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Summary. Intracellular Ca’* has been suggested to play an im-
portant role in the regulation of epithelial Na* transport. Pre-
vious studies showed that preincubation of toad urinary bladder,
a tight epithelium, in Ca?*-free medium enhanced Na* uptake by
the subsequently isolated apical membrane vesicles, suggesting
the downregulation of Na' entry across the apical membrane by
intracellular Ca?*. In the present study, we have examined the
effect of Ca>*-free preincubation on apical membrane Na* trans-
port in a leaky epithelium, i.e., brush border membrane (BBM)
of rabbit renal proximal tubule. In contrast to toad urinary blad-
der, it was found that BBM vesicles derived from proximal tu-
bules incubated in 1 mM Ca?* medium exhibited higher Na* up-
take than those derived from proximal tubules incubated in
Ca?*-free EGTA medium. Such effect of Ca?* in the preincuba-
tion medium was temperature dependent and could not be re-
placed by another divalent cation, Ba?* (1 mm). Ca?* in the prein-
cubation medium did not affect Nat-dependent BBM glucose
uptake, and its effect on BBM Na* uptake was pH gradient
dependent and amiloride (1073 M) sensitive, suggesting the in-
volvement of Na*/H* antiport system. Addition of verapamil
(10~* M) to 1 mMm Ca?* preincubation medium abolished while
ionomycin (1075 M) potentiated the effect of Ca?* to increase
BBM Nat uptake, suggesting that the effect of Ca?* in the prein-
cubation medium is likely to be mediated by Ca?*-dependent
cellular pathways and not due to a direct effect of extracellular
Ca? on BBM. Neither the proximal tubule content of cAMP nor
the inhibitory effect of 8,bromo-cAMP (0.1 mM) on BBM Na*
uptake was affected by the presence of Ca?* in the preincubation
medium, suggesting that Ca?* in the preincubation medium did
not increase BBM Na* uptake by removing the inhibitory effect
of cAMP. Addition of calmodulin inhibitor, trifluoperazine (104
M) to 1 mm Ca?* preincubation medium did not prevent the in-
crease in BBM Na* uptake. The effect of Ca?* was, however,
abolished when protein kinase C in the proximal tubule was
downregulated by prolonged (24 hr) incubation with phorbol 12-
myristate 13-acetate (107¢ M). In summary, these results show
the Ca?* dependency of Na* transport by renal BBM, possibly
through stimulation of Na*/H* exchanger by protein kinase C.
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Introduction

In Nat transporting epithelia, the apical Na* entry
is usually the rate-limiting step of the transepithelial
Na* transport and is subject to wide range of varia-
tion. In order to prevent sharp changes in cellular
Nat activity, Na* entry across the apical membrane
is normally under the control of a variety of hor-
mones and intracellular regulatory processes [22].

While it remains not fully understood how the
apical membrane Na' transport activity is regu-
lated, intracellular Ca?* has been suggested to play
an important role [31]. An increase in intracellular
Na* activity, resulting from either an increased api-
cal Na™ uptake or a decreased basolateral pump
activity, may raise intracellular Ca?* through Na't/
Ca* exchange mechanism and reduce apical mem-
brane Na* permeability [4, 25, 31]. In tight epithe-
lia, such as frog skin, toad urinary bladder and renal
distal tubules, removal of contraluminal Na* re-
duces apical Na™ entry in a Ca’>"-dependent manner
[11], and an increase in intracellular Ca?* induced
by quinidine or Ca?* ionophore reduces apical Na®
entry [24, 30]. Further support for the notion that
increased levels of intracellular Ca?* reduce apical
membrane Na* permeability was provided by stud-
ies with isolated membrane vesicles. With toad uri-
nary bladder, Chase et al. found that the Na* up-
take by the isolated apical membrane vesicles was
inhibited by either direct addition of Ca?* [6] or by
maneuvers which raise intracellular Ca?* levels
prior to the isolation of the apical membrane [5]. By
incubating toad urinary bladder in Ca?*-free me-
dium, Garty et al. also reported an activation of
Nat channels in the subsequently isolated apical
membrane vesicles [9, 10], consistent with the con-
tention that intracellular Ca>* downregulates apical
membrane Na™* transport.

In leaky epithelium, such as renal proximal tu-
bule, similar interactions between intracellular Ca?*
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Table 1. Enrichment of enzyme markers in BBM vesicles isolated from proximal tubules preincubated in Ca?*-free (I) or [ mm Ca?* (I1)
KRB medium for 30 min, and from proximal tubules incubated in culture medium for 24 hr (111)

Alkaline phosphatase Na,K-ATPase Cytochrome ¢ oxidase Glucose-6-phosphatase
I (n=4) 8.2+ 0.3 0.85 = 0.03 0.32 = 0.04 0.61 = 0.08
I (=295 8.7 £ 0.5 0.90 £ 0.07 0.29 = 0.03 0.70 = 0.11
III (n = 3) 9.5+08 0.83 £ 0.02 0.29 = 0.06 0.67 = 0.09

and Na' transport have also been proposed. Raising
intracellular Ca?* levels by means of lowering peri-
tubular Nat concentrations, increasing external
Ca?* concentrations, or addition of quinidine or
Ca’t ionophore, was shown to inhibit Na* transport
by proximal tubules [8, 17]. The mechanism
whereby intracellular Ca’?* inhibits Na* transport
remains unclear, however. It is not certain if intra-
cellular Ca?* also exerts inhibitory effect on Na*®
transport across the luminal brush border mem-
brane (BBM) in renal proximal tubule. With the dif-
ference in apical membrane Na* transport mecha-
nism between tight and leaky epithelia, i.e.,
Nat-permselective channels for the former and car-
rier-mediated processes for the latter, observations
made in toad urinary bladder may not necessarily be
applicable to renal proximal tubule. In fact, in the in
vitro isolated perfused rabbit remal proximal tu-
bules, McKinney et al. reported that a reduction of
luminal Ca?* concentration rather suppressed the
fluid transport rate [19]. With the isolated rabbit re-
nal BBM vesicles, Aronson et al. found that direct
addition of Ca?* did not affect the Na® uptake by
these vesicles [1].

In the present study, we have examined the ef-
fect of preincubating rabbit renal proximal tubules
in either 1 mM Ca* or nominally Ca?*-free solution
on the subsequently isolated BBM Na* uptake. It
was found that preincubation of proximal tubules in
Ca’*-free medium rather led to a decrease in BBEM
Na* uptake.

Materials and Methods

MATERIALS

ZNa* (carrier free) was purchased from New England Nuclear
(Boston, MA), verapamil hydrochloride from Knoll Pharmaceu-
tical (Whippany, NJ), EGTA from Fluka (Switzerland); all other
chemicals were obtained from Sigma Chemical (St. Louis, MO).

METHODS

Experimental Animals

New Zealand white rabbits weighing 1.5-2.5 kg were used in
these studies. The animals were maintained on an ad libitum diet

of standard rabbit chow with free access to tap water for drink-
ing.

Preparation of BBM Vesicles

Effect of Ca’* was examined by preparing BBM vesicles from
suspension of pretreated proximal tubules. Proximal tubule sus-
pension was prepared by the method described previously {7,
20]. In brief, after rabbits were killed by cervical dislocation
under light anesthesia (nembutol 5 mg/kg i.v.), kidneys were
rapidly excised and the renal cortex was removed, minced in
small pieces and homogenized with five strokes in a Dounce
homogenizer (B pestle). The homogenate was filtered through
250 and 83 pum pore size nylon mesh (Nytex, Tetco, Elmsdorf,
NY). The proximal tubules retained on the 83-um mesh screen
were removed, washed three times and suspended in modified
Krebs-Ringer bicarbonate (KRB) buffer with the following com-
position (mM): NaCl 120, NaHCO; 25, KCI 5.0, MgSO, 1.2,
NaHPQ, 1.2, r-lactate 3, r-alanine 3, Na-acetate 3, glucose 5,
containing either 1 mM CaCl, or 0.5 mm ethylene glycol bis-
(-aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) and
pre-equilibrated with 95% 0,/5% CO, (vol/vol) at 25°C (pH 7.4).
Proximal tubules were incubated in this medium in a metabolic
shaker {40 cycles/min) at 25°C for 30 min. In order to avoid BBM
exposure to Ca’* during isolation procedure, proximal tubules
were washed three times in ice-cold Ca-free KRB at the end of
the incubation and BBM vesicles were isolated by MgCl. precipi-
tation method [3]. Table 1 shows the enrichment of enzyme
markers in BBM as compared to proximal tubules. In general,
there was a significant increase in BBM enzyme marker alkaline
phosphatase [16], while other enzyme markers such as Na,K-
ATPase for basolateral membrane [21], cytochrome ¢ oxidase for
mitochondria [29] and glucose-6-phosphatase for endoplasmic
reticulum [14] were reduced. There was no difference between
BBM vesicles obtained from proximal tubules incubated under
different conditions.

Measurement of BBM Na* and Glucose Uptake

Transport experiments were performed at room temperature by
a Millipore rapid filtration procedure {2]. BBM vesicles were
prepared and suspended in a medium comprised of 300 mM man-
nitol, 10 mm MgSO, and 10 mM Tris-16 mm HEPES, pH 7.5.
ZNa* uptake was measured in the presence of an outward H*
gradient induced by preincubation of vesicles for 2 hr at room
temperature in a medium comprised of 273 mmM mannitol, 10 mm
MgSOy, 9 mM Tris, 14 mMm HEPES and 30 mMm MES, pH 6.0.
Uptake was initiated by incubation of vesicles with a medium
comprised of 1 mm 2NaCl (2.5 uCi/ml), 286 mm mannitol, 2 mm
MgSO4, 13 mm Tris, 15 mm HEPES, 6 mm MES, pH 7.5, and
was stopped by an ice-cold isosmotic solution. The rate of Na*
uptake was calculated from the accumulated #?Na* and ex-
pressed in moles per milligram protein per unit time. BBM “C-
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Fig. 1. Effect of Ca’* on BBM Na* uptake. The initial Na* up-
take was higher in BBM vesicles isolated from proximal tubules
preincubated in medium containing 1 mM Ca?* (@—@®) as com-
pared to BBM vesicles isolated from proximal tubules preincu-
bated in nominally Ca>* free (0.5 mM EGTA) medium (O——-0).
(Mean * sg, n = 4, *P < 0.05)

glucose uptake was initiated by incubation of vesicles with a
medium comprised of 100 mm NaCl, 100 mm mannitol, 5 mm
HEPES-Tris, pH 7.5, and 0.1 mm [U-"C]-glucose (2.5 pnCi/ml).
Sodium-dependent glucose uptake was determined from the dif-
ference of accumulated [U-"C-]-glucose in the presence or ab-
sence of sodium in the uptake solution. Protein concentration
was assayed using Coomassie Brilliant blue G250 with bovine
serum albumin as the reference protein [23]. All measurements
were carried out in triplicate with freshly prepared membranes.

Intracellular Calcium (Ca;) Measurements

Ca,; of proximal tubular cells was measured in a suspension of
proximal tubules with the cell permeant fluorescent calcium indi-
cator fura 2/AM. Proximal tubules were incubated with fura 2/
AM (5 M) in nominally calcium-free KRB at 25°C for 30 min.
After repeated medium wash, proximal tubules suspended in 1.5
ml of caicium-free KRB were placed on an inverted stage fluores-
cence microscope (Diavert, Leitz, Rockleigh, NJ) in a custom-
made chamber. Fluorescence measurements were made with a
computer-assisted microscopic spectrofluorometer (MPVSP.
Leitz). For each measurement the excitation wavelength was
altered between 350 and 380 nm by movement of the respective
filter (UVF 350 and 380, Melles Griot, Irvine, CA) placed in the
excitation pathway. The emission was collected at 500 nm. The
viewing field was focused though a 40x objective lens (UVFL-
40, Olympus) and the boundaries were defined by an adjustable
rectangular diaphragm. In general, not more than five tubule
segments were present in the viewing field. Autoftuorescence
was determined with comparable number of tubules without fura
2/AM loading and was subtracted from the fluorescence mea-
surements made at respective excitation wavelengths. The ratio
of 350 to 380 thus obtained (R) was used for calculation of Ca;
according to the equation [13]

Ca; = K, (R — Ruin/Ruax — R) - (Sf2/5b2)

where K, is 224 nM; R, and R, are R obtained in calcium free
and 1 mM calcium solution, respectively; Sf2 and $52 are 380 nm
measurements in calcium-free and 1 mMm calcium solution, re-

Table 2. Effect of preincubation time*

Preincubation time

[ min 30 min
(nmol/mg/5 sec)
Ca?'-free [.47 £ 0.26 1.32 = 0.09
{ mMm Ca* 1.98 + 0.08° 1.82 +0.33°

+ The difference in Na' uptake by BBM vesicles isolated from
proximal tubules preincubated in 1 mm Ca?* or Ca®'-free me-
dium was already present with preincubation time as short as 1
min. (Mean * Se: n = 3; "P < 0.05 vs. Ca**-free.)

spectively. Ca; was measured at 1, 3 and 5 min after the addition
of calcium or test agents, and the mean of the three measure-
ments was obtained for each period.

cAMP Assays

After incubation in medium containing either 1 mm Ca’* or 0.5
mM EGTA, proximal tubules were separated from the incubation
medium and were extracted with 5% trichloroacetic acid. To
determine total cCAMP, neutralized extract and incubation me-
dium from each sample were pooled and eluted from AG 1-X2
columns (recovery of PH]JcAMP was 80-90%). The purified sam-
ples were dried by lyophilization and resuspended in 0.05 M so-
dium acetate buffer., pH 6.2. Aliquots were analyzed for their
cAMP content with a commercial radioimmunoassay kit (New
England Nuclear, Boston, MA). Protein content was measured
in separate samples.

Statistical Analysis

Data are presented as mean * SE and compared with Student ¢
tests for paired and unpaired data as appropriate.

Results and Discussion

The initial Na* uptake by BBM vesicles derived
from proximal tubules preincubated in 1 mm Ca?*
medium for 30 min at 25°C was increased as com-
pared to those derived from proximal tubules incu-
bated in Ca’"-free EGTA medium (2.28 = 0.1 vs.
1.54 = 0.08 nmol/mg/3 sec, n = 14, P < (0.02). BBM
Nat uptake as the function of time and the effect of
Ca’" in proximal tubule preincubation medium are
shown in Fig. 1. Such effect was found to be tem-
perature dependent so that the difference in BBM
Nat uptake was reduced when proximal tubules
were preincubated at either 4 or 37°C as compared
to 25°C (Fig. 2). Alteration in BBM Na* uptake
took place within short period of time so that the
difference in BBM Na* uptake could be seen with
proximal tubule preincubation time as short as 1
min (Table 2). Such effect on BBM Na' uptake
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Fig. 2. Effect of preincubation temperature. The difference be-
tween the initial Na* uptake by BBM vesicles isolated from
proximal tubules preincubated in 1 mm Ca?* (@—@) and Ca?*-
free (O---O) medium was reduced at preincubation temperature
of either 4 or 37°C as compared to 25°C. (Result from a represen-
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Fig. 3. Effects of Ba?* and Ca’* on BBM Na* uptake. Replace-
ment of Ca?* in the proximal tubule preincubation medium by
another divalent cation, Ba?* (1 mmM), failed to increase the initial
Na* uptake by the subsequently isolated BBM vesicles. (Mean =
SE, n = 3, *P < 0.05 vs. Ca?*-free)

could not be reproduced when Ca?* in the proximal
tubule preincubation medium was replaced by an-
other divalent cation, barium (Ba?*, 1 mm) (Fig. 3).
Kinetic analyses showed that the higher Na* uptake
by BBM vesicles isolated from proximal tubules
preincubated in 1 mm Ca’?* medium was associated
with an increase in maximum velocity (Vo.,) (31.4
+ 1.4 vs. 11.8 = 1.4 pmol/mg/5 sec., n =3, P <
0.02) and a decrease in affinity (X,,) for Na* (12.6 =
1.7vs.4.2 = 0.9 mMm, n =3, P <0.01) (Fig. 4). Since
the K,, value for Na* is much lower than the extra-
cellular Na* concentration, the effect of Ca?* on K,
is probably of less physiological significance. These
results thus suggest that the presence of Ca’* in the
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Fig. 4. Lineweaver-Burk plot of Ca?* effect on BBM Na* up-
take. BBM Na* uptake was measured with Na* concentration in
the uptake medium varied from 1 to 7.5 mm. BBM vesicles iso-
lated from proximal tubules preincubated in 1 mm Ca’* medium
(@—®) showed an increase in Vi, and a decrease in K,, for Na*
as compared to vesicles isolated from proximal tubules preincu-
bated in Ca’*-free medium (O-—-0) (sce text). (Mean * SE,
n=3)
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Fig. 5. Effect of proton gradient across BBM vesicles. The dif-
ference between initial Na* uptake by BBM vesicles isclated
from proximal tubules preincubated in 1 mm Ca’* (@—@) and
Ca**-free (O~——0) medium was observed only when BBM vesi-
cles were imposed with an outwardly directed proton gradient.
(Mean = sg, n = 3, *P < (.05)

preincubation medium is able to induce changes in
BBM either directly or indirectly and enhance its
Na™ transport activity.

The effect of Ca?* on Na' uptake was observed
only when BBM vesicles were imposed with an out-
wardly directed proton gradient (Fig. 5). Addition
of amiloride (1073 m) to BBM vesicles abolished the
effect of Ca?* so that the amiloride-insensitive BBM
Na* uptake was not different between the two
groups (Fig. 6). Furthermore, the presence or ab-
sence of Ca’* in proximal tubule preincubation me-
dium did not affect Na*-dependent glucose uptake
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Fig. 6. Effect of Ca’ on amiloride-sensitive and insensitive
BBM Na* uptake. The higher Na* uptake by BBM vesicles iso-
lated from Ca’*-preincubated proximal tubules was mainly due
to an increase in amiloride-sensitive Na* uptake (open bars). The
amiloride-insensitive Na* uptake (shaded bars) was not different
between the two groups. (Mean * sg, n = 4, *P < 0.05)

by the subsequently isolated BBM vesicles (Fig. 7).
Taken together, these results suggest that the effect
of Ca? on BBM Na* transport involves mainly
Na*/H™* antiport system.

Since all BBM vesicles were not exposed to
Ca?* during the isolation procedure, the difference
in Na*t uptake observed in these studies is unlikely
to be due to a direct effect of extracellular Ca?* on
BBM. However, the possibility that a direct effect
of extracellular Ca?* on BBM during proximal tu-
bule preincubation which persisted during the isola-
tion procedure cannot be completely excluded. In
order to differentiate the effects from extra- and
intracellular Ca?*, proximal tubules were incubated
in 1 mm Ca’?* medium where intracellular Ca’* lev-
els were either raised by adding Ca?* ionophore,
ionomycin (5 uMm), or lowered by adding Ca’>* chan-
nel blocker, verapamil (10~* M), to the incubation
medium. As is shown in Fig. 8, addition of ionomy-
cin potentiated while addition of verapamil abol-
ished the effect of Ca’>* to increase BBM Na' up-
take. To further ascertain the role of intraceliular
Ca’, changes in intracellular Ca>* concentration
were monitored with cell-permeant calcium indica-
tor, fura 2/AM. Basal intracellular Ca?* concentra-
tion of the proximal tubules suspended in Ca?*-free
medium averaged 73 = 19 nMm (n = 5). This was
increased to 156 = 32 nMm (n = 5, P < 0.05) upon
addition of 1 mm Ca?* to the medium. Further addi-
tion of ionomycin (5 uM) caused a rapid increase in
intracellular Ca?™.(>1 um) within 30 sec and fol-
lowed by incomplete recovery (468 = 132 nMm, n =
5, P < 0.05). In separate sets of samples, addition of
verapamil (107* M) to proximal tubules suspended in
Ca?*free medium did not significantly alter the in-
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Fig. 8. Effects of Ca?*, ionomycin and verapamil on BBM Na*
uptake. The higher initial Na* uptake by BBM vesicles isolated
from proximal tubules preincubated in 1 mM Ca?* medium was
potentiated by ionomycin (5 uM) and was abolished by verapamil
(107* M) added in the preincubation medium. (Mean * SE, n = 4,
*P < 0.05 vs. 1 mm Ca?*)

tracellular Ca’>* concentration (from 82 + 20 to 89 =+
21 nM, n = 5). Addition of 1 mMm Ca?* in the pres-
ence of verapamil also did not affect the intracellu-
lar Ca?" concentration significantly (93 + 23 nM,
n = 5). These results thus indicate that BBM Na*
transport property can be altered by changes in in-
tracellular Ca?* levels and suggest that the effect of
Ca’'in the preincubation medium is likely to be me-
diated through Ca’*-dependent cellular pathways
rather than a direct effect of extracellular Ca2*on
BBM.

Several of the Ca?*-dependent cellular path-
ways such as Ca’*-cytoskeleton interactions and
activation of phospholipases or protein kinases
have been implicated to modulate Na*/H* ex-
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" Table 3. Proximal tubule content of cAMP and the inhibitory effect of cAMP on BBM Na* uptake®

Ca?*free 1 mMm Ca?* 1 mm Ca?* + 8,bromo-cAMP
cAMP content 3.08 = 0.15 3.28 = 0.04
(pmol/mg protein)
BBM Na™ uptake 0.95 = 0.12b 1.51 = 0.07 1.03 = 0.11°

(nmol/mg/5 sec)

a Cellular content of cAMP was not different in proximal tubules incubated for 30 min in either 1 mMm Ca?* or Ca’*-free medium.
Addition of 8, bromo-cAMP (10-4 m) to 1 mm Ca?* preincubation medium was able to inhibit Na* uptake by the subsequently isolated

BBM vesicles. (Mean + sg; n = 4 each; P < 0.05 vs. | mm Ca?t.)

Table 4. Effects of Ca?* and trifluoperazine (TFP)?

Ca?*-free

1 mm Ca?* I mmMm Ca?* TFP

BBM Na* uptake 1.05 = 0.08

(nmol/mg/5 sec)

1.6 = 0.12° 1.69 = 0.12°

a Addition of TFP (10~4 M) to 1 mM ca?* preincubation medium did not prevent the effect of Ca?* to increase BBM Na* uptake. (Mean

+ SE; n = 3; %P < 0.05 vs. Ca’*-free.)

change activity [12, 18]. It is therefore possible that
the effect of Ca’* on BBM Na*/H* exchange ob-
served in the present study may be mediated by
these Ca?"-dependent cellular pathways. In view of
the prevailing evidence that renal BBM Na*/H™" ex-
changer is under the influence of different protein
kinase systems [15, 26-28], we have attempted in
the present study to examine the roles of (i) cAMP-
dependent protein kinase, (ii) calmodulin-depen-
dent protein kinase and (iii} protein kinase C.
Kahn and Weinman et al. have recently shown
that cAMP-dependent protein kinase-induced pro-
tein phosphorylation inhibits renal BBM Na*/H*
exchanger [17, 26]. It is thus conceivable that CaZ*
may enhance BBM Na*/H* exchange by removing
the inhibitory effect of cAMP-dependent protein ki-
nase through either reducing intracellular cAMP
level or prohibiting the effect of cAMP. To test such
possibility, we have examined the effects of Ca?* on
both the proximal tubule cAMP content and the in-
hibitory effect of exogenous cAMP on BBM Na*/
H* exchange. As is shown in Table 3, incubation in
either 1 mM Ca?t or Ca?*-free EGTA medium at
25°C for 30 min did not alter cAMP content in the
proximal tubular cells. On the other hand, 8 bromo-
cAMP (0.1 mM), when added to the proximal tubule
preincubation medium containing 1 mMm Ca?*, was
able to cause significant reduction in Na* uptake by
the subsequently isolated BBM vesicles (Table 3).
Thus preincubation of proximal tubules in the pres-
ence of 1 mM Ca?t did not affect either the endoge-
nous cAMP level or the inhibitory effect of cAMP
on BBM Na™ uptake. These results therefore sug-

gest that the enhancement of BBM Na*/H* ex-
change by Ca’" is unlikely to occur as the result of
removal of the inhibitory influence from cAMP.
To test the possible role of calmodulin-depen-
dent protein kinase, calmodulin inhibitor, trifluo-
perazine (TFP, 10~% M), was added to proximal tu-
bules incubated in 1 mm Ca?* medium. As is shown
in Table 4, addition of TFP did not prevent the ef-
fect of Ca?* to increase BBM Na™ uptake. Thus it
seems also unlikely that the effect of Ca?" on BBM
Na* uptake is mediated through activation of
calmodulin-dependent protein kinase. The recent
report by Weinman et al. [27] that renal BBM Na*/
H~* exchanger is rather inhibited by calmodulin-de-
pendent protein kinase-induced protein phosphory-
lation lends further support to such notion.
Finally, in contrast to cAMP and calmodulin-
dependent protein kinases, Weinman et al. have
shown that protein phosphorylation mediated by
protein kinase C stimulates renal BBM Na*/H™ ex-
changer [27, 28]. It is therefore possible that Ca’*
may enhance renal BBM Na*/H™* exchange through
activation of protein kinase C. To testify to such
possibility, the effect of Ca’>* was examined in prox-
imal tubules where protein kinase C was downregu-
lated by prolonged incubation with phorbol 12-
myristate 13-acetate (PMA). Proximal tubules were
incubated in culture medium (DMEM + HAMS)
with or without PMA (10~% M) at 37°C under 95%
0,/5% CO, for 24 hr. After this 24 hr incubation, the
effect of Ca’t was tested by resuspending and incu-
bating proximal tubules in modified KRB medium
containing either 1 mm Ca?* or 0.5 mMm EGTA at
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Fig. 9. Effect of phorbol 12-myristate 13-acetate (PMA). The effect of Ca’~ to increase BBM Na~ uptake persisted in proximal tubules
after 24 hr incubation in culture medium without PMA (left panel). Such effect of Ca?* was, however, abolished when proximal tubules
were incubated for 24 hr in culture medium containing PMA (107 M) (right panel). (Mean % sg, n = 4, *P < 0.05)

25°C for 30 min prior to the isolation of BBM vesi-
cles. At the end of 24 hr incubation, the majority of
the tubular cells remained intact as inferred from
more than 95% cell exclusion of trypan blue; the
intactness of BBM vesicles thus isolated is also sup-
ported from the similarity in enzyme enrichment
(Table 1) and in the pattern of Na* uptake (Fig. 9).
As is shown in Figure 9, the effect of Ca’* to in-
crease BBM Na* uptake was preserved in proximal
tubules after 24 hr incubation without PMA. In con-
trast, 24 hr incubation of proximal tubules with
PMA abolished the effect of Ca?™ to increase Na*
uptake by the subsequently isolated BBM vesicles
(Fig. 9). These results thus suggest that activation
of protein kinase C may be involved in the enhance-
ment of BBM Na'/H" exchange by Ca?*.

In summary, results of the present study show
the Ca?* dependency of renal BBM Na' transport
possibly through stimulation of BBM Na*/H* ex-
changer by protein kinase C. The enhancement of
BBM Na'/H* exchange by Ca’" found in the
present study thus differs from the previously re-
ported downregulatory effect of Ca?* on Na™ chan-
nels in the apical membrane of toad urinary bladder
[5, 9, 10]. While this is likely to be related to the
different apical Na* transport mechanisms between
tight and leaky epithelium, it is not certain if such
difference represents a generalized feature for other
tight and leaky epithelia as well. The enhancement
of BBM Na*/H* exchange by Ca?" and ionomycin
found in the present study also appears contradic-
tory to the prevailed evidence that increased intra-
cellular Ca?* levels suppress proximal tubule Na*
transport [8, 17]. Although the fact that the stimula-
tory effect of CaZ* is lessened by preincubation at
37°C as compared to 25°C may minimize its signifi-

cance under physiological condition, this still does
not explain the inhibitory effect of Ca?* on proximal
tubule Na* transport. If one assumes that the effect
of Ca’* found in the present study with isolated
BBM vesicles applies to BBM in the intact proximal
tubule, it may be speculated that the inhibitory ef-
fect of intracellular Ca?* on transtubular Na* trans-
port in intact proximal tubule may result from the
effect of Ca?* on Na* transport at steps other than
that across the BBM, e.g., Na* exclusion by Na,K-
ATPase across the basolateral membrane. Further
studies are required to clarify these issues.

This work was supported by grants from the Veterans Adminis-
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