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SULFATE TRANSPORT BY MOUSE RENAL CORTICAL SLICES DOES NOT
REPRESENT UPTAKE BY BRUSH-BORDER MEMBRANE *
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We measured uptake of isotopically 3°S-labelled sulfate anion by slices and by brush-border membrane
vesicles prepared from mouse renal cortex to identify: (i) whether metabolic incorporation of anion
influences net transport; (ii) which membrane is primarily exposed in the renmal cortex slice. Slices
accumulated sulfate without significant incorporation into metabolic pools. Net uptake of sulfate at 0.1 mM
by the slice occurred against an electrochemical gradient as determined by measurement of free intracellular
sulfate concentration, the isotopic distribution ratio at steady-state, and the distribution of lipophilic ions
(TPP* and SCN ™). Carrier mediation of sulfate transport in the slice was confirmed by observing
concentration-dependent saturation of net uptake and counter-transport stimulation of efflux. Anion uptake
was Na'-independent, K*- and H *-stimulated, and inhibited by disulfonated stilbenes. Brush-border
membrane vesicles accumulated sulfate by a saturable mechanism dependent on a Na* gradient (outside >
inside); others have shown that uptake of sulfate by brush-border membrane vesicles is insensitive to
inhibition by disulfonated stilbenes. These findings indicate that different mechanisms serve sulfate transport
in renal cortex slice and brush-border membrane vesicle preparations. They also imply that the slice exposes
an epithelial surface different from the brush-border, presumably the basolateral membrane, or its equivalent,
since sulfate transport by slices resembles that observed with isolated basolateral membrane vesicles.
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sulfate anion homeostasis in vertebrates. In the
mammal, sulfate transport occurs in the proximal
tubule. Reabsorption from filtrate involves trans-
port inward at the brush-border membrane, diffu-
sion through cytosol, and either metabolic ‘ run-out’
or efflux at the basolateral membrane [1-3]. The
process clearly favors net reabsorption in mammals
[4], although a secretory flux of sulfate can also
occur. Transport at the brush-border membrane in
the intact tubule [S-7], and in the isolated mem-
brane vesicle preparation [8-10], is saturable, con-
centrative, apparently electroneutral and depen-
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dent on a transmembrane sodium gradient (out-
side > instde); it is not inhibited by disulfonated
stilbenes. Secretion of sulfate anion would require
an initial uptake at the basolateral membrane, a
process which has been delineated in the intact
tubule [5,7,10] and in the isolated vesicle prepara-
tion [10-12]. Basolateral membrane transport of
sulfate is sodium-independent, concentrative, par-
ticipates in self-exchange, and is inhibited by di-
sulfonated stilbenes. These findings indicate that
renal sulfate transport in the mammal is mediated
by carriers with different properties at the brush-
border and basolateral membrane.

We studied renal sulfate transport in the mouse,
a species not previously examined. We reported
earlier [13] that a mutation impairing renal phos-
phate transport in the mouse spared sulfate, imply-
ing, as expected, that homeostasis of these two
anions is regulated by independent renal mecha-
nisms. In the work described here, we used both
brush-border membrane vesicles and renal cortex
slices to study sulfate transport in mouse kidney.
We show that metabolic runout is not an im-
portant determinant of net sulfate uptake in the
slice. Brush-border membrane vesicles and slices
exhibit different sulfate uptake mechanisms, and
uptake by the latter resembles transport by isolated
basolateral membrane vesicles. These findings
clearly corroborate, at a functional level, preceding
work with enzyme markers [14], in which we par-
ticipated, showing that slice preparations of renal
cortex primarily expose basolateral membranes.

Materials and Methods

Animals. We used adult male mice (25-30 g) of
the inbred CS57B1/6J strain purchased from the
Jackson Laboratory, Bar Harbour, ME. Animals
were housed in facilities conforming to Canadian
standards for animal care. They were fed Purina
Rodent Laboratory Chow (Ralston Purina, St.
Louis, MO) and tap water ad libitum.

Chemicals. Methoxy['*Clinulin (M, 5000, 15
mCi/g), poly(ethylene glycol), (M, 4000, 0.7
mCi/g), a-aminof1,2-*H]Jisobutyric acid isobutyric
acid (53 mCi/mmol), D-[1-*H]glucose (18 mCi/m-
mol) and [5’-**SO,JPAPS (0.7 Ci/mmol) were ob-
tained from New England Nuclear, Boston, MA.
Labelled [!“Clthiocyanate (59 mCi/mmol) and

[>H]TPP* (4.3 Ci/mmol) were a gift from Dr.
Ronald Poole, Department of Biology, McGill
University. SITS, DIDS and NAP-taurine were
purchased from Pierce Chemical Co., Rockford,
IL. Furosemide and amiloride were gifts from
Hoechst Pharmaceuticals Ltd., Montreal, Quebec
and the Upjohn Co., Kalamazoo, MI, respectively.
All others chemicals (reagent grade) were obtained
from standard commercial sources.

Renal cortex slice preparations. Thin cortex slices
(approx. 200 pm thick; wet wt. approx. 5 mg) were
prepared as described by Chesney et al. [15] and
incubated in Erlenmeyer flasks at 37°C under
100% O, in a Dubnoff shaking incubator. Water
spaces of slices were determined with radiolabelled
[**Clinulin according to the method of Rosenberg
et al. [16] or with *H-labelled PEG as described by
Chesney et al. [15].

Various media (all at 300 mosM) of specified
composition (mM) were used for incubation of
slices: (i) a modified Krebs-Ringer buffer (pH 7.4):
NacCl, 124 /KCl, 5 /MgCl,, 2.1 /CaCl,, 5.3 /D-glu-
cose, 2.6,/Tris-HC], 27; (ii) a sucrose medium,
modified after Deyrup [17], (pH 6.5) containing:
sucrose, 280/Mes-Tris buffer, 10; (iii) a sucrose-
KCl medium (pH 6.5) containing: sucrose,
240 /KCl, 20 /Mes-Tris, 10, or Pipes, 10.

Experiments to measure distribution and net
uptake of solute by cortex slices were performed in
2 ml volumes as described previously [18]. The
isotopic distribution ratio (cpm per ml ICF :cpm
per ml ECF), net uptake (transport) rate (mmol /1
ICF per unit time), efflux constant (k~!) and
apparent kinetic constants (K. and V. ) were
calculated as described previously [13,18].

Efflux of sulfate from slices was measured after

preincubation to steady-state with sulfate (1.0 mM)
in the sucrose-KCl medium; slices were then
removed, blotted and transferred into 10 ml
‘transequilibrium’ sucrose-KCl medium (contain-
ing sulfate at preincubation concentration) or
‘trans-zero’ medium (containing no sulfate).
Labelled sulfate was measured in tissue and
medium at 2-min intervals up to 30 min beginning
at 6 min.

Tissue sulfate was measured by controlled-flow
anion chromatography [19]. Organification of
labelled sulfate after uptake by renal cortex slices
was measured by a procedure that minimizes PAPS



degradation [20]. Ten slices (approx. 50 mg) were
incubated either with or without labelled sulfate,
removed and placed in homogenizing vessels;
[3*S]PAPS was then added to the slices incubated
with unlabelled sulfate. 10 vol glycine-NaOH
buffer (in 50% (v/v) methanol-water, pH 9.2) were
then added to both sets of flasks. After standing in
a boiling water bath for 3 min, the preparations
were chilled in an ice bath and homogenized. After
centrifugation (12000 X g, 30 min), 50 pl samples
were spotted on 20 X 20 cm DEAE-cellulose thin-
layer plates and developed in 0.3 M ammonium
bicarbonate until the solvent front had advanced
18 cm. The plates were dried at room temperature
and 1-cm strips of cellulose scraped into vials for
liquid-scintillation counting to identify distribu-
tion of accumulated SO, in the intracellular
pools and in situ stability of the [*S]JPAPS stan-
dard.

Brush-border membrane vesicle preparation. We
prepared brush-border membrane vesicles from
renal cortex of 6-10 adult mice by a slight modifi-
cation [21] of the method using Mg?* precipita-
tion and differential centrifugation described by
Booth and Kenny [22]. Enrichment of the brush-
border membrane, estimated by the increase in
alkaline phosphatase specific activity, was 10-fold
relative to whole cortex homogenate (10.7 £ 0.8,
mean + S.E., n=12). Contamination of brush-
border membrane vesicles by the basolateral mem-
brane was not measured specifically in this work
but we and others [22] have found no enrichment
of the basolateral membrane marker (Na* + K*)-
ATPase) in the brush-border membrane vesicle
preparation.

Diffusion of sulfate and D-glucose was mea-
sured by replacing Na* by K* in the external
medium. Each incubation medium contained ap-
prox. 10° cpm (as **SO,) per 90 pl. To correct for
variations in vesicle size between experiments, ini-
tial uptakes at 15 s were expressed as percent of
uptake at equilibrium (60 min). Protein was mea-
sured by the method of Lowry et al. [23] using
bovine serum albumin as standard.

Statistics. We used the methods of Sokal and
Rohlf [24] to compare means and dispersions of
experimental and control values. Where there was
a priori reason to believe that the data were not
normally distributed, nonparametric methods were
used.
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Results

Water spaces and distribution of isotopic sulfate in
renal cortex slices

Postincubation (60 min) dry weights in the vari-
ous incubation media were similar (pooled values:
2994+ 0.3% of wet wt.; mean +S.E., n=26),
extracellular volumes in the different media, mea-
sured with either inulin or poly(ethylene glycol),
were also comparable (pooled values, 37.8 + 0.4%
of wet wt., mean + S.E., n = 10).

Time-course for net sulfate uptake by slices

The isotopic sulfate distribution ratio (at 0.1
mM extracellular sulfate) increased to attain a
steady-state (Fig. 1), reaching 7.9 4+ 0.5 (mean
+S.D., n=27) in the sucrose-KCl medium at pH
6.5, and 2.4+ 0.2 in the modified Krebs-Ringer
medium at pH 7.4 (Table I). The uptake ratio was
not different when Pipes or Mes-Tris buffers were
used in the sucrose-KCl medium; we used Pipes in
the DIDS experiments, outlined below, to mini-
mize interaction between stilbene and buffer com-
ponents.

Sulfate content of renal cortex slices and fate of
extracellular sulfate during uptake

We measured the intracellular content of slices
to determine whether uptake at 0.1 mM extracellu-
lar sulfate in vitro occurred against a chemical
gradient. We also measured incorporation of
sulfate anion into organic pools to discern whether

0 | | J J |
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*S0, Isotopic Distribution Ratio

Fig. 1. Time-course of sulfate (**SO,) uptake by mouse renal
cortex slices. The isotopic distribution ratio (*3S in ICF: S in
ECF) was determined at specified times in sucrose-KCl medium
containing 0.1 mM SO, using either Mes-Tris(O) or Pipes (®)
buffers at pH 6.5.
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TABLE 1

SIMULTANEOUS DISTRIBUTION RATIOS FOR LIPID-
PERMEABLE IONS AND SULFATE IN MOUSE RENAL
CORTEX SLICES

Ion Concn.  Distribution ratio

(rM) Krebs-Ringer
medium (pH 7.4)

Sucrose-KCl
medium (pH 6.5)

TPP™* 2 37.70 + 5.60 (7) 35.30+3.50 (11)
SCN~ 2 0.18 +0.06 (4) 0.2240.05 (5)
SOZ™ 100 2.40+0.20 (9) 7.90+0.50 (27)

metabolic runout was a significant determinant of
net uptake.

Intracellular sulfate content in freshly excised
renal cortex was approx. 1.1 mmol/] in adult
mouse renal cortex, implying that sulfate uptake in
vitro took place against a chemical gradient.

We measured the labelled soluble cellular prod-
ucts in the presence of %SO, in sucrose-KCl and
modified Krebs-Ringer after incubation of slices
for 60 min. Labelled intracellular material, identi-
fied by DEAE-cellulose thin-layer chromatogra-
phy, was inorganic sulfate (R;, 0.95); only trace
amounts of label were identified in the region of
PAPS and other sulfoesters (R, 0.10). The labelled
PAPS standard used as an internal control showed
no more than 10% degradation to inorganic sulfate
in situ during processing of the slices. Taken to-
gether, our measurements of cellular sulfate con-
centration, net uptake in vitro, and labelling of
intracellular sulfate pools imply that slices accu-
mulate sulfate anion from the extracellular space
against a chemical gradient without metabolic
‘runout’.

Distribution of lipophilic ions (TPP*, SCN ™) in
cortex slices

We measured the distribution ratio of each
lipophilic ion simultaneously with that of sulfate
at steady-state (60 min) to determine whether
sulfate was accumulated by slices against an elec-
trical gradient.

TPP™ cation readily penetrated the intracellular
space along with sulfate in slices incubated in
either sucrose-KCl or modified Krebs-Ringer

TABLE 11

EFFECT OF CATIONS ON SULFATE UPTAKE BY
MOUSE RENAL CORTICAL SLICES

Slices were incubated in sucrose-Tris/Hepes medium (pH 6.5)
containing 0.1 mM SO;~ anion for 60 min at 37°C. Tissue
water spaces were measured with *H-labelled PEG. There was
no significant change in intracellular water with substitution or
addition of various cations. All cations were added as the
chloride salt. Uptake values are expressed as mean +S.E,
n=3.

Cation Final concn. of Uptake
added cation (% of maximum)
in medium
(mmol //)
None - 3342
K* 20 100+ 5
40 82+3
80 80+ 4
5 5342
K*+Na”* 20+20 ST+7
Na™ 20 46+ 3
Choline* 20 54+4
Li* 20 42+1
Rb* 20 98+5
Cs* 20 95+4

medium (Table I), whereas thiocyanate anion was
excluded. We found no binding of lipophilic ions
to tissue sites after disruption of cellular integrity

$50, Uptake Ratio Ci/Co

Fig. 2. Effect of extracellular pH on sulfate by mouse renal
cortex slices incubated in sucrose (@), sucrose-KCl (O) (with
20 mM KCl added), and Krebs-Ringer media (a). Buffers
added to adjust pH were 10 mM Mes-Tris (pH 4.0-6.0) and 10
mM Tris-Hepes (pH 6.25-8.0). Each point is the mean ( +S.E.)
of triplicate values.
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TABLE III

EFFECT OF INHIBITORS ON UPTAKES OF SULFATE AND a-AMINOISOBUTYRIC ACID BY MOUSE RENAL CORTI-
CAL SLICES

Values are expressed as mean +S.E., # shown in parentheses. n.s., not significant.

Inhibitor added Uptake (% of control)
(Concentration) Sulfate ® e AIB e
None 100+ 5(3) 100+ 6(3)
Anmiloride (1 mM) 151+ 9(3) < 0.01 67+ 7(3) < 0.01
Furosemide (1 mM) 111+12 (3) n.s. 84+ 5(3) < 0.05
Ouabain (1 mM) 108+ 2(3) n.s. 29+ 2(3) <0.01
NAP-taurine (1 mM) ¢
before photoreaction 82+15(6) n.s. 112416 (4) n.s.
after photoreaction 56 +11 (7) < 0.05 84 +20 (4) n.s.
DIDS (1 mM) ¢ 52+ 6(6) < 0.01 89+ 6(5) n.s.
SITS (1 mM) ¢ 43+ 9(5) < 0.01 92+ 7(5 n.s.

a

Sulfate uptake at 0.1 mM extracellular concentration was measured in the sucrose-KCl buffer (pH 6.5) as the isotopic distribution
ratio at steady-state, and distribution ratio of 7.9 represents 100%.
a-Aminoisobutyric acid (AIB) uptake at 0.1 mM extracellular concentration was measured in modified Krebs-Ringer buffer (pH

7.4) as the isotopic distribution ratio at steady-state; a distribution ratio of 7.3 represents 100%.
¢ Pipes buffer (10 mM, pH 6.5) was used to avoid interaction of Tris with the disulfonate stilbene.

4 Photoreaction performed as described by Cheng and Levy [25].

Relative to control (no inhibition).

by freeze-thaw treatment of slices. These observa-
tions imply that sulfate is accumulated by renal
cortex slices against an inside-negative membrane
electrical potential.

Influence of extracellular environment on sulfate
accumulation by slices.

Experiments were performed to delineate the
effect on sulfate uptake of various cations and
agents known to interact at the basolateral mem-
brane. Net uptake of sulfate was stimulated by
extracellular K*, Rb* and Cs™ in the sucrose-KCl
medium; maximum stimulation was obtained with
20 mM K7 (Table II). Addition of Na* to K*-
containing medium inhibited sulfate uptake. Up-
take was maximal at pH 5 in the sucrose-KCl
medium and at pH 6 in the modified Krebs-Ringer
medium (Fig. 2).

Sulfate uptake in sucrose-KCl-Pipes medium at
pH 6.5 and a-aminoisobutyric acid uptake in
Krebs-Ringer buffer at pH 7.4 were measured in
the presence of inhibitors of renal transport activ-
ity. Ouabain and furosemide inhibited a-aminoi-
sobutyric acid uptake but had no effect on sulfate
(Table III), whereas amiloride stimulated sulfate
and inhibited a-aminoisobutyric acid uptakes. In-

hibitors of anion-exchange systems (DIDS, SITS
and NAP-taurine) impaired net uptake of sulfate
only.

Evidence that ner sulfate uptake by slices is satura-
ble

Net sulfate uptake by slices was concentration-
dependent at steady-state in the sucrose-KCl
medium (Fig. 3). Eadie-Hofstee transformation of
the uptake rates corrected for diffusion (U wvs.
U/S) yielded a single regression line (r = 0.95,
p =0.01). The apparent V,_,, for sulfate uptake
was 5.34 mmol /1 ICF per h and the apparent K,
0.76 mM.

Efflux of sulfate from slices

We examined counter-transport under condi-
tions of sulfate efflux to confirm that transport of
sulfate was carrier-mediated in the slice prepara-
tion. Efflux of radiolabelled sulfate from pre-
loaded slices observed first-order rate kinetics with
or without counter-transport stimulation in the
sucrose-KCl medium (Fig. 4). Sulfate efflux was
enhanced when sulfate anion was present in the
external medium, indicating that efflux of sulfate
is mediated by a carrier.



118

(mmole L ICF-'""hr-")

I
—

U. Sulfate Uptake

S, Sulfate (mM)

Fig. 3. Concentration dependence of **SO, uptake by mouse
renal cortex slices incubated in sucrose-KCl medium. Each
point is the mean (+ S.E.) of at least three replicates. (Inset:
Eadie-Hofstee transformation of values; best fit was obtained
by least-squares regression). The apparent constants were: K
=0.76 mM; V., = 5.34 mmol /1 ICF per h.

Sulfate transport in brush-border membrane vesicles
We studied sulfate uptake by mouse renal
brush-border membrane vesicles only to identify
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Fig. 4. Efflux of 3°SO, from mouse renal cortex slices pre-
loaded with 1 mM sulfate to steady-state. The exponential rate
is rectified on this semilogarithmic plot. When measured under
trans-equilibrium conditions (®) with 1.0 mM SO, in the efflux
buffer, sulfate efflux was significantly faster, relative to the
corresponding trans-zero condition (O) without sulfate in the
efflux buffer. Data shown are for a single experiment; the
finding was corroborated in five replicate experiments: k!
(min~1-1072) in trans-zero condition, 4.06 +0.39; in trans-
equilibrium condition, 4.35 +0.35 (p = 0.0029 by x? procedure
(p- 623, Ref. 24).
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Fig. 5. Effect of increasing external osmolarity on sulfate
distribution volume in mouse renal cortex brush-border mem-
brane vesicle at equilibrium. The impermeable solute was
sucrose, at external concentrations to attain 300-1000 mosM in
the incubation medium. Experiments were perforined with
potassium-containing medium (O) or sodium-containing
medium (®). Each point is the mean of triplicate values for
sulfate distribution at equilibrium (60 min).

whether it was different from uptake identified in
the slice preparation.

We ascertained first whether there was any
nonspecific binding of anion to brush-border
membrane vesicles. Measurements of uptake were
made with vesicles whose volume was modified by
extravesicular osmolarity (Fig. 5). We also calcu-
lated the intravesicular volumes for sulfate and
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Fig. 6. Time-course for uptakes of D-glucose and sulfate by
mouse renal cortex brush-border membrane vesicles measured
simultaneously in potassium-containing (O) and sodium-con-
taining (®) incubation media. Each point is mean + S.E. of five
replicates.



D-glucose at equilibrium; they were the same (2.0
+ 0.2 pl/mg protein). These findings exclude sig-
nificant binding of sulfate to brush-border mem-
brane vesicles.

Simultaneous uptakes of sulfate and D-glucose
by brush-border membrane vesicles were both de-
pendent on an inward-directed transmembrane
sodium gradient (Fig. 6). The maximum ‘over-
shoot’ in uptake was observed at 15 s for D-glucose
and at 30 s for sulfate. Both solutes attained
equilibrium by 60 min, sulfate doing so more
slowly than D-glucose. Uptake of 50 uM sulfate at
15 s was inhibited 14% by 10 uM D-glucose (n = 6,
p =0.005, Student r-test) perhaps by partial dis-
sipation of the Na* gradient during the more
rapid uptake of D-glucose. Accordingly, estimates
of kinetic values for sulfate uptake were obtained
in the absence of D-glucose. Concentration-depen-
dent uptake of sulfate anion was measured by
subtracting the nonsaturable component of up-
take, measured in the K* medium, from total
uptake measured in the Na* medium. Saturable
sodium-dependent uptake of suifate was observed
in renal brush-border membrane vesicles. The ap-
parent kinetic values for sulfate uptake were: V.,
780 pmol/mg protein at 15 s; K., 0.36 mmol /1
(coefficient of variation, 3.9%).

Discussion

Endogenous sulfate anion, whether available
from cysteine oxidation, sulfoester hydrolysis or
diet, is the cosubstrate for many sulfoconjugation
reactions and biosynthetic pathways [26]. Accord-
ingly, the role of kidney in maintaining homeosta-
sis of extracellular sulfate to serve these important
metabolic events is of interest. We used renal
brush-border membrane vesicles and slice prepara-
tions in the work described here for two reasons:
first, to define the importance of metabolic runout
in net renal reabsorption of sulfate; second, to
determine which membrane (brush-border mem-
brane or basolateral membrane) is exposed in the
slice. The slice preparation retains metabolic activ-
ity, and we studied metabolism of sulfate in this
preparation. Since sulfate transport has been well
characterized in both renal brush-border mem-
brane vesicle preparations [8-10,12], this anion is
now a useful probe to delineate which membrane
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is operating functionally in the slice preparation;
therefore, we compared the characteristics of
sulfate uptake in slices with the brush-border
membrane vesicle preparation. The use of mouse
kidney in this context is a novelty.

Sulfate was not rapidly incorporated into
organic pools in the slice preparation. Accord-
ingly, we conclude that metabolic incorporation of
anion is not an important determinant of net
reabsorption across brush-border membranes or of
net uptake across basolateral membrane. This
finding has not previously been reported to our
knowledge.

Sulfate transport by brush-border membranes
involves no significant binding of anion. It is
dependent on the Na™*-gradient (outside > inside)
and is saturabie; elsewhere [13], we showed that it
is competitively inhibited by molybdate. These
findings corroborate the work of others [8-10],
where it was also shown that stilbenes do not
inhibit sulfate transport by brush-border mem-
brane vesicles. Our value for the apparent K. in
mouse renal brush-border membrane vesicles (zap-
prox. 0.28 mM) is one-third of that reported by
Lucke et al. [8] for rat renal brush-border mem-
brane vesicles and half of that reported by Brazy
and Dennis [11] for the isolated perfused rabbit
proximal tubule segment. Differences in species in
preparation may account for these apparent dis-
crepancies.

The renal cortex slice accumulates sulfate, at
low extracellular concentrations (less than 1 mM),
against an electrochemical gradient (Fig. 1, Table
I); we used the simultaneous distribution of lipo-
philic ions [28] and the analysis of tissue sulfate
anion to confirm this fact. In contrast to our
findings with the brush-border membrane vesicle
preparation, sulfate uptake by slices is sodium-in-
dependent (Table II) and inhibited by dis-
ulfonated stilbenes (Table III). This is sufficient
evidence that the mechanisms for sulfate uptake
are clearly different in slice and brush-border
membrane vesicle preparations. Our additional
evidence for carrier-mediated uptake (vs. binding)
of sulfate anion by the slice includes: saturability
(Fig. 3) and trans-equilibrium stimulation of efflux
(Fig. 4). If we assume that the sulfate carrier
exposed in the slice is not located in the brush-
border membrane, it is of interest to know whether
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it resembles any of the anion-exchange systems
assigned to the basolateral membrane.

Pritchard and Renfro [10] have characterized
sulfate transport in a rat renal cortex basolateral
membrane vesicle preparation. They found that
sulfate transport is: Na*-independent, stimulated
by K* or H*, saturable, dependent on membrane
electrical potential, inhibited by stilbene and Hg?*,
and stimulated by counter-transport exchange.
They present strong evidence for HCO; or OH™
exchange on the sulfate carrier and propose that
this inorganic anion exchanger is different from
the organic anion-exchange system of renal tubule;
they further deduce, largely from data published
by Ullrich and Murer [7] that the inorganic anion-
exchange system is located in late proximal tubule.

It was not our intention to delineate sulfate
anion transport in detail in brush-border mem-
brane vesicles or slices. Nonetheless, some inter-
esting observations were made. Sulfate uptake by
the slice is increased in the presence of furosemide
and amiloride at relatively high concentrations (1
mM) of inhibitor (Table III). While furosemide
can inhibit potassium flux specifically across the
membrane, when its concentration is below 1 mM
[29], and might thus inhibit K*-dependent sulfate
uptake, it can have a broader effect to include
inhibition of (Na*+ K*)-ATPase at higher con-
centrations; amiloride also inhibits (Na*+ K*)-
ATPase at equivalent concentrations [30]. Accord-
ingly, the stimulatory effect of these agents on
sulfate uptake by slices could reflect inhibition of
(Na™* + K*)-ATPase activity with secondary per-
turbation of intracellular pH; the same agents
inhibited the uptake of a-aminoisobutyric acid
which, unlike sulfate, is Na*-dependent in the
slice [18]. In light of these findings, it is not
surprising that ouabain also stimulated sulfate up-
take slightly and inhibited a-aminoisobutyric acid
uptake (Table III). The result obtained with
ouabain is not unconventional. Smith et al. [31,32]
reported 18% stimulation of the serosa-to-mucosa
sulfate flux when serosal surface of rabbit ileum
was exposed to 0.25 mM ouabain. Stilbenes and
NAP-taurine, each at 1 mM, inhibited slice uptake
of sulfate (Table III) and others [10-12] have
observed this effect with isolated tubule segments
and basolateral membrane vesicle preparations.
High concentrations of inhibitor were required in

the slice preparation, relative to the other prepara-
tions, presumably because of nonspecific binding
of inhibitor.

The K* specificity for sulfate uptake by renal
cortex slices observed here was reported initially
by Deyrup and Ussing [33]. Pritchard and Renfro
[10] observed stimulation of sulfate uptake by rat
renal basolateral membrane vesicles with a 50 mM
KHCO, gradient (inside > outside) relative to an
equivalent NaHCO, gradient; the effect of KHCO,
was not inhibited when 50 mM NaCl replaced
mannitol in both vesicle and incubation buffers.
Since bicarbonate stimulates sulfate uptake by
basolateral membrane vesicles, whether K* is pre-
sent or not [10], it is apparent that this cation is
permissive but not obligatory for sulfate exchange
on the anion carrier. The influence of pH on
sulfate uptake by slices described here was also
reported initially by Deyrup and Ussing [33]; and
Pritchard and Renfro [10] noted that a pH gradi-
ent (OH™ inside > outside) may drive sulfate up-
take by basolateral membrane vesicles. Whether
the effects of K* and pH on sulfate uptake by
slices could be related in common to cytosolic
(type II) carbonic anhydrase activity is a matter of
speculation. Thus, the important role of K* and
H* on sulfate uptake in the slice preparation has
not yet been explained.

In summary, our findings indicate that the
mouse renal cortex slice exposes a sulfate-trans-
port system which is different from that in the
isolated brush-border membrane; the results re-
ported here are compatible with the hypothesis
[14,27] that the slice preparation occludes the
brush-border membrane from direct access to so-
lute in the medium.
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