivity. In one
study in rabbit proximal tubule amiloride was reported not to
inhibit HCO3stimulated 22Na uptake, while the effect of amilo-
ride was not tested in another study of this transport system (8,
9). Recently, Felipe et al. have presented evidence that amilo-
ride and DIDS inhibit HCO3stimulated 22Na uptake in sinusoi-
dal membrane vesicles from rat hepatocytes (28) and in ab-
stract form Zamir, Barry and Ramaswamyhave demonstrated
that both DIDS and amiloride inhibited bicarbonate stimu-
lated 22Na uptake in BLMVfrom human small intestine (29).
In contrast, another recent study did not observe amiloride
inhibition of bicarbonate stimulated 22Na uptake in sinusoidal
membranes from rat hepatocytes (30). Because amiloride in-
hibits both Na-H exchange and Na conductive channels, it is
possible that the present inhibition of 22Na uptake by low amilo-
ride concentrations represents amiloride inhibition of Na
channels. This possibility is unlikely because one, an imposed
intravesicular negative potential did not enhance 22Na uptake
excluding the presence of Nachannels (results not shown); two,
bicarbonate gradient-stimulated 22Na uptake was not inhibited

Table I. Comparison of the Properties of DIDS-insensitive (Na-H
Exchange) and DIDS-sensitive (Na-OH Cotransport) Proton
Gradient-Stimulated, and Bicarbonate Gradient-Stimulated
(Na-HCO3 Cotransport) 22Na Uptake by BLMVand Na-H
Exchange offAMV

BLMV AMV

Na-H Na-OH Na-HCO3 Na-H
Exchange Cotransport Cotransport Exchange

Amiloride Sensitive Sensitive Sensitive Sensitive
DIDS Insensitive Sensitive Sensitive Insensitive
Kmfor Na (mM) 46.4±5.0 8.1±3.7 6.4±0.6 10.6±1.5*
Vmax for Nal 37.7±1.6 2.0±0.2 12.4±0.9 1.7±0.08*
Ki Amiloride (MM) 30.0±5.0 1.0±0.03 27*

by specific inhibitors of Na channels, benzanil and phenamil;
and three, the Km(6.4 mM)of bicarbonate gradient-stimulated
22Na uptake is relatively low. In contrast, conductive Na chan-
nels usually do not saturate ( 19) or saturate with substantially
higher Km(20, 21). Thus, we conclude that amiloride inhibits
bicarbonate gradient-stimulated 22Na uptake. Because amilo-
ride did not inhibit bicarbonate gradient-stimulated ['4C]-
butyrate uptake in these BLMV(13) and because the Ki for
amiloride inhibition of bicarbonate gradient-stimulated 'Na
uptake is less than that for DIDS-insensitive component of
proton gradient-stimulated 22Na uptake (Fig. 8), it is unlikely
that this inhibition of 22Na uptake by amiloride represents a

nonspecific effect of BLMVtransport processes.
These studies establish that amiloride and its analogue,

EIPA, are potent inhibitors of Na-anion cotransport, a previ-
ously unobserved phenomenon. Amiloride inhibits several
transport systems including Na conductive channels, Na-H ex-

change, Ca-ATPase, and Na-KATPase. Several amiloride ana-

logues have been synthesized with varying specificity. Thus,
EIPA is a potent inhibitor of Na-H exchange but does not affect
Na channels, while benzamil has high specificity to conductive
Na channels but does not inhibit Na-H exchange. The rank
order of bicarbonate gradient-stimulated Na uptake by these
amiloride analogues corresponds to that for the inhibition of
Na-H exchange (Table I). It is possible that amiloride and EIPA
might inhibit HCO3gradient-stimulated 22Na uptake by inhibit-
ing Na-H exchange. However, this appears unlikely because
the presence of an outward directed proton gradient markedly
enhances HCO3gradient-stimulated '2Na uptake (Fig. 5) and a

functioning Na-H exchange will reduce such a proton gradient.
Inhibition of Na-H exchange by amiloride or EIPA will prevent
dissipation of this proton gradient and thus should enhance
rather than inhibit 22Na uptake. It should also be noted that
Vanhaesebroeck et al. recently reported that EIPA prevented
the cytotoxic effects of tumor necrosis factor in murine L929s
fibrosarcoma cells by a mechanism independent of Na-H ex-

change inhibition (22). Thus, the mechanisms of amiloride
(and EIPA) inhibition of bicarbonate gradient-stimulated 22Na
uptake may not necessarily be inhibition of Na-H exchange
and requires further study.

Bicarbonate gradient-stimulated 22Na uptake has been
identified in several different types of epithelial cells (18), but
this novel transport process is not uniformly present nor neces-

sarily present in adjacent cell types (23, 24). Bicarbonate gra-
dient-stimulated Na transport is present in both mammalian
and nonmammalian tissues and has been characterized in stud-
ies with both isolated basolateral membranes (8, 9) and of dis-
persed individual cells or isolated tissue (i.e., renal tubules)
(18). Although electrogenic Na-HCO3cotransport is present in
hepatocytes (25) and parietal cells (26), previous studies have
not established its presence in other intestinal epithelial cells.

Although these experiments were designed to examine the
effect of proton and bicarbonate gradients on Na transport,
they also provide information regarding bicarbonate move-

ment across the basolateral membrane. These studies indicate
that a major fraction of bicarbonate movement is electrogenic
and Na dependent. Because bicarbonate-dependent Cl uptake
has not been identified in these membranes (unpublished ob-
servations) and because Cl-HCO3 exchanges are frequently the
primary transport mechanism for transmembrane bicarbonate
movement, it is likely that basolateral bicarbonate movement
is mediated by the DIDS-sensitive electrogenic Na-HCO3 co-
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transport process described in these studies. These studies do
not provide information whether this basolateral transport pro-
cess regulates transepithelial bicarbonate movement or is criti-
cal in the regulation of intracellular pH. If this transport pro-
cess is primarily involved with the former function, it may
participate in the regulation of bicarbonate secretion, a well
established colonic transport process (27). Alternatively, as a
regulator of cell pH, this bicarbonate transport process may
modulate either base loading or base extrusion or both.
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