J. Membrane Biol. 63, 207-214 (1981)

Sulfate Transport in Rabbit Ileum:

The Journal of

Membrane Biology

Characterization of the Serosal Border Anion Exchange Process

Jane E. Langridge-Smith and Michael Field

Department of Medicine and Department of Pharmacological and Physiological Sciences,

University of Chicago, Chicago, Illinois 60637

Summary. The preceding paper [30] shows that trans-
epithelial ileal SO, transport involves Na-dependent
uptake across the ileal brush border, and Ci-depen-
dent efflux across the serosal border. The present
study examines more closely the serosal efflux pro-
cess. Transepithelial mucosa (m)-to-serosa (s) and s-
to-m fluxes (J,,,, Jgn) across rabbit ileal mucosa were
determined under short-circuit conditions. SO, was
present at 0.22 mm. In standard Cl, HCO; Ringer’s,
J50+ was 81.345.3 (1sE) and J3+ was 2.5+0.2 nmol
cm~2hr~!(n=20). Serosal addition of 4-acetamido-
4'-isothiocyanostilbene-22'-disulfonate (SITS), 44'-di-
isothiocyanostilbene-22'-disulfonate (DIDS) or 1-ani-
lino-8-naphthalene-sulfonate (ANS) inhibited SO,
transport, SITS being the most potent. Several other
inhibitors of anion exchange in erythrocytes and other
cells had no effect on ileal SO, fluxes. In conirast
to its effect on SO, transport, SITS (500 um) did not
detectably alter Cl transport.

Replacement of all Cl, HCO; and PO, with glu-
conate reduced J59* by 70% and increased J3O* by
400%. A small but significant J32¢ remained. J304
could be increased by addition to the serosal side
of Cl, Br, I, NO; or SO,. The stimulatory effect
of all these anions was saturable and SITS-inhibitable.
The maximal J5o* in the presence of Cl was considera-
bly higher than in the presence of SO, (73.1 and
42.2 nmol ecm™? hr™?*, respectively; p<0.001). The
K, value for Cl was 7.4 mm, 10-fold higher than that
for SO, (0.7 mm). Omitting HCO; and PO, had no
measurable effects on SO, fluxes.

This study shows that ({) SO, crosses the serosal
border of rabbit ileal mucosa by anion exchange;
(ii) the exchange process is inhibited by SITS, DIDS
and ANS, but not by several other inhibitors of anion
exchange in other systems; (i) SO, may exchange
for Cl, Br, I, NO; and SOy itself, but probably not
for HCOj3 or POy; (iv) kinetics of the exchange system
suggest there is a greater affinity for SO, than for
Cl, although the maximal rate of exchange is higher

in the presence of Cl; and, finally (v) SITS has little
or no effect on net Cl transport.
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The preceding paper [30] shows that active SO, ab-
sorption in rabbit ileum involves two separate steps:
(i) a Na-dependent uptake at the brush border, and
(ii) a Cl-dependent efflux at the serosal border. The
latter can be blocked by the stilbene derivatives
4-acetamido-4'-isothiocyanostilbene-2,2’ - disulfonate
(SITS)' and 4,4'-diisothiocyanostilbene-2,2'-disulfo-
nate (DIDS), which are potent inhibitors of anion
exchange in both erythrocytes [5] and Ehrlich ascites
tumor cells {22, 23]. In the present study, we further
investigate the serosal border component of SO,
transport in rabbit ileum. Transepithelial mucosa (m)-
to-serosa (s) and s-to-m fluxes of SO, were determined
under short-circuit conditions in Ringer’s solutions
of different anionic compositions. The effects of a
number of anion transport inhibitors were also tested.
For most flux measurements, the SO, concentration
was set at 0.22 mMm, or about 10-fold lower than in
the preceding study [30], so that SO, would be present
mainly as a tracer and would not appreciably alter
intracellular concentrations of other ions. The results
provide additional evidence that anion exchange is
the means by which SO, crosses the basolateral mem-
brane of the ileal epithelial cell and define the anionic
specificities of this exchange. While qualitative simi-
larities between this anion exchange system and that

! The following abbreviations are employed: SITS: 4-acetamido-4'-
isothiocyanostilbene-2,2'-disulfonate; DIDS: 4,4’-diisothiocyano-
stilbene-2,2"-disulfonate; DNDS: 4,4'-dinitrostilbene-2,2’-disulfo-
nate; DADS: 4,4’-diaminostilbene-2,2’-disulfonate; ANS: 1-ani-
lino-8-naphthalene-sulfonate; NAP-taurine: N-(4-azido-2-nitro-
phenyl)-2-aminoethylsulfonate; HEPES: N-2-hydroxyethylpipera-
zine-N’-2-ethane-sulfonic acid.
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of red blood cells were found, there were also marked
differences in substrate and inhibitor specificities.

Materials and Methods

Materials

Na, Ca, K and Mg salts of glucenic acid, and HEPES: Sigma
Chemical Company (St. Louis, Mo.), SITS and DIDS: Pierce
Chemical Company (Rockford, I1l.}; DNDS, DADS and phloretin:
K & K Laboratories (Cleveland, Ohio); Furosemide: Hoechst
Pharmaceuticals, Inc. (Cincinnati, Ohio); Ethacrynic acid: Merck
& Co., Inc. (Rahway, N.I.); Dipyridamole: Boehringer Ingetheim
Lid. (Elmsford, N.Y.); Na,*3S0, (691.9 mCifmmol) and H3**Cl
(5.9 mCi/g): New England Nuclear (Boston, Mass.).

Methods

Procedures for obtaining and mounting rabbit ileal mucosa in
Ussing chambers and for measuring short-circuit current (), tissue
conductance (G,), and unidirectional mucosa (m)-to-serosa (s) and
s-to-m fluxes of SO, and Cl have been described previously [10].
The Ringer’s solutions employed were based on two stock solu-
tions:

(1) Standard Ringer’s which consisted of (in mmol/liter) Na,
142.6; K, 5; Ca, 1.25; Mg, 1.32; Cl, 123.7; HCOj;, 25; PO,,
1.95; SO., 0.22, and was bubbled with 95% O, 5% CO,.

(2) Gluconate Ringer’s which consisted of (in mmol/liter)
HEPES, 3; Na, 140; K, 5; Ca, 1.25; Mg, 0.22; gluconate, 147.5;
SOy, 0.22, and was gassed with 100% O,.

Unless otherwise stated, the pH of both solutions was 7.4.
The anionic composition of the gluconate Ringer’s was varied
in particular experiments by substituting Cl, Br, I, NO;, POy,
HCO; or SO, for gluconate (in the case of SO,, mannitol was
used to balance osmolarity). Glucose (10 mmol/liter) was routinely
added to the serosal medium and an equimolar amount of mannitol
was added to the mucosal medium.

Results
Anionic Specificities

Unidirectional and net fluxes of SO, measured at
a medium concentration of 0.22 mmM are shown in
Table 1. In standard Ringer’s, m-to-s and s-to-m SOy
fluxes were 81 and 2.5 nmol cm ™2 hr™ !, respectively,
yielding a net flux of 79; replacing inorganic anions
(C1, HCOj3 and PO,) with gluconate reduced the m-to-
s flux to 25 and increased the s-to-m flux to 10, yield-
ing a net flux of 15. I, was the same in both Ringer’s
solutions but G, was about 25% lower in gluconate
Ringer’s. In both standard and gluconate Ringer’s,
therefore, fluxes measured at 0.22 mm SO, are quali-
tatively similar to those observed in the preceding
paper at a 10-fold higher SO, concentration.
Although replacement of Cl with gluconate re-
duces the transepithelial m-to-s and net SO, fluxes,
it does not diminish the brush border influx of SO,
[30]. It appears, therefore, that SO, crosses the baso-
lateral border of the ileal epithelial cell by anion ex-
change, and that it is this exchange process which
is interfered with when inorganic anions in the medi-
um are replaced by gluconate. In order to investigate
the anionic specificities of this exchange mechanism,
m-to-s SO, fluxes were determined at various concen-

Table 1. SO, fluxes, short-circuit current and conductance in stan-
dard and gluconate Ringer’s solutions: Effect of SITS in gluconate
Ringer’s

Ringer's  J594 J304 J3G I G,
solution

Standard
(20)
Gluconate 24.61+1.010.240.6
(12)
Gluconate

+ 500 um
SITS (3)

81.3£53 25+0.2 78.7+54 1.5+0.2 304+1.0

145+1.0 1.3+0.1 22.6+0.5

45408 2.2+04 241408 13+01 2224111

SO, fluxes are in nmol ecm™2 hr™*, L, in pEq em~2 hr~! and
G, in mmho cm ™ 2. Values are means + | SE for paired experiments
on tissues from (1) animals. SO, concentration in both Ringer’s
solutions was 0.22 mm; the gluconate Ringer’s was free of Cl,
HCO; and PO, (see Methods for exact composition). SITS was
added to the serosal medium (mean control values for paired SITS
experiments were no different from those shown for the larger
gluconate Ringer’s group).
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Fig. 1. m-to-5 SO, flux as a function of serosal SO, concentration.
The curve represents the mean flux measurements from four experi-
ments. Tissues were bathed in gluconate Ringer’s with 0.22 mm
SO, in the mucosal medium and varying concentrations of SO,
in the serosal medium. The data were normalized to the average
value of JS9“ measured when serosal SO, =0, (15 nmol cm ~*hr ™).
In constructing the graph, this “basal flux”’, which is independent
of serosal SO, was first subtracted from the measured flux values.
The inset shows the Eadie-Hofstee plot of the data with the line
drawn by linear regression analysis. (Jnx=42.2 and K3=0.7)

trations of each of several anions. The test anions
were substituted for gluconate in gluconate Ringer’s.
In the case of SO, substitutions, only serosal SOy
concentration was varied, the mucosal concentration
being kept at 0.22 mm. With all other ionic substitu-
tions, concentrations of the substituted anions were
equal in both mucosal and serosal media. As shown
in Fig. 1, the m-to-s SO, flux is stimulated by serosal
SQ,, the effect being saturable and consistent with
simple Michaelis-Menten kinetics (Juax=42.2 nmol
em~? hr~' and K,=0.7mm). Figure 2 shows the
stimulatory effect of Cl on m-to-s SO, flux (J .,
=731 and K,=74); the K, and J,, of SO,/Cl
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Fig. 2. m-to-s SO, flux as a function of CI concentration. The
curve represents the mean flux measurements from four experi-
ments. Tissues were bathed in gluconate Ringer’s containing var-
ious concentrations of ClL SO, (0.22mM) was present in the
mucosal solution only. Data were normalized to the average value
of J59¢ measured when Cl=0 (15 nmol cm™2hr~%). This “basal
flux” was subtracted from the measured flux values before con-
struction of the graph. The inset shows the Eadie-Hofstee plot
of the data with the line drawn by linear regression analysis. (J
73.1 and K, =17.4)
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Fig. 3. m-to-s SO, flux as a function of Br (x), I (e) and NO,
(A) concentration. Each curve represents the mean flux measure-
ments from two experiments. Tissues were bathed in gluconate
Ringer’s containing various concentrations of the test anjon. SO,
(0.22 mM) was present in both mucosal and serosal solutions. Data
were normalized to the averaged control value of J5Q* measured
when test anion =0 and serosal SO, =0 (15 nmol cm~2hr~"). This
“basal flux” was subtracted from the measured flux values before
construction of the graph. The curves will be somewhat distorted
at low concentrations of test anion by the presence of the small
amount of SO, in the serosal solution; estimations of K values
will be similarly diminished in accuracy

7

exchange were both significantly higher than for
SO,/SO, exchange. The higher J_,  for Cl was
verified by measuring both Cl- and SO,-stimulated
m-to-s SO, fluxes on tissues from the same animals.
Cl and serosal SO, concentrations were adjusted to
5-6 times their estimated K, values. In six paired ex-
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Table 2. Effect of HCO; and PO, on SO, fluxes in gluconate
Ringer’s

Conditions J504 J504 J504

(A) Control 3 19.5+53 8.1+£03 11.5+52
+HCO; 25 mMm ®) 172411 60+£23 11.6+14
(pH 7.4)

(B) Control @ 30.7 11.5 19.2
+P0O, 2.7 mm (pH 7.4) 28.9 11.7 17.2

(c) Control 3) 145+£25 - -
+PO, 4 mmM (pH 7.2) 16.6+1.5 — -

SO, fluxes are in nmol cm™2 hr™!. Values are means alone or
means +1 sE for paired experiments on tissues from (n) animals.
In (A) and (B), tissues were bathed in gluconate Ringer’s containing
0.22 mm SO, at pH 7.4; HCO; and PO, substitutions were made
in both mucosal and serosal solutions as indicated. In (C), the
bathing solutions were at pH 7.2 and PO, mM was substituted on
the serosal side only; also, SO, was omitted from the serosal
solution to maximize the chance of seeing an effect of PO, on
J304 All solutions contained HEPES 3 my: HCOj; solutions were
gassed with 5% CO; in O,; all other solutions were gassed with
100% O,. [Note: In (B), at pH 7.4, [HPO; 1=2.1mM and
[H,POZ]=0.6mM; in (C), at pH 7.2, [HPOZ ]=2.6mM and
[H,POs]1=1.3 mm (corrected for ionic strength))].

periments, the mean m-to-s SO, fluxes were
79.6+6.1 nmol cm~2? hr~' at 40mM Cl and
48.8+53nmol cm~? hr=' at 4.22mm SO, (p <0.001),

Figure 3 shows the stimulatory effects of Br, I
and NO; on m-to-s SOy flux. The K values for the
three anions range from 3—-6 mm. The J,., for Br is
close to that for Cl, but those of I and NO; are
smaller. A more quantitative comparison of the kinet-
ic parameters is not possible since the number of
experiments with Br, I and NO; was small and be-
cause the experimental conditions were not identical
(see legend to Fig. 3). The stimulatory effects of all
five of the above anions were completely blocked
by 500 um SITS, suggesting a common mode of ac-
tion: in presence of near-maximally stimulating con-
centrations of each anion (220 mm), serosal SITS
reduced the m-to-s SO4 flux to less than 10 nmol
em~ 2 hr™* (6.6-9.9).

In contrast to the effects of the above anions,
HCO; (25 mM) and PO, (4 mM) did not stimulate
m-10-s SO, flux (Table 2). Although the concentration
of PO, employed were relatively low, equal concentra-
tions of the anions shown in Figs. 1, 2, and 3 pro-
duced easily detectable changes. Nonetheless a com-
paratively low affinity of HPO, or H,PO, for the
exchange mechanism has not been excluded. Further-
more, since the ileum secretes HCO;, pHs in the un-
stirred layer along the basolateral membrane may be
lower than in the bulk medium; it is therefore possible
that less than 25 mm HCO; was present at the basolat-
eral surface of the epithelial cells. Thus a comparative-
ly low affinity of HCOj; for the exchange mechanism
has not been excluded.
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Table 3. Effect of serosal pH on SO, fluxes

Serosal pH Cl-free Ringer’s 2mmMm Cl
O

pH 74 4) 26.4 12.0 35.7

pH 7.0 (2) 29.1 13.2 34.2

pH 7.8 (2) 27.2 14.5 39.8

SO, fluxes are in nmol cm™2 hr™!. Values are means for paired
experiments on tissues from (n) animals and are normalized to
the mean control (pH 7.4) values as follows: Ji(n)=(J./J}) x Ji,
where J,=mean control flux for all experiments, J! and J! refer
to experimental and control fluxes in a particular experiment {
and Ji (n) is the normalized experimental flux. Tissues were bathed
in gluconate Ringer’s with or without Cl (2 mm). SO, (0.22 mm)
was present in both mucosal and serosal solutions. In experiments
with 2 mMm CI, only m-to-s SO, fluxes were measured.

Effect of Serosal pH on SO, Fluxes

In order to examine the influence of pH on the SO,
exchange mechanism, SO, fluxes were measured in
gluconate Ringer’s solutions at serosal pHs of 7.0,
7.4 and 7.8. Mucosal pH was kept at 7.4. Neither
S0./SO, exchange nor SO,/Cl exchange was altered
by pH changes within this range (Table 3).

Effects of Inhibitors

Table 4 shows the effects on SO, fluxes of nine agents
which are known to inhibit anion exchange in erythro-
cytes or Ehrlich ascites tumor (EAT) cells. Only SITS,
DIDS and ANS were found to inhibit ileal SO, trans-
port. Ethacrynic acid (1 mm) slightly inhibited the
m-to-s SO, flux but it also slightly decreased the I
response to glucose, suggesting an effect on the Na
gradient rather than on the serosal exchange mecha-
nism. SITS proved far more potent than DIDS or
ANS. Near-complete inhibition of SO, flux was ob-
tained with 50 pm SITS whereas 50 um DIDS was
ineffective. It is worth noting that neither SITS, DIDS
nor ANS inhibited the I, response to glucose, indicat-
ing no effect on the Na gradient at the concentrations
employed.

One additional agent, NAP-taurine, which inhibits
SO, fluxes in erythrocytes [4] and hepatocytes [7],
was tested in gluconate Ringer’s containing 0.22 mm
SO, and 20 mm Cl. The experiment was performed
in the dark since photolysis converts NAP-taurine
to a highly reactive nitrene which acts as a general
covalent labeling reagent. Neither m-to-s nor s-to-m
SO, fluxes were altered by 100 and 500 um NAP-
taurine (data not shown).

The effects of SITS on SO, fluxes in gluconate
Ringer’s are shown in Table 1. These results should
be compared with those for SITS in standard Ringer’s

Table 4. Effect of anion exchange inhibitors on SO, fluxes

Agent added Cells in which J30¢ IOt Jpeo  AIE™
inhibition
demonstrated
Control (30) - 79.6 24 772 107
SITS 50 um (4) {Erythrocytes [5] 131 2.2 10.9 102
SITS 500 uM (3) EAT cells [22] 52 19 33 126
DIDS 50 um (3) {Ery[hrocytes [5] 80.4 1.6 78.8 128
DIDS500um (3)  \EAT cells [23] 302 1.5 287 107
DNDS 500 um (3)  Erythrocytes [1] 77.0 3.1 739 124
DADS 500um (2)  Erythrocytes [5] 80.1 34 767 111

ANS 500 pum (2) {Erythrocytes [121 27.1 27 244 11
EAT cells {24]

Phloretin (3) {Erythrocytes [35] 1029 2.5 1004 109

500 pm EAT cells [23]

Dipyridimole (2)  Erythrocytes [9] 91.1 24 887 97
500 um

Furosemide (2) Erythrocytes [3] 92.8 2.5 903 113
1 mmM

Ethacrynic acid (3) Erythrocytes [27] 59.5 1.9 576 73
1 mMm

SO, fluxes are in nmol ecm™2 hr™! and 4, in pA. Values are

means for paired experiments on tissues from (z) animals. Jq,
J.n and AL, have been normalized to the mean control values,
as described in the legend to Table 3. AL, =the change in I, follow-
ing mucosal addition of glucose (to 10 mM) at the end of the
flux period. See footnote 1 for full chemical names of the inhibitors.
None of the agents tested caused a significant change in tissue
conductance. (Experiments with stilbene derivatives were per-
formed both in the light and in the dark since exposure of some
of these molecules to light can cause the transisomeric form to
convert to the cis form which could be less effective {12]; results
of individual experiments indicated that light exposure did not
alter the effectiveness of any of the four compounds used and
data from the light and dark experiments have therefore been
pooled).

(Table 4). While SITS inhibited the m-to-s flux in
both Ringer’s solutions, its effect on s-to-m flux dif-
fered in the two solutions: it produced minimal inhibi-
tion in standard Ringer’s but reduced the s-to-m SOy
flux by 80% in gluconate Ringer’s. Thus the stimula-
tion of the s-to-m flux observed upon replacement
of Cl with gluconate was completely reversed by SITS.

Since SITS can block Cl-dependent SO, transport,
it was of interest to determine its effect on Cl trans-
port. The data in Table 5 indicate that SITS does
not have a significant effect on Cl fluxes either in
the presence or absence of SOy.

Discussion

The present study demonstrates that the m-to-s SO,
flux in ileal epithelium is stimulated by Cl, Br, I,
NOQj; and serosal SO4. For all five anions the effect
is saturable and can be blocked by serosal SITS. These
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Table 5. Effects of SITS on Cl fluxes

: c ci
Ringer’s I T et
solution

!/, — Chloride Ringer’s

Cl=65mm Control (5) 8.6+0.8 3.4+02 53+0.7

SO,=31 mm +SITS (5)  8.5+0.9 3.8+04 4.5+1.0
Gluconate Ringer’s

Cl=20 mm Control (2) 3.0 1.5 1.5

SO0,=0 +SITS 2) 3.0 1.0 2.0

Cl fluxes are in pmol cm™2 hr™*. Values are means alone or
means 1 SE for paired experiments on tissues from (1) animals.
SITS (500 um) was added to the serosal medium. Epinephrine
(50 um) was added to the serosal solution to stimulate CI absorption
[11] and maximize the chance of detecting an inhibitory effect
of SITS.

results together with those in the preceding paper
[30] indicate that there is a carrier-mediated process
located at the basolateral membrane which transports
SO, out of the cell in exchange for the inward trans-
port of one or more anions from the serosal medium.
Neither transepithelial [30] nor trans-brush border
[26] SO, transport (the latter measured in vesicles)
appears to be electrogenic. Therefore trans-serosal
border SO, transport is probably also electroneutral.
In an exchange of divalent SO, for monovalent Cl,
electroneutrality could be achieved by a stoichiometry
of transport of 1S0O,4:2 Cl. Alternatively, one SO,
plus one proton could exchange for one Cl, as in
the red blood cell [19]. Trans-ileal SO, fluxes were
not altered when the serosal pH was varied in the
range 7.0-7.8. This argues against SO,-proton co-
transport but does not exclude it, since the proton
concentration may not be rate-limiting in this pH
range. A further possibility, not investigated here,
is that SO, is accompanied by K™ or Na* as sug-
gested for the electroneutral one for one SO,/Cl ex-
change of EAT cells [33].

Ileal SO, transport is inhibited by SITS, DIDS
and ANS, but not by several other inhibitors of anion
permeability in erythrocytes and other cell types. SITS
is by far the most potent inhibitor; by contrast, in
red blood cells DIDS is more potent than SITS [5].
It is not readily apparent from a comparison of the
chemical structures of all agents tested why only these
three particular compounds should inhibit SO, trans-
port, or why SITS should be so much more potent
than DIDS or ANS. For a series of inhibitors in
erythrocytes, no correlation was found between inhib-
itory potency and reversibility of membrane binding
[5]. A similar lack of correlation was noted in the
present study, assuming reversibility of binding in
ileal epithelial cells to be similar to that in erythro-

Table 6. Comparison of effects of anion transport inhibitors in
ileum, EAT cells and erythrocytes

Inhibitor Neum EAT Cell Erythrocyte
[22, 23, 33] [3,5,6,12,35]
SO, 1 SO, Cl SO, d
SITS + - + - + +
DIDS + ? +*  =* + +
ANS -+ 9 + — + +
Furosemide — ? — + +v 4
Phloretin — ? + — + +

Refers to effect of irreversibly bound H,DIDS.
Personal communication from Dr. R.B. Gunn and Mark Mil-
anick.
Key: +indicates inhibition,
—indicates no effect detected
? indicates no data available.

b

cytes and EAT cells. ANS, a reversibly-binding com-
pound, was as effective as DIDS, a covalently binding
compound, and SITS, which exhibits mixed binding,
was more potent than either DIDS or ANS. It is
of interest that 50 um DIDS is without effect at
0.22mmM SO, (present study) but is inhibitory at
2.35 mM SO, (see preceding paper [30]). It is possible
that the SO4/Cl concentration ratio modifies sensitivi-
ty to DIDS and perhaps to other inhibitory agents.
Table 6 compares the effects of five inhibitors of
anion permeability on SO, and CI fluxes in ileum,
EAT cells and red blood cells. In the red blood cell,
Cl and SO, fluxes are inhibited by the same agents:
this is in accord with the titratable carrier model for
anion transport [15] whereby Cl and SO, are trans-
ported via the same anion exchanger. In EAT cells,
however, a different pattern emerges which resembles
more closely that of the ileal epithelial cell. In EAT
cells there appear to be two separate pathways for
Cluptake [33]: one involves exchange for intracellular
SO, and is blocked by SITS ; the second is a quantita-
tively more important SITS-insensitive pathway
which is inhibited by furosemide. SITS alone had
no measurable effect on Cl uptake, but when the
major Cl pathway was blocked with furosemide, an
inhibitory effect of SITS on the remaining Cl trans-
port was revealed. In the present study (see Table 5),
Cl absorption was not significantly altered by SITS,
despite the existence in the basolateral membrane of
a SITS-sensitive, SO,4-coupled Cl flux. Data in the
preceding paper [30] suggest that the transcellular por-
tion of J3% to be expected at 31 mm SO, (i.e., J5,
is about 1.0 pmol cm™? hr™'. In principle, this SO,
flux could contribute as much as 2.0 pmol cm~2 hr~!
to JSh. SITS inhibition of this flux should have been
casily detected. The stoichiometry of SO,/Cl exchange
could be 1:1 rather than 1:2, however (i.e., KSO,
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or HSO,4/Cl exchange), but a 1.0 pmol change should
still have been detectable. Therefore, much of the
Cl entering the ileal cell in exchange for SOy is prob-
ably recycled to the serosal medium by another path-
way. It is also worth noting that SITS did not signifi-
cantly alter Cl fluxes in the absence of SO, (Table 5),
indicating that a SO4-independent effect of SITS on
ClI transport was not obscured by an oppositely di-
rected effect on a SO4-dependent Cl flux.

In standard Cl Ringer’s containing 0.22 mM SOy,
the s-to-m flux of SO, was not significantly reduced
by SITS (see Table 4), suggesting that almost all of
this flux represents a simple diffusional, probably
paracellular flow. In gluconate Ringer’s (Cl-, HCO;-
and PO,-free) the m-to-s flux of SO, is reduced by
70% whilst the s-to-m flux is increased by 400%.
Both of these results are consistent with anion ex-
change: removal from the serosal medium of anions
which may readily exchange for cell SO, reduces the
rate of exit of SO, at the basolateral membrane and
therefore decreases the m-to-s flux; on the other hand,
in the absence of competing anions (such as Cl), the
small amount of SO, present in the serosal medium
can more readily exchange for cell SO, producing
a marked increase in s-to-m flux. This increase is
completely reversed by SITS, which is further evi-
dence that it is due to a higher rate of SO4/SO.
exchange. The remaining SITS-insensitive flux
(2.2 nmol cm % hr™1) is of similar magnitude to the
SITS-insensitive flux in standard Ringer’s and again
probably corresponds to a paracellular flow. In the
preceding paper, at a 10-fold higher SO, concentra-
tion, 75% of the s-to-m flux (in standard Ringer’s)
was inhibited by SITS. At this higher ratio of SO,
to Cl concentrations, a larger proportion of the s-t-m
flux would be transcellular and SITS-inhibitable. Us-
ing the s-to-m flux values obtained at 2.35mMm SO,
(see preceding paper [30]) the calculated permeability
of the SITS-insensitive diffusional pathway is 7.7 x
1073 em hr ™!, a value not significantly different from
that obtained in the present work (1.9 from Table 4/
0.22 mM=8.6x10"3cm hr™1).

In gluconate Ringer’s there remains a small but
significant net flux of SO,. Since SO,/SO, self-ex-
change would not result in a net flux, J3&* under
these circumstances could represent one of three pro-
cesses: (i) SO./gluconate exchange; (if) a net SO4
efflux via the anion exchange carrier without counter-
flux of an anion from the serosal medium (“slip-
page”); or (iii) another transport pahtway for SO,.
This last possibility is unlikely since serosal SITS
nearly abolished J 53%.

SQO,/Cl exchange occurs at a faster rate than SO,/
SO, self-exchange, as indicated by the higher Juu

for the Cl-stimulated SO, fluxes. The calculated K,
value for serosal SO, (0.7 mM) is 10-fold lower, how-
ever, than that for Cl (7.4 mmM): assuming that the
anion translocation stage of the exchange process is
slow relative to the substrate-membrane binding
stage, this suggests that the affinity of the exchange
system for SO, is greater than for CL In terms of
a diffusable carrier model, it appears therefore that
the molecular features of the substrate which deter-
mine the rate of movement of the carrier-anion com-
plex from one side of the membrane to the other
are different from those which affect binding to the
substrate site. Qualitatively similar findings have been
reported for erythrocyte anion exchange: SO, is
transported at a very much slower rate than Cl, but
has a higher affinity for the substrate binding site
(8, 29].

In red blood cells a remarkably large range of
substrates can be transported by the anion exchange
system [20]. The principal physiological substrates are
Cl and HCO,, and CI/HCO; exchange (the Ham-
burger shift [16], plays a central role in control of
blood pCQO,. In the ileal epithelial cell CI, Br, I, NO;
and SO, can all act as substrates for the anion ex-
change system at the basolateral membrane. HCO;
and PO, however do not appear to interact with this
system, although a low affinity for the exchange
mechanism has not been excluded for either anion.
This result is somewhat surprising, particularly with
respect to HCO; which has been implicated in anion
exchange processes in a number of epithelial tissues.
(For example: Amphiwma small intestine [34]; rat il-
eum [17]; human ileum [31]; turtle bladder [18, 21]).
Ullrich and coworkers [32] describe a HCOj;-depen-
dence of SO, reabsorption in the proximal convoluted
tubule of rat kidney. However, removal of HCOj;
produced only a modest decline in SO, transport and
it is not clear whether this represents a metabolic
interdependence or a more specific association be-
tween HCO; and SO, transports.

Several recent studies on the mammalian kidney
have revealed similarities between SO, transport pro-
cesses in this tissue and those in rabbit ileum. Active
absorption of SO4 has been demonstrated in the prox-
imal convoluted tubule of rat kidney [32]. Uptake
across renal cortical brush border membranes is a
Na-dependent process [25, 28]. Grinstein et al. {14]
found that SO, efflux from renal cortical basolateral
membrane vesicles is inhibited by 50 um DIDS: no
similar inhibitory effect of DIDS was found on SOy
efflux from brush border membrane vesicles. The re-
cent work of Brazy and Dennis [2] on rabbit proxi-
mal convoluted tubule suggests that SO, transport
involves a SITS-inhibitable anion exchange mecha-
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nism located at the basolateral membrane. Detailed
information on the interaction of other anions with
the exchange mechanism is not yet available, but
PO, was found to have no effect on SO, trans-
port.

In summary, the results of the present study indi-
cate that SO, transport across the basolateral mem-
brane of the rabbit ileal mucosa has features which
satisfy a number of criteria for carrier-mediated anion
exchange. It exhibits (7) susceptibility to specific modi-
fying agents, such as SITS; (i) trans-stimulation of
the m-to-s flux by Cl and other anions; (iif) saturation
kinetics; and (iv) competition for s-to-m transfer
among anions placed on the serosal side. SO, entry
across the brush border membrane is coupled to Na
entry and therefore utilizes the Na gradient as an
energy source. SO, exits at the basolateral border
by exchange for serosal Cl. The chemical gradient
for Cl may be a second energy source for transepithe-
lial SO, transport. The stoichiometry of the exchange
process and the form(s) of SO, as it crosses the baso-
lateral membrane (e.g., SOZ~, HSO;, KSO;, etc.)
remain to be determined.
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