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Abstract. Brush-border membrane vesicles (BBMV)
were prepared from superficial rat renal cortex by a di-
valent2+-precipitation technique using either CaCl2 or
MgCl2. The dependence of the initial [14C]-D-glucose
(or [3H]-L-proline) uptake rate and the extent of the over-
shoot ofD-glucose orL-proline uphill accumulation from
solutions containing 100 mM Na+ salt, was found to be
dependent upon the precipitating divalent cation. With
Mg2+ precipitation the initial uptake and overshoot
accumulation of eitherD-glucose orL-proline were en-
hanced compared to BBMV prepared by Ca2+ precipita-
tion. When the anion composition of the media was var-
ied (uptake in Cl− media in comparison to gluconate−-
containing media) it was found that the Cl−-dependent
component of the initial uptake was markedly depressed
with Ca2+-prepared BBMV (104.99 ± 33.31vs.13.83 ±
1.44 pmoles/sec/mg protein for Mg2+ and Ca2+ prepared
vesicles respectively). When Ca2+ was loaded into Mg2+

prepared BBMV using a freeze-thaw technique, it was
found that the magnitude and Cl− enhancement ofD-
glucose transport was reduced in a dose-dependent man-
ner. Neomycin, an inhibitor of phospholipase C, had no
effect on the reduction ofD-glucose uptake by Ca2+ in
Mg2+ prepared vesicles.

In contrast, phosphatase inhibitors such as vanadate
and fluoride were able to partially reverse the Ca2+ in-
hibition of D-glucose uptake and restore the enhancement
due to Cl− media. In addition, inhibitors of protein phos-
phatase 2B, deltamethrin (50 nM) and trifluoperazine (10
mM), caused partial reversal of Ca2+-dependent inhibition
of D-glucose uptake.

Direct measurement of changes in the bi-ionic (Cl−

vs.gluconate−) transmembrane electrical potential differ-

ences using the cyanine dye, 3,38-dipropylthiodicarbo-
cyanine iodide DiSC3-(5) confirmed that Cl− conduc-
tance was reduced in Ca2+-prepared vesicles.

We conclude that a Cl− conductance coexists with
Na+ cotransport in rat renal BBMV and this may be
subject to negative regulation by Ca2+ via stimulation of
protein phosphatase (PP2B).
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Introduction

In brush border membrane vesicles (BBMV) prepared
from rat kidney superficial cortex by a Mg2+ precipita-
tion method it is apparent that Cl− conductance coexists
with Na+ cotransport and this may function to regulate
the activity of electrogenic transport systems at this
membrane (Brown, King & Simmons, 1993). The physi-
ological relevance of the intrinsic permeabilities of iso-
lated BBMV to both cations and anions has been ques-
tioned since exact correlation of such permeabilities with
those seen in intact tubules has been difficult to draw.
This may result from dynamic regulation of such con-
ductances; intact tubule studies are predominately made
in the absence of regulatory factors; for instance a proxi-
mal tubule brush-border Cl− conductance has been
shown to be subject to regulation by protein kinase A and
C using parathyroid hormone as a physiological regula-
tor in this tubule segment (Lipkowitz & Abramson,
1989, 1992; Suzuki et al., 1991). An additional factor
may concern the method by which BBMV are prepared.

In the divalent cation precipitation method either
Mg2+ or Ca2+ ions may be used in the differential pre-
cipitation of cytosolic membranes and basolateral mem-Correspondence to:N.L. Simmons
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branesvs. brush border membranes. It has been well
documented that significant differences in the transport
properties of such vesicles exist; thus Biber et al. (1981)
noted that the extent ofD-glucose transport in Ca2+-
prepared vesicles was depressed compared to Mg2+-
prepared vesicles. The question whether this results
from the direct regulation of the transporter or is due to
the change in the driving force for transport (or its dis-
sipation) is still unresolved (Lin et al., 1989). Sabolic &
Burkhardt (1984) have shown that both the K+ and H+

conductances in Ca2+-prepared rat renal vesicles are in-
creased whilst Na+/H+ exchange is reduced.

The intrinsic Cl−-conductance of rat renal BBMV
may be important in the regulation of electrogenic solute
transport at this membrane. We have assessed whether a
reduction in Cl− conductance may contribute to the re-
ported differences between Ca2+ and Mg2+-prepared
vesicles. Two experimental protocols were used; (i) an
indirect measurement of Cl− conductance utilizing Cl−-
gradient enhancement of electrogenic transport ofD-
glucose orL-proline into BBMV and (ii) by direct
measurement of changes in the bi-ionic transmem-
brane potential differences using the cyanine dye
3,38-dipropylthiodicarbocyanine iodide (DiSC3-
(5)). Evidence is presented for the potential role of a
Ca2+-activated phosphatase in the regulation of kidney
BBMV Cl−-conductance.

Materials and Methods

PREPARATION OFRAT RENAL BRUSH BORDER

MEMBRANE VESICLES

Renal cortical brush border membrane vesicles were prepared by a
double cation precipitation procedure as described by Biber et al
(1981). Kidneys from 3 male Wistar rats (220–250 g body weight)
were removed and decapsulated before cutting thin slices (1–2 mm
thick) of superficial cortex. The tissue was suspended 10% (w/v) in
buffer containing (in mM): 100 mannitol, 5 EGTA, 0.2 PMSF, 10
Hepes/Tris pH 7.4 and homogenized (setting 5 for 2 min) with a Ki-
nematica homogenizer. The homogenate volume was adjusted to 40 ml
with water, divided into 2 equal volumes for comparison of Mg2+ vs.
Ca2+ prepared vesicles and either 2.0M MgCl2 or 2.0M CaCl2 added to
give a final concentration of 12 mM. This suspension was centrifuged
at 2,400 ×g for 15 min to remove large cellular debris and cation
aggregated material. Brush border membrane vesicles remaining in the
supernatant were collected by centrifuging at 30,900 ×g for 30 min.
The pellet was resuspended in 20 ml buffer solution containing (in
mM): 50 mannitol, 2.5 EGTA, 0.1 PMSF, 5.0 Hepes/Tris pH 7.4 and the
cation precipitation step repeated. The final brush border membrane
vesicle fraction was resuspended in 400–500ml of a solution contain-
ing 300 mM mannitol and 10 mM Hepes/Tris, pH 7.4. Vesicles (con-
taining 8–10 mg/ml protein) were stored in liquid nitrogen until use.
All steps of the procedure were carried out at 4°C.

PROTEIN ASSAY AND MARKER ENZYME ANALYSIS

Protein determination was carried out by the method of Bradford
(1976) using bovine serum albumin as the standard. Alkaline phos-

phatase and leucine aminopeptidase were used as marker enzymes for
brush border membrane vesicles. Alkaline phosphatase activity was
enriched 18.01 ± 1.05 and 18.20 ± 1.14-fold (SE n 4 5) over tissue
homogenates for Mg2+ and Ca2+ prepared vesicles respectively while
leucine aminopeptidase activity was enriched 14.11 ± 1.57 and 15.59 ±
1.79-fold (SE n 4 5) over tissue homogenates for Mg2+ and Ca2+

prepared vesicles respectively.

TRANSPORTSTUDIES

The uptake ofD-glucose into rat renal brush border membrane vesicles
was measured at room temperature (20°C) using a rapid filtration stop
technique as described by Berner et al. (1976). Brush border mem-
brane vesicles (containing 40–50mg protein/time point) were pipetted
into a 1 ml tube. Reactions were started by the addition of 750ml
incubation medium which contained (in mM): 100 NaCl, 100 mannitol,
10 Hepes/Tris pH 7.4 and 0.1 [14C]-D-glucose (about 40,000 c.p.m.).
The reaction mix was taken up into the tip of a 1-ml electronic pipette
(Biohit Proline, Helsinki, Finland). At appropriate time points 60ml
volumes of reaction mix were dispensed directly onto nitrocellulose
filters (0.45mm pore size) under vacuum. Filters were washed, 3 × 3
ml ice-cold stop solution containing (in mM): 150 KCl, 10 Hepes/Tris
pH 7.4 and 0.1 phloridzin. The filters were then removed and pro-
cessed for liquid scintillation counting. Zero time points were deter-
mined by dispensing 60ml volumes of incubation medium onto the
filters and washing with 3 × 3 ml stop solution. Measurements of
initial rates of transport were performed. Over a period of 10 sec,
uptake was directly proportional to time.

The procedure for the measurement of [2,3H]-L-proline transport
activity was similar to that forD-glucose. The incubation medium
contained (in mM): 100 NaCl, 100 mannitol, 10 Hepes/Tris pH 7.4 and
0.1 [2,3H]-L-proline (about 30,000 c.p.m.). The stop solution con-
tained; .150 KCl, 10 Hepes/Tris pH 7.4.

Uptake experiments using freshly prepared vesicles or vesicles
stored overnight in liquid nitrogen showed little difference in substrate
transport activity (data not shown).

INTRAVESICULAR LOADING OF BRUSH BORDERMEMBRANE

VESICLES WITHCA
2+

Using a freeze-thaw technique, the intravesicular composition of brush
border membrane vesicles can be manipulated to incorporate a range of
macromolecules (Donowitz et al., 1987). The loading of Ca2+ into
Mg2+-prepared vesicles was carried out by the method of Lin et al.
(1989) using the freeze-thaw technique (Donowitz et al., 1987). Mg2+-
prepared brush border membrane vesicles (100ml) were pelleted by
centrifugation at 30,900 ×g for 10 min. The supernatant was discarded
and the pellet resuspended in 100ml of media containing (in mM): 10
EGTA, 10 Hepes/Tris pH 7.4, and either 0 (control), 6.60, 9.50, 9.96,
10.00 and 11.00 mM concentrations of CaCl2 to achieve final free Ca

2+

concentrations of 0 (control) 0.1, 1.0, 10, 100, 1000mM respectively.
The osmolarity of the Ca2+/EGTA buffer was maintained at 310 mos-
mol using mannitol. Free Ca2+ concentrations were calculated using
the EQCAL computer program (Backman, L. 1988 Biosoft, Cam-
bridge, UK). After resusupension, the samples were frozen in liquid
nitrogen and subsequently allowed to thaw at 37°C for 30 min. After
a further 30-min incubation at 20°C the transport of eitherD-glucose or
L-proline into the vesicles was measured.

MEASUREMENTS OFFLUORESCENCEQUENCHING

Calibration of the fluorescence response with imposed K+-valinomycin
diffusion potentials and measurements of the bi-ionic membrane po-
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tential difference between Mg2+- and Ca2+-prepared vesicles were car-
ried out as described by the methods of Gunther, et al. (1984) and
Cassano et al. (1988), using the voltage-dependent fluorescence of the
cyanine dye DiSC3-(5). BBMV were prepared either by a Mg2+ or
Ca2+ precipitation procedure and left overnight at 4°C, in loading
buffer (seeTable legend for details). In a plastic cuvette the following
reagents were added, 1960ml external solution, 10ml 0.6 mM dye and
10ml 0.89 mM valinomycin, to achieve the final concentrations shown
in the Table legend). The fluorescence was stabilized at 90 arbitrary
units and the reaction started by the addition of 10ml BBMV (80 mg
protein) to the cuvette. The fluorescence of the cyanine dye was mea-
sured spectrofluorometrically (lex 620nmlem 670nm) for 2 min.

STATISTICS

Tests of significance of difference between mean values were made
using ANOVA (one-way analysis of variance) with a BonFerroni
method for multiple comparisont tests between data pairs;n is the
number of separate preparations used.

Results

NA
+-DEPENDENTTRANSPORT OF D-GLUCOSE INMG

2+

OR CA
2+ PREPAREDRAT RENAL BRUSH BORDER

MEMBRANE VESICLES

To overcome the possible contamination of the vesicle
population with endosomal Cl−-channels (Schmid,
Burckhardt & Gogelein, 1989), brush border membrane
Cl−-conductance was measured indirectly using the elec-
trogenic low affinity, high capacity Na+/glucose trans-
porter (SGLT2) expressed in the superficial rat renal cor-
tex (Kanai et al., 1994, Lee et al., 1994).

The time course ofD-glucose transport into Mg2+ or
Ca2+ prepared vesicles is shown in Fig 1. In the presence
of an inwardly directed 100 mM-NaCl gradient, there was

a rapid accumulation ofD-glucose into the Mg2+ pre-
pared vesicles. The initial rate of uptake (Table 1) was
nearly 8 times higher than the initial rate ofD-glucose
uptake into Ca2+-prepared vesicles. The accumulation of
D-glucose into both Mg2+ and Ca2+-prepared vesicles
continued up to 60 sec (Fig 1). After this point the con-
centration ofD-glucose inside the vesicles began to fall.
The overshoot accumulation ofD-glucose into Ca2+-
prepared vesicles was significantly lower (1.88 ± 0.28-
fold SE n 4 4 P < 0.01) than the overshoot in Mg2+-
prepared vesicles (0.61 ± 0.04vs.0.33 ± 0.02 pmoles/mg
protein, for Mg2+ and Ca2+ BBMV respectively.

Replacing the external Cl−-ion gradient with the
membrane impermeant gluconate−-ion resulted in a re-
duction of Na+-dependentD-glucose transport into Mg2+-
prepared vesicles (Fig 1). In contrast in Ca2+-prepared
vesicles, replacement of Cl− by gluconate did not mark-
edly reduce initialD-glucose uptake nor accumulation at
60 secs. The intravesicular concentrations at equilibrium
were essentially identical for all conditions. The equi-
librium volume of the vesicles was 1.57 ± 0.10ml/mg
protein.

The initial rate of transport ofD-glucose into Mg2+-
prepared vesicles was unaffected in the presence of an
external 100 mM NaSCN driving force (Table 1) com-
pared to NaCl. In contrast, in Ca2+-prepared vesicles the
initial race of D-glucose uptake in the presence of an
external 100 mM NaSCN gradient was similar to that
observed in Mg2+-prepared vesicles. Thus, the accelera-
tion of D-glucose uptake into BBMV observed with Cl−-
containing media compared to gluconate− media in
Mg2+-prepared vesicles is consistent with the existence
of a Cl− conductance. This observation is in agreement
with the NPPB-sensitive Cl− conductance, previously
demonstrated on these vesicles (Brown et al., 1993).

Fig. 1. Time course (0–60 min) of the
anion-dependent transport ofD-glucose into Mg2+-
or Ca2+-prepared rat kidney BBMV. Vesicles were
prepared andD-glucose transport activity measured
as described in Materials and Methods. The
intravesicular composition was (in mM: 300
mannitol, 10 Hepes/Tris pH 7.4. BBMV were
incubated for different time periods in
extravesicular uptake media that contained (in
mM): 100 mannitol, 10 Hepes/Tris pH 7.4, 0.1
[14C]-D-glucose and either 100 NaCl or 100 Na
gluconate. The transport ofD-glucose into Mg2+

(s,d) or Ca2+ (h,j) prepared vesicles in the
presence of NaCl (s,h) or Na gluconate (d,j)
respectively is shown. Values are the mean ± SEn
4 4 separate preparations where individual points
were performed in triplicate.
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These workers noted a 55% reduction in Cl−-dependent
D-glucose uptake, in the presence of the channel blocker,
NPPB (500mM); Cl−-drivenD-glucose transport was in-
sensitive to the channel blocker DIDS (Brown et al.,
1993).

The abolition of the Cl−-acceleration in Ca2+-
prepared vesicles and the restoration ofD-glucose uptake
in SCN− media, without change in the equilibrium vol-
ume, indicates that the relative Cl− permeability of Ca2+

prepared BBMV is reduced.

L-PROLINE TRANSPORT INMG
2+

OR CA
2+ PREPAREDRAT

RENAL BRUSH BORDERMEMBRANE VESICLES

The electrogenic transport of the amino acidL-proline
(Chesney et al., 1991) was investigated as an additional
intravesicular monitor of the BBMV membrane poten-
tial.

The initial rate of L-proline uptake into Mg2+-
prepared vesicles incubated in the presence of 100 mM

NaCl gradient was 23.73 ± 6.19 pmoles/sec/mg protein
(Fig 2). This was 3 times higher than the initial rate of
L-proline transport into Ca2+ prepared vesicles (7.72 ±
2.45 pmoles/sec/mg proteinP < 0.05 paired data) (Fig.
2). Mg2+-prepared vesicles showed maximal overshoot
accumulation of substrate within 2 min in NaCl media
(0.94 ± 0.13 nmoles/mg protein), whereas the peak of the
overshoot for Ca2+-prepared vesicles in NaCl media
(0.20 ± 0.03 nmoles/mg protein) was significantly lower
(4.65 ± 0.40-foldSE n 4 4 P < 0.05) (Fig 2).

There was no difference in the initial rates ofL-
proline transport into either Mg2+- or Ca2+-prepared
vesicles (2.82 ± 1.14 pmoles/sec/mg protein and 2.83 ±
0.10

pmoles/sec/mg proteinP < 0.05) respectively when the
external media contained gluconate-ions (Fig. 2). Thus,
a reduction in Cl−-conductance, in BBMV prepared by
Ca2+ precipitation, is observed with an alternative elec-
trogenic solute transport system.

EFFECT OFCA
2+ CONCENTRATION ON

D-GLUCOSETRANSPORT

Mg2+-prepared vesicles were manipulated to contain
variable concentrations of intravesicular free Ca2+ ((0,
control), 0.1–1000mM) with EGTA buffers using a
freeze-thaw technique (seeMaterials and Methods). Fig-
ure 3A shows thatD-glucose transport with an inwardly
directed NaCl gradient was reduced as the concentration
of Ca2+ increased (P < 0.001 ANOVA). In contrast, the
transport ofD-glucose in Na gluconate media was not
significantly effected as the concentration of Ca2+ in-
creased (P > 0.05 ANOVA) (Fig. 3A). In the presence of
0.1, 1.0, 10.0, 100.0, and 1000mM Ca2+ Cl−-driven D-
glucose transport was reduced by 62, 75, 82, 87 and
100% respectively (P < 0.01 ANOVA) (Fig. 3B). Fur-
thermore, 1.0mM Ca2+ loaded into Mg2+-prepared
vesicles also reduced Cl−-dependentL-proline transport
(Fig. 4B). Thus, it is likely that the intrinsic Cl−-
conductance of rat BBMV is responsive to concentra-
tions of Ca2+ within a physiological range; it also implies
that the mechanism by which Ca2+ acts is intrinsic to the
brush border membrane.

PHOSPHOLIPASEC INHIBITOR, NEOMYCIN, ON D-GLUCOSE
AND L-PROLINE TRANSPORT INCA

2+-LOADED BBMV

Rat kidney brush border membrane vesicles have been
shown to contain a Ca2+-activated phospholipase C
(Schwertz, Kreisberg & Venkatachalam, 1984). To test
whether a reduction in Cl− conductance in Ca2+ loaded
BBMV was attributable to Ca2+-activated phospholipase
C activity, the effect of phospholipase C inhibitor, neo-
mycin, was studied. Mg2+-prepared vesicles were prein-
cubated for 1 hr at 20°C in the presence of 0.5 mM

neomycin. Ca2+ (1.0mM) was loaded into the vesicles by
freeze-thaw (see above) and the Cl−-dependent accelera-
tion of transport of eitherD-glucose (Fig. 4A) or L-proline
(Fig. 4B) measured. Vesicles pretreated with neomycin
showed no increase in the Cl−-driven component inD-
glucose orL-proline transport, over Ca2+-loaded controls.
The small reduction inD-glucose transport activity into
Mg2+-prepared vesicles in Cl− media (P < 0.01) and
Ca2+-loaded vesicles in Cl− media (P > 0.05) may be due
to a direct inhibitory action of neomycin on the trans-
porter (Lin et al., 1989). Neomycin had no affect on
L-proline transport. It can be concluded that the reduc-
tion in Cl−-conductance caused by Ca2+ is not associated
with the action of Ca2+-dependent phospholipase C ac-
tivity.

Table 1. Initial rates ofD-glucose transport into rat kidney BBMV in
the presence of different membrane permeant anions

Vesicles Anion D-glucose uptake
(pmoles/sec/mg protein)

Mg2+ prepared Cl− 104.99± 33.31
Gluconate− 25.36± 3.92a

SCN− 125.91± 11.38b

Ca2+ prepared Cl− 13.83± 1.44a

Gluconate− 15.15± 1.14a,c

SCN− 114.96± 5.81ns

The preparation of rat kidney BBMV and the measurement of the
transport ofD-glucose are described in Materials and Methods. Mg2+-
or Ca2+-prepared vesicles were made from the same divided homog-
enate. The intravesicular media contained (in mM): 300 mannitol, 10
Hepes/Tris pH 7.4. The initial rate ofD-glucose uptake was carried out
in reaction media containing (in mM): 100 mannitol, 10 Hepes/Tris pH
7.4, 0.1 [14C]-D-glucose and either 100 NaCl or 100 Na gluconate or
100 NaSCN. Values are the mean ±SE(n4 3), a, significantly different
from Cl− media Mg2+-prepared vesiclesP < 0.05,b, not significantly
different,c, not significantly different from equivalent media, Cl−, glu-
conate−, SCN− Mg2+ vs.Ca2+ prepared vesicles.
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PROTEIN PHOSPHATASEINHIBITORS ON D-GLUCOSE
TRANSPORT INCA

2+-LOADED BBMV

The role of a Ca2+-activated phosphatase in the regula-
tion of BBMV Cl− conductance was investigated using
the protein phosphatase inhibitors, levamisole, Na ortho-
vanadate and NaF (Van Belle, 1972; Swarup, Cohen &
Garbers 1982; Damuni, 1990). Mg2+-prepared BBMV
were preincubated for 1 hr at 20°C with 0.5 mM concen-
trations of the various inhibitors. Ca2+ (1.0mM) was then
loaded into the BBMV via the freeze-thaw technique and
the transport ofD-glucose measured in NaCl and Na
gluconate media. These agents had only minor effects
on D-glucose transport in control vesicles (Fig. 5A) (P >
0.05 for all treatmentsvs.control). Incubation of Mg2+-
prepared vesicles with Ca2+ again significantly reduced
the Cl−-dependent acceleration ofD-glucose uptake (Fig.
5B) (P < 0.01). In comparison to control Ca2+-loaded
vesicles, the presence of Na orthovanadate or NaF re-
sulted in a significant increase in the Cl−-dependent ac-
celeration ofD-glucose transport (3.5-fold and 6.0-fold
over Ca2+ controls respectively (P < 0.05). Levamisole
had no significant effect on reversing the action of Ca2+.

Synthetic type II pyrethroid insecticides are potent
inhibitors of isolated bovine brain protein phosphatase
2B (calcineurin) (Enan & Matsumura, 1992). The role
of Ca2+-activated protein phosphatase 2B in the regula-
tion of a renal brush border Cl− conductance was inves-
tigated using the type II pyrethroid, deltamethrin. Mg2+

prepared BBMV were preincubated for 1–2 hr, on ice,
with 50 nM-deltamethrin or 50 nM of its nonactive ana-
logue, permethrin, prior to loading them with 1.0mM

Ca2+ using the freeze-thaw technique. The transport of
D-glucose into the vesicles in the presence of either 100
mM NaCl or 100 mM Na gluconate was then measured.

The results are shown in Fig. 6A andB. Preincubation of
Mg2+ prepared BBMV with 50 nM deltamethrin resulted
in a significant increase (2.7-fold) in Cl−-driven D-
glucose transport activity (Fig. 6B) compared to Ca2+

loaded BBMV (0.92 ± 0.09vs.0.34 ± 0.05 nmoles/min/
mg protein respectively (P < 0.05)). BBMV pretreated
with permethrin (negative control) showed a decrease in
the rate of Cl−-driven D-glucose uptake to those treated
with deltamethrin (P > 0.05) and a similar rate of Cl−-
driven D-glucose uptake to Ca2+-loaded BBMV (0.51 ±
0.09vs.0.34 ± 0.05 nmoles/min/mg protein respectively
(P > 0.05)).

Addition of the phenothiazine drug, 10mm-
trifluoperazine, also known to inhibit protein phospha-
tase 2B (Ingebritsen & Cohen, 1983), to Mg2+ vesicles
prior to the addition of Ca2+ (1.0mM) resulted in a 2.5-
fold increase of Cl−-driven D-glucose uptake (Fig. 6B)
(0.87 ± 0.08vs.0.34 ± 0.05 nmoles/min/mg protein for
vesicles pretreated with trifluoperazine prior to loading
with Ca2+ and Ca2+ loaded vesicles respectivelyP <
0.05). Deltamethrin, permethrin and trifluoperazine had
only minor effects onD-glucose transport in control
vesicles (Fig. 6A) (P > 0.05 for all treatmentsvs. con-
trol).

These data suggest that an endogenous Ca2+-
activated phosphatase (probably protein phosphatase 2B
(also calcineurin) Cohen (1989), Shenolikar & Nairn
(1991), Klee, Draetta & Hubbard (1988)) reduces the
activity of a Cl−-conductance pathway in the rat kidney
BBMV.

In rat brain, PP 2B has been shown to regulate the
activity of other protein phosphatases (Mulkey et al.,
1994). To test whether PP 2B was activating a second
phosphatase in renal BBMV, the action of the protein
phosphatase inhibitor, calyculin A (Suganuma et al.,
1990), was investigated. The addition of Calyculin A

Fig. 2. Time course (0–60 min) of the transport of
L-proline into Mg2+- or Ca2+-prepared rat kidney
BBMV. Vesicles were prepared andL-proline
transport activity measured as described in
Materials and Methods. The intravesicular
composition was (in mM): 300 mannitol, 10
Hepes/Tris pH 7.4. BBMV were incubated for
different time periods in reaction media that
contained; 100 mannitol, 10 Hepes/Tris pH 7.4,
0.1 [2,3H]-L-proline and either 100 NaCl or 100
Na gluconate. The transport ofL-proline into Mg2+

(s,d) or Ca2+ (h,j) prepared vesicles in the
presence of NaCl (s,h) or Na gluconate (d,j)
respectively is shown. Values are the mean ±SE n
4 4 separate preparations.
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(2 nM) to Mg2+ prepared BBMV, prior to loading them
with Ca2+ did not result in an increase in the Cl−-driven
component ofD-glucose transport (0.47 nmoles/min/mg
protein vs. 0.48 nmoles/min/mg protein for BBMV
loaded with Ca2+ and those pretreated with 2 nM calycu-
lin A (n 4 3 P > 0.05)). Since Cl−-driven D-glucose
uptake was not increased in the presence of calyculin A,
it is likely that the Ca2+-dependent phosphatase interacts
via direct dephosphorylation of the renal Cl− conduc-
tance rather than acting in a phosphatase cascade system.

CA
2+-ACTIVATED PROTEIN KINASE C ACTIVITY

Amino acid transport into rat kidney cortex brush border
membrane vesicles has been shown to be regulated by
Ca2+-dependent protein kinase C activity (Zelikovic &
Przekwas, 1993, 1995). To test whether Na+/glucose
transport activity was affected by Ca2+-dependent PKC
activity, the action of the protein kinase C inhibitor pep-
tide [19–36] (RFARKGALRQKNVHEVKN) (House &
Kemp, 1987) was investigated. The results for a pooled
preparation from 2 animals showed that the addition of
PKC pseudosubstrate [19–36] (5, 20 and 100mM) to
Mg2+-prepared BBMV (1 hr on ice), prior to loading
them with Ca2+ (1.0 mM, using the freeze-thaw tech-
nique) did not result in an increase in the Cl−-driven
component ofD-glucose transport (0.46 nmoles/min/mg
protein vs. 0.46, 0.67 and 0.46 nmoles/min/mg protein
for BBMV loaded with Ca2+ and those pretreated with 5,
20 and 100mM PKC [19–36] peptide, respectively. PKC
inhibitor peptide had no effect onD-glucose transport
activity in Mg2+ prepared vesicles (not shown). In an
identical experiment, the transport activity ofL-proline
into Ca2+ loaded BBMV in the absence or presence of 5,
20 or 100mM PKC inhibitor peptide [19–36], was mea-
sured. As predicted, in the absence of peptide Ca2+-
loaded vesicles showed nearly 4-fold reduction in Cl−-
driven L-proline transport. Vesicles pretreated with the
peptide prior to the addition of Ca2+ showed no stimu-
lation in Cl−-driven L-proline transport activity, 0.63
nmoles/min/mg proteinvs.0.75, 0.66 and 0.93 nmoles/
min/mg protein for Ca2+ BBMV and vesicles pretreated
with peptide respectively.

Since ATP was absent from the assay system, it is
unlikely PKC derived phosphate from an alternative
source, thus its role in phosphorylation inactivation of
SGLT2 or theL-proline transporter under these condi-
tions was not demonstrated. It can therefore be con-
cluded that the addition of Ca2+ to BBMV affects the
relative activity of a Cl− conductance on the brush border
membrane rather than indirect inactivation of the elec-
trogenic cotransporter(s).

BI-IONIC POTENTIAL MEASUREMENTS INMG
2+

OR CA
2+

PREPAREDRAT RENAL BRUSH-BORDER
MEMBRANE VESICLES

Electrical potential differences across the membrane of
Mg2+ or Ca2+-prepared brush border vesicles, were mea-
sured using a direct approach, using the voltage-
dependent fluorescence of the cyanine dye DiSC3-(5).
A calibration of fluorescence response with imposed K+-
valinomycin diffusion potentials for a typical experi-
ment, (representative of 3 such experiments) are shown
in Table 2. Inside-positive membrane potentials were
generated by diluting Mg2+ or Ca2+ prepared vesicles,
equilibrated in 10 mM K gluconate buffer, in external
cuvette buffer to obtain an extravesicular concentration

Fig. 3. Effect of Ca2+ concentration onD-glucose transport into rat
kidney BBMV. (A) Rat kidney BBMV were prepared by a Mg2+ pre-
cipitation procedure and located with Ca2+ buffers using a freeze-thaw
technique as described in Materials and Methods. The intravesicular
composition of the vesicles was (in mM): 290 mannitol, 10 Hepes/Tris
pH 7.4, 10 EGTA and Ca2+ added to achieve final ‘free’ Ca2+ concen-
trations of 0.1–1000mM. D-glucose transport was measured at 20°C in
reaction media that contained (in mM): 90 mannitol, 10 Hepes/Tris pH
7.4, 0.1 [14C]-D-glucose, 10 EGTA, Ca2+ added to achieve final ‘free’
Ca2+ concentrations of 0.1–1000mM and either 100 NaCl (open bars)
or 100 Na gluconate (striped bars).D-glucose uptake was measured at
60 sec. (B) Cl− enhancement ofD-glucose uptake expressed as the
difference between Cl− and gluconate− media. Values are the mean ±SE
n 4 3.
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of 100 mM K gluconate. Baseline fluorescence was re-
corded when there were no ion gradients i.e., Ki 4 Ko

andEm 4 0 mV. Table 2 shows that for Mg2+-prepared
vesicles, in the presence of 100 mM K gluconate, fluo-
rescence (F) increased by 6 units before valinomycin and
9.34 units after valinomycin. In the presence of valino-
mycin,Em4 Ek 4 RT/F log10 100/104 58 mV. Thus,
in the absence of valinomycin the increase in F (6 units)
corresponds to a membrane potential of +37.25 mV (with
respect to extravesicular medium). For 3 separate ex-
periments, each fluorescence quench recorded in triplicate,
the mean potential difference was +45.30 ± 3.28 (SE) mV.

For Ca2+-prepared vesicles (isolated from the same
homogenate), dye quenching was increased in K+-
gradient conditions compared to Mg2+-prepared vesicles.
Using the calibration from Ca2+ vesicles with a K+-
gradient in the presence of valinomycin the mean p.d.
minus valinomycin was +39.04 ± 3.88 (SE) mV which
was not significantly different from the membrane po-
tential calculated for Mg2+ prepared vesicles (P > 0.05n
4 3 separate experiments).

For studies involving the measurement of the bi-
ionic diffusion potential (Cl− vs. gluconate−) Mg2+ or
Ca2+ BBMV were pre-equilibrated overnight at 4°C, in
buffer containing (in mM): 10 K gluconate, 90 NMDG
gluconate, 100 mannitol and 10 Hepes/Tris pH 7.4.

A Cl− vs.gluconate− diffusion potential was gener-
ated by adding vesicles to cuvette buffer containing (in
mM): 90 KCl, 10 K gluconate, 100 mannitol, 10 Hepes/
Tris pH 7.4. Note that in these conditions an inward K+

gradient also exists. With Mg2+-prepared vesicles fluo-
rescence was now seen to decrease. The Cl−-diffusion
p.d. must predominate even in the presence of the inward

K+ gradient. This also holds even at the concentration of
valinomycin used (Table 2) i.e.,PCl > PK. Compared to
Mg2+ prepared vesicles, Ca2+-prepared vesicles (from
the same homogenate) showed a significant, 2.88 ± 0.83-
fold lowering of membrane p.d. −23.31 ± 7.61 mVvs.
−48.36 ± 9.15 mV for Ca2+ and Mg2+-prepared vesicles
respectively (SE P < 0.05n 4 3 separate preparations).
It can be concluded that differences in membrane poten-
tial exist between Mg2+ and Ca2+-prepared vesicles;
these changes are consistent with a Ca2+-induced reduc-
tion of Cl− conductance.

Discussion

The question of the existence and significance of a Cl−

conductance in the apical membrane of the renal proxi-
mal tubule is still the subject of controversy. In the pre-
sent study, two independent methods were used to study
rat renal BBMV Cl− conductance; (i) an indirect ap-
proach utilizing the electrogenicity of Na+-dependent
transport of eitherD-glucose (Kanai et al., 1994) orL-
proline (Chesney et al., 1991) and (ii) a direct measure-
ment of membrane-diffusion potentials, using the volt-
age-dependent fluorescence-quenching of the dye,
DiSC3-(5). For rat BBMV, voltage-sensitive

36Cl− up-
takes have also provided evidence for a Cl− conductance;
there is therefore agreement between data obtained using
these independent measurements for a Cl− conductance
(Lipkowitz & Abramson, 1989; Lipkowitz et al., 1992).

Both Mg2+ and Ca2+ have been routinely used to
prepare BBMV by differential precipitation of micro-
somes from homogenates of small intestine and from

Fig. 4. Effect of neomycin onD-glucose (A) andL-proline (B) transport into rat kidney BBMV by Mg2+ precipitation. Rat kidney BBMV were
prepared andD-glucose andL-proline transport activity measured as described in Materials and Methods. BBMV were preincubated with 0.5
mM-neomycin, at 20°C, prior to freeze-thaw loading with Ca2+ buffer to 1.0mM. The transport ofD-glucose orL-proline was measured in reaction
media that contained (in mM): 90 mannitol, 10 Hepes/Tris pH 7.4, 10 EGTA, Ca2+ added to achieve a final free Ca2+ concentration of 1.0mM and
either 0.1 [14C]-D-glucose or 0.1 [2,3H]-L-proline, in the presence of 100 NaCl (open bars) or 100 Na gluconate (striped bars). Values are the mean
± SE n 4 3.
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renal cortex (Hopfer et al., 1973; Evers et al., 1978; Biber
et al., 1981). Differences between the properties of
Mg2+- and Ca2+-precipitated vesicles have been noted
(seeBiber et al., 1981). The Na+-dependent transport of
taurine or b-alanine into rabbit intestinal BBMV has also
been shown to be affected by the precipitating divalent
cation (Miyamoto et al., 1990a,b). These workers ob-
served a reduction in Na+-coupled substrate transport
activity when vesicles were prepared by Ca2+ precipita-
tion. In addition they found the effect of Ca2+ on the
transport activity to be time and dose-dependent. In our
present studies, rat kidney brush border membrane
vesicles prepared in parallel by Ca2+ precipitation exhib-
ited a noticeable reduction in the initial rate and over-
shoot accumulation ofD-glucose orL-proline compared
to vesicles isolated in the presence of Mg2+ when sub-
strate uptake was energized with an external NaCl gra-
dient in agreement with Biber et al. (1981). When the
Cl−-ion gradient was replaced with the membrane imper-
meant gluconate ion, there was no significant difference

in the overshoot accumulation of either substrate into
Mg2+- or Ca2+-prepared vesicles. The initial rate ofD-
glucose transport into Ca2+-prepared vesicles was ap-
proximately 8 times lower than that into Mg2+-prepared
vesicles. Whereas in the presence of the membrane per-
meant anion (e.g., SCN−) the initial rates ofD-glucose
uptake into Mg2+- or Ca2+-prepared vesicles were simi-
lar. The similar behavior of bothD-glucose andL-proline
transport is consistent with a common action via the
vesicular membrane potential. The ability of SCN− to
increase substrate transport is consistent with permeation
via a lipophilic route. If permeability was due entirely to
permeation via Cl− channels, a reduction in Cl− perme-
ability should have been paralleled by a similar reduction
in SCN− permeability. This was not the case. It has pre-
viously been shown that Cl−-conductance in Mg2+prepared
rat kidney vesicles is inhibited by the Cl−-channel blocker
5-nitro-2-(3-phenylpropylamino)-benzoic acid (NPPB 0.5
mM) and insensitive to the stilbene 4,48-diisothiocyanatos-
tilbene-2,28-disulphonic acid (DIDS 0.5 mM) (Brown et

Fig. 5. Effect of protein phosphatase inhibitors on
D-glucose transport into rat kidney BBMV
prepared by Mg2+ precipitation. (A) Vesicles were
preincubated with 0.5 mM concentrations of either
(i) levamisole, (ii) Na orthovanadate or (iii) NaF
for 1 hr at 20°C, prior to freeze-thaw loading with
Ca2+ buffer to 1.0mM. The transport ofD-glucose
was measured at 20°C in reaction media that
contained (in mM): 90 mannitol, 10 Hepes/Tris pH
7.4, 0.1 [14C]-D-glucose 10 EGTA, Ca2+ added to
achieve a final ‘free’ Ca2+ of 1.0mM and either
100 NaCl (open bars) or 100 Na gluconate (striped
bars). Values are the mean ±SE n 4 3. (B)
Cl−-enhancement ofD-glucose uptake expressed as
the difference between Cl− and gluconate− values.
Other details as for 5 (A).
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al., 1993). Therefore, we conclude that a Cl− conduc-
tance coexists with electrogenic Na+-substrate cotrans-
port in proximal tubule brush border and that the pres-
ence of Ca2+ during the membrane isolation procedure
causes a reduction in this intrinsic Cl− conductance.

We have confirmed these observations by direct
measurements of the bi-ionic membrane potential (Cl−

vs. gluconate−) between Mg2+- and Ca2+-prepared
vesicles using the voltage sensitive dye, DiSC3-(5).

Rat kidney Cl− conductance was shown to be de-
pendent on the Ca2+ concentration. Mg2+-prepared
vesicles loaded with increasing concentrations of Ca2+

(0.1–1000mM), using a freeze-thaw technique, resulted
in a dose dependent reduction in the Cl−-driven transport
of D-glucose. Inhibition of transport was observed at
physiological concentrations of Ca2+. That Cl−-drivenD-
glucose transport can be downregulated in Mg2+-
prepared vesicles loaded with Ca2+ indicates that the
mechanism by which Ca2+ acts is intrinsic to the renal
brush border membrane.

It has been reported that the reduction in Na+-
coupled substrate transport activity into Ca2+-prepared
vesicles is the result of increased membrane permeability
to Na+ (Lin et al., 1989, Miyamoto et al., 1990a,b). This
is thought to be caused by Ca2+-activated phospholipase
C activity. Lin et al. (1989) showed thatD-glucose trans-
port activity was recoverable in Mg2+-prepared vesicles
pretreated with the phospholipase C inhibitor, neomycin,
prior to loading them with Ca2+. In our study, the pre-
incubation of Mg2+-prepared vesicles with neomycin
prior to loading them with Ca2+ had little or no effect on
restoring the Cl−-drivenD-glucose orL-proline transport
into the vesicles. This implies that in rat kidney BBMV
the Ca2+ reduced Cl−-drivenD-glucose orL-proline trans-
port, is not a result of increased Na+ permeability caused
by Ca2+-activated phospholipase C activity.

Cl− channels are regulated by phosphorylation-
dephosphorylation reactions (Anderson & Welsh, 1989;
La et al., 1991, Tabcharani & Hanrahan, 1991; Finn et
al., 1992, Becq et al., 1993). Here we provide evidence

Fig. 6. Effect of protein phosphatase inhibitors on
D-glucose transport into rat kidney BBMV
prepared by Mg2+ precipitation. (A) Vesicles were
preincubated with either (i) 10mmM trifluoperazine,
(ii) 50 nM deltamethrin or (iii) 50 nM permethrin
for 1–2 hr, on ice, prior to freeze-thaw loading
with Ca2+ buffer to 1.0mmM. The transport of
D-glucose was measured at 20°C in reaction media
that contained (in mM): 90 mannitol, 10
Hepes/Tris pH 7.4, 0.1 [14C]-D-glucose 10 EGTA,
Ca2+ added to achieve a final ‘free’ Ca2+ of 1.0
mmM and either 100 NaCl (open bars) or 100 Na
gluconate (striped bars). Values are the mean± SE

n = 3. Vesicles pretreated with trifluoperazine
were protected from light. Reactions involving
deltamethrin and permethrin were carried out in
glass tubes pretreated with 1% (w/v) polyethylene
glycol 8,000, as described by the manufacturers.
(B) Cl− enhancement ofD-glucose uptake
expressed as the difference between Cl− and
gluconate− values. Other details as for 6 (A).
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for the potential role of a Ca2+-activated phosphatase in
the dephosphorylation of renal brush border Cl− conduc-
tance. The addition of the protein phosphatase inhibi-
tors, Na orthovanadate, (Swarup et al., 1982), or Na fluo-
ride (Damuni, 1990), to Mg2+ prepared vesicles prior to
the addition of Ca2+, caused partial restoration of the
Cl−-driven transport ofD-glucose. That 50 nM of the type
II pyrethroid insecticide, deltamethrin (Enan & Mat-
sumura, 1992) or 10mM of the phenothiazine drug, tri-
fluoperazine (Ingebritsen & Cohen, 1983), were able to
restore Cl−-driven D-glucose uptake indicates the pos-
sible role of the Ca2+-dependent protein phosphatase 2B
(PP 2B) in the regulation of kidney Cl−-conductance.
Addition of the protein phosphatase 1 inhibitor, calyculin
A (Suganuma et al., 1990), did not cause any enhance-
ment in the Cl−-driven component ofD-glucose uptake.
This suggests that protein phosphatase 1 (PP 1) is not
involved in the regulation of renal Cl− conductance.

Recent studies have shown that renal amino acid
transport is regulated via Ca2+-dependent protein kinases
(Zelikovic & Przekwas, 1993, 1995). These workers
have shown that endogenous as well exogenous PKC is
responsible for the phosphorylation inactivation ofL-
proline transport in rat kidney cortex BBMV. The up-
take ofL-proline into these vesicles in the presence of 50
mM ATP and Ca2+, was significantly reduced compared
to L-proline uptake in control media.L-proline transport
activity was recoverable by inhibiting PKC activity using
the specific PKC inhibitor peptide [19–31]. To obviate
the possibility that Na/glucose cotransport (via SGLT2)

or Na/L-proline cotransport might undergo similar phos-
phorylation inactivation and thus account for the reduced
Cl−-drivenD-glucose uptake in the presence of Ca2+, we
investigated the effect of PKC pseudosubstrate [19–36]
(RFARKGALRQKNVHEVKN) (House & Kemp, 1987)
on Cl−-driven D-glucose orL-proline uptake. The addi-
tion of peptide, to BBMV loaded with Ca2+, did not
cause any enhancement in the Cl−-driven component of
eitherD-glucose orL-proline uptake. Coupled to the ab-
sence of ATP in our vesicle preparation it is unlikely that
Ca2+-dependent PKC activity is involved in the action of
calcium reported here.

In rat primary cultured proximal convoluted tubule
cells patch clamp studies have shown a multiplicity of
Cl−-channels subject to cAMP and Ca2+-dependent regu-
lation (Darvish, Winaver & Dagan, 1994). A Ca2+-
activated Cl− conductance cannot be the major Cl−-
conductance present in BBMV, rather, the net effect of
Ca2+ concentration is to progressively reduce Cl− con-
ductance. The relative contribution of individual Cl−

channels to the ensemble conductance remains to be elu-
cidated.

In pig jejunal BBMV where a Cl− conductance in
the brush border of the enterocyte would contribute to
intestinal secretion, Forsyth & Gabriel (1989) have dem-
onstrated that in imidazolium-prepared vesicles with a
low intrinsic Cl− conductance incorporation of ATP,
AsO4

3− and F− to stabilize the presence of phosphopro-
teins, a cAMP-mediated increase in Cl− conductance
could be observed. The nature of the pathways main-
taining a phosphorylated (open) state of the Cl− conduc-
tance in rat renal BBMV remain to be elucidated. It is
likely that this is subject to cAMP-dependent regulation
(Lipkowitz & Abramson, 1989; Suzuki et al., 1991). For
rat BBMV, Cl− conductance may be increased by pre-
treatment of tissue homogenates with cholera toxin or
parathyroid hormone (GS) and decreased by pertussis
toxin (Gi) (Lipkowitz et al., 1992).

The physiological relevance of a transcellular route
for Cl− transport in the early proximal tubule (and hence
of Cl− conductance) has been shown in micropuncture
studies which show that 40–50% of total Cl− reabsorp-
tion is via a regulated transcellular route independent of
organic acid exchange (Wong, Berry & Cogan, 1995).

This work was funded by the Wellcome Trust, Grant 037698.
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