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a b s t r a c t

The present study evaluated the activity of Cl�/HCO3
� exchanger and the abundance of

Slc26a6 in immortalized renal proximal tubular epithelial (PTE) cells from the Wistar–Kyoto

rat (WKY) and spontaneously hypertensive rat (SHR) and identified the signaling pathways

that regulate the activity of the transporter. The affinity for HCO3
�was identical in WKY and

SHR PTE cells, but Vmax values (in pH units/min) in SHR PTE cells (0.4016) were significantly

higher than in WKY PTE cells (0.2304). The expression of Slc26a6 in SHR PTE cells was

sevenfold that in WKY PTE cells. Dibutyryl-cAMP (db-cAMP) or forskolin, which increased

endogenous cAMP, phorbol-12,13-dibutyrate (PDBu) and anisomycin, significantly (P < 0.05)

increased the Cl�/HCO3
� exchanger activity in WKY and SHR PTE cells to a similar extent.

The stimulatory effects of db-cAMP and forskolin were prevented by the PKA inhibitor H89,

but not by chelerythrine. The stimulatory effects of PDBu were prevented by both cheler-

ythrine and SB 203580, but not by H89 or the MEK inhibitor PD 98059. The stimulatory effect

of anisomycin was prevented by SB 203580, but not by chelerythrine. Increases in phospho-

p38 MAPK by anisomycin were identical in WKY and SHR PTE cells, this being sensitive to SB

203580 but not to chelerythrine. It is concluded that SHR PTE cells, which overexpress the

Slc26a6 protein, are endowed with an enhanced activity of the Cl�/HCO3
� exchanger. The

Cl�/HCO3
� exchanger is an effector protein for PKA, PKC and p38 MAPK in both WKY and
SHR PTE cells.
# 2008 Elsevier Inc. All rights reserved.
1. Introduction

Cl�/base exchangers belong to a recently discovered gene

family of highly versatile anion exchangers, the SLC26 gene

family, that transport an expanding number of monovalent

and divalent anions, including sulfate (SO4
2�), chloride (Cl�),

iodide (I�), formate, oxalate, hydroxyl ion (OH�), and bicarbo-

nate (HCO3
�) [1]. Putative anion transporter 1 (PAT1 or
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Slc26a6), which is a member of these highly conserved family

of membrane proteins, was shown to be located at the apical

membrane of rat and mouse kidney proximal tubules and

mediate Cl�/HCO3
� and Cl�/OH� exchange [2,3]. Functional

studies indicate that the main mechanism of Cl� reabsorption

in the kidney proximal tubule is via apical Cl�/base exchanger

that works in parallel with the apical type 3 Na+/H+ exchanger

(NHE3) and is essential for the Cl� reabsorption, fluid balance
.
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and acid–base regulation [4,5]. Actually, approximately 50–70%

of the filtered Cl� is reabsorbed in the proximal tubule [5]. This

is in line with observation that the majority of Cl� and HCO3
�

filtered by kidney are reabsorbed in the proximal tubule. Our

group recently demonstrated the presence of an apical Cl�/

HCO3
� exchanger in immortalized renal proximal tubular

epithelial (PTE) cells from the spontaneously hypertensive rat

(SHR) and Wistar–Kyoto rat (WKY) [6], which may correspond

to the Slc26a6 protein. WKY PTE cells respond to D1-like

dopamine receptor stimulation with inhibition of the apical

Cl�/HCO3
� exchanger, whereas SHR PTE cells have a defective

D1-like dopamine response [6]. This defective D1 receptor

regulation of the Cl�/HCO3
� exchanger in SHR cells [6], is

identical to that shown for the NHE3 and Na+–K+-ATPase [7–

12]. Another difference between WKY and SHR PTE cells

concerned the basal activity of the Cl�/HCO3
� exchanger,

which was greater in the latter than in the former.

The role of protein kinases in the short-term regulation

of the Cl�/HCO3
� exchanger is still a matter of debate. Some

authors suggest that PKC leads to inhibition of the Cl�/

HCO3
� exchanger [13], whereas others have suggested that

regulation of Slc26a6 activity by PKC results from reduced

surface expression of the transporter [14]. This contrast

with the observations that stimulation of AT1 receptors and

a1-adrenoceptors in WKY and SHR PTE cells led to increases

in the activity of the Cl�/HCO3
� exchanger, this being

sensitive to inhibition by the PKC inhibitor chelerythrine

[15–17]. The immortalized renal PTE cells from WKY and

SHRs are well-established models in our laboratories that

have been used to evaluate both the diversity and the

regulation of electrolyte and amino acid transport systems

[6,9–12].

In an attempt to better understand differences in Cl�/

HCO3
� exchanger activity in hypertension, the present study

examined the expression and activity of the Cl�/HCO3
�

exchanger (Slc26a6) in immortalized renal PTE cells from

SHR and WKY and its sensitivity to modulators of a series of

transduction pathways commonly used by G protein coupled

receptors. It is reported that SHR PTE cells are endowed with

an enhanced activity of the Cl�/HCO3
� exchanger, character-

ized by increases in Vmax values with no changes in the affinity

for HCO3
�. The increase in Cl�/HCO3

� exchanger activity in

SHR PTE cells was accompanied by overexpression of the

Slc26a6 protein. However, the Cl�/HCO3
� exchanger in SHR

PTE cells responded to PKA, PKC and p38 MAPK stimulation

similarly to that observed in WKY PTE cells.
2. Methods and materials

2.1. Cell culture

Immortalized renal PTE cells from 4- to 8-week-old WKY and

SHR animals [18] were maintained in a humidified atmosphere

of 5% CO2–95% air at 37 8C. WKY and SHR PTE cells were grown

in Dulbecco’s modified Eagle’s medium nutrient mixture F-12

Ham (Sigma Chemical Company, St. Louis, MO, USA) supple-

mented with 100 U/ml penicillin G, 0.25 mg/ml amphotericin B,

100 mg/ml streptomycin (Sigma), 4 mg/ml dexamethasone

(Sigma), 5 mg/ml transferrin (Sigma), 5 mg/ml insulin (Sigma),
5 ng/ml selenium (Sigma), 10 ng/ml epidermal growth factor

(Sigma), 5% fetal bovine serum (Sigma) and 25 mM N-2-

hydroxyethylpiperazine-N0-2-ethanosulfonic acid (HEPES;

Sigma). For subculturing, the cells were dissociated with

0.10% trypsin–EDTA, split 1:8 and subcultured in Costar plates

with 21-cm2 growth areas (Costar, Badhoevedorp, The Nether-

lands). For pHi measurement experiments, cells were grown in

96-well plates (Costar) or glass coverslips. For the measure-

ment of Slc26a6 expression the cells were seeded in six-well

plastic culture clusters (Costar). The cell medium was changed

every 2 days, and the cells reached confluence after 3–5 days of

incubation. For approximately 2 h prior to each experiment,

the cells were maintained in fetal bovine serum-free medium.

Experiments were generally performed 1–2 days after cells

reached confluence and 4–5 days after the initial seeding; each

cm2 contained about 50 mg of cell protein.

2.2. pHi measurements

In intracellular pH measurement experiments, WKY and SHR

PTE cells were grown in 96-well plates. Intracellular pH was

measured as previously described [11]. At days 4–5 after

seeding SHR and WKY PTE cells were incubated at 37 8C for

30 min with 10 mM BCECF-AM. Cells were then washed twice

with prewarmed modified Krebs–Hensleit buffer before

initiation of the fluorescence recordings. The Krebs medium

had the following composition (in mM): 115 NaCl, 25 NaHCO3,

5.4 KCl, 2.8 CaCl2, 1.2 MgSO4, 0.3 NaH2PO4, 0.3 KH2PO4, 10

HEPES, 5 glucose, pH 7.4 (adjusted with Tris base). Cells were

placed in the sample compartment of a dual-scanning

microplate spectrofluorometer (Spectramax Gemini XS, Mole-

cular Devices, Sunnyvale, USA), and fluorescence was mea-

sured every 17 s alternating between 440 and 490 nm

excitation at 535 nm emission, with a cutoff filter of 530 nm.

The ratio of intracellular BCECF fluorescence at 490 and

440 nm was converted to pHi by comparison with values from

an intracellular calibration curve using nigericin 10 mM in a

high-K+ solution (in mM: 15 NaCl, 130 KCl, 0.3 KH2PO4, 0.3

NaH2PO4, 5 glucose, 1.2 MgSO4, 2.8 CaCl2 and 10 HEPES) with

pH ranging from 6.6 to 7.8 [19].

2.3. ClS/HCO3
S exchanger activity

The Na+-independent HCO3
� transport system activity was

assayed as the initial rate of pHi recovery after an alkaline load

(CO2/HCO3 removal), in the absence of Na+, as previously

described [6]. Briefly, cells were loaded in serum-free medium

with 10 mM BCECF-AM, the membrane-permeant acetoxy-

methyl ester derivative of 20,70-bis (carboxyethyl)-5,6-carbox-

yfluorescein (BCECF) for 30 min at 37 8C in 5% CO2–95% air

atmosphere. The cells were washed free of dye and loaded

with Krebs–Hensleit solution (25 mM NaHCO3) for 25 min

(phase 1). Then, extracellular solution was replaced by a

Krebs–Hensleit NaHCO3-free solution (phase 2; 10 min). In the

NaHCO3-free bathing solution, NaHCO3 was replaced by an

equimolar concentration of choline. In experiments intended

to evaluate the Km for HCO3, NaHCO3 in the Krebs–Hensleit

solution (phase 1, 25 min) was replaced by an equimolar

concentration of sodium gluconate. The test compounds were

added to the extracellular fluid 40 min before starting the
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bicarbonate-dependent pHi recovery. The concentrations of

kinase activators/inhibitors used in this study were based on

the efficacy data for these compounds described in the

literature [6,20,21]. Cells were placed in the sample compart-

ment of a dual-scanning microplate spectrofluorometer

(Spectramax Gemini, Molecular Devices, Sunnyvale, USA)

and fluorescence monitored every 17 s alternating between

440 and 490 nm excitation at 535 nm of emission, with a cutoff

filter of 530 nm.

2.4. Measurement of cyclic AMP

Cyclic AMP (cAMP) was determined with an enzyme immu-

noassay kit (GE Healthcare) as previously described [22]. Cells

were preincubated for 15 min at 37 8C in Hanks’ medium ((in

mM) 137 NaCl, 5 KCl, 0.8 MgSO4, 0.33 Na2HPO4, 0.44 KH2PO4,

0.25 CaCl2, 1.0 MgCl2, 0.15 Tris–HCl, and 1.0 Na+ butyrate, pH

7.4) containing 100 mM IBMX, a phosphodiesterase inhibitor.

Cells were then incubated for 15 min with test compounds. At

the end of the experiment, the reaction was stopped by the

addition of 0.1 M HCl. Aliquots were taken for the measure-

ment of intracellular cAMP content.

2.5. Immunobloting

WKY and SHR PTE cells cultured to 90% of confluence were

washed twice with PBS and total cell protein extracted for

Slc26a6 and phospho-p38 MAPK detection. Briefly, to obtain

total cell extract, cells were lysed by brief sonication (15 s) in

RIPA buffer with protease inhibitors (150 mM NaCl, 50 mM

Tris–HCl pH 7.4, 5 mM EDTA, 1% Triton X-100, 0.5% sodium

deoxycholate, 0.1% SDS, 100 mg/ml PMSF, aprotinin and

leupeptin 2 mg/ml each) and incubated on ice for 1 h. Renal

cortical membranes were washed with PBS and then lysed in

RIPA buffer, as above. After centrifugation (16,000 � g,

30 min, 4 8C), the supernatant was collected and protein

concentration determined using a protein assay kit (Bio-Rad

Laboratories, Hercules, CA) with bovine serum albumin as

standard. Twenty micrograms of protein were mixed in 6�
sample buffer (0.35 M Tris–HCl, 4% SDS, 30% glycerol, 9.3%

DTT, pH 6.8, 0.01% bromophenol blue) and boiled for 5 min.

Proteins were subjected to SDS-PAGE (10% SDS-polyacryla-

mide gel) and electrotransfered onto nitrocellulose mem-

branes. The transblot sheets were blocked with 5% of non-fat

dry milk in Tris–HCl 25 mM pH 7.5, NaCl 150 mM and 0.1%

Tween 20, overnight at 4 8C. Then, the membranes were

incubated with rabbit polyclonal anti-Slc26a6 antibody

(1:1000; [23]), the anti-b-actin primary antibody (1:10,000;

Lab Vision Corporation) and the anti-phospho-p38 MAPK

primary antibody (1:1000; Cell Signaling TechnologyTM,

Beverly, MA) in 5% non-fat dry milk in PBS-T overnight at

4 8C. The immunoblots against Slc26a6, phospho-p38 MAPK

and b-actin were subsequently washed and incubated with

fluorescent labeled goat anti-rabbit (1:20,000; IRDyeTM 800,

Rockland) or a fluorescent labeled goat anti-mouse secondary

antibody (1:20,000; AlexaFluor 680, Molecular Probes), respec-

tively, for 60 min at room temperature and protected from

light. The membrane was washed and imaged by scanning at

both 700 and 800 nm, with an Odyssey Infrared Imaging

System (LI-COR Biosciences).
2.6. Drugs

Chelerythrine chloride, dibutyryl-cAMP (db-cAMP), forskolin,

parathyroid hormone, H89, phorbol-12,13-dibutyrate (PDBu)

and 4a-phorbol 12,13-didecanoate were purchased from

Sigma Chemical Company, St. Louis, MO, USA. Anisomycin,

PD 98059 and SB 203580 were obtained from Research

Biochemicals International (Natick, USA). Acetoxymethyl

ester of 20,70-bis(carboxyethyl)-5(6)-carboxyfluorescein

(BCECF-AM) and nigericin were obtained from Molecular

Probes (Eugene, OR).

2.7. Data analysis

Geometric means are given with 95% confidence limits and

arithmetic means are given with S.E.M. Statistical analysis

was performed by One-way analysis of variance (ANOVA)

followed by the Newman–Keuls test for multiple comparisons.

A P-value less than 0.05 were assumed to denote a significant

difference.
3. Results

The activity of the Cl�/HCO3
� exchanger was assayed as the

initial rate of pHi recovery after an alkaline load (CO2/HCO3

removal) in the absence of sodium to avoid the contribution of

other transporters such as the NHE3. In a HCO3-containing

medium, removal of CO2/HCO3 caused an initial cell alkalini-

zation, as a result of CO2 loss from the cell with subsequent

return of pHi towards basal values (Fig. 1A). The Na+-

independent Cl�/HCO3
� exchanger (1 external Cl� exchanged

for 1 internal HCO3
�) mediated the pHi recovery process after

the alkalinization. As shown in Fig. 1A, the HCO3
�-dependent

recovery of pHi in SHR PTE cells was steeper than that

observed in WKY PTE cells. The HCO3
�-dependent pHi

recovery rates (in pH units/s) during the linear phase of pHi

recovery after intracellular alkalinization were greater in SHR

cells than in WKY cells (0.2523 � 0.01 versus 0.1643 � 0.01

delta pH units/min, n = 32). The relationship between Cl�/

HCO3
� exchanger activity and intracellular HCO3

� was

measured after loading the cells with increasing concentra-

tions of HCO3
� (0–25 mM) (NaHCO3 was replaced by equimolar

concentration of sodium gluconate). In both WKY and SHR PTE

cells, increases in extracellular HCO3
� increased the activity of

the Cl�/HCO3
� exchanger (Fig. 1B). The affinity for HCO3

� was

identical in WKY and SHR PTE cells, butVmax values in SHR PTE

cells were significantly higher than in WKY PTE cells (Table 1).

The expression of Slc26a6 was evaluated in immortalized

renal PTE cells from SHR and WKY and in kidney from WKY

and SHR rats (12 weeks). Immunoblot analysis showed that the

polyclonal anti-Slc26a6 antibody stained only one band in

immortalized renal PTE cells from WKY and SHR and in renal

cortical membranes from WKY and SHR rats. The bands were

not seen upon pre-adsorption of the antibody with the

immunizing peptide that was used to produce the rabbit

polyclonal anti-Slc26a6 (data not shown). As shown in Fig. 2,

the level of expression of Slc26a6 in SHR PTE cells and in SHR

renal cortical membranes was sevenfold that in WKY PTE cells

and WKY renal cortical membranes. This result fits well the



Fig. 2 – Expression of Slc26a6 and b-actin in immortalized

WKY and SHR PTE cells and in WKY and SHR (12 weeks)

renal cortical membranes. Representative immunoblots

are depicted on top of the bar graphs. Columns represent

mean of five independent immunoblots; vertical lines

show S.E.M. Significantly different from values in WKY

(*P < 0.05); Slc26a6 �70 kDa; b-actin �40 kDa.

Table 1 – Kinetic parameters (Km, mM; Vmax pH units/min) for C
PTE cells

Treatment Km (mM)

WKY SHR

Control 5.8 � 0.1 7.1 � 0.6

Anisomycin 6.4 � 0.4 6.0 � 0.2

Forskolin 4.8 � 0.4 6.3 � 0.3

Values are mean � S.E.M. of 5–8 experiments per group. Significantly di

values (#P < 0.05).

Fig. 1 – (A) Assessment of intracellular pH before and after

an alkaline load (CO2/HCO3
S removal) in perfused SHR and

WKY cells. Traces represent means of three experiments

per group. (B) ClS/HCO3
S exchanger activity as a function

of extracellular HCO3
S concentration in immortalized

WKY and SHR PTE cells. Symbols represent mean

of seven independent determinations; vertical

lines show S.E.M.
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view that SHR PTE cells have an increased activity of the apical

Cl�/HCO3
� exchanger that is mediated by the Slc26a6

transporter.

To evaluate whether Cl�/HCO3
� exchanger is an effector

protein for PKA, PKC and p38 MAPK in WKY and SHR PTE cells,

the effects of db-cAMP and forskolin, phorbol-12,13-dibutyrate

(PDBu), an activator of classical and novel PKCs, and

anisomycin, respectively, were examined. Activation of PKA

with db-cAMP or forskolin, which increased endogenous cAMP

accumulation (from 1461.2 � 635.9 to 3741.6 � 614.3 fmol/

well in WKY PTE cells and from 945.5 � 353.2 to

3736.8 � 582.6 fmol/well in SHR PTE cells), activation of PKC
lS/HCO3
S exchanger activity in immortalized WKY and SHR

Vmax (pH units/min)

WKY SHR

0.2304 � 0.0014 0.4016 � 0.0010 *

0.2662 � 0.0055 # 0.5008 � 0.0061 #

0.2643 � 0.0064 # 0.4709 � 0.0074 #

fferent from WKY values (*P < 0.05) and from corresponding control



Fig. 3 – Effect of dibutyryl cAMP (db-cAMP, 500 mM) and

forskolin (30 mM) for 40 min on ClS/HCO3
S exchanger

activity, in the absence and the presence of H89 (10 mM) or

chelerythrine (1 mM) in (A) WKY and (B) SHR PTE cells. Each

column represents the mean of 6–8 experiments per

group; vertical lines indicate S.E.M. Significantly different

from corresponding control values (*P < 0.05) and values

for db-cAMP or forskolin alone (#P < 0.05). (C) Effect of PTH

(10 nM) for 40 min on ClS/HCO3
S exchanger activity, in the

absence and the presence of H89 (10 mM) in WKY and SHR

PTE cells. Each column represents the mean of 6–8

experiments per group; vertical lines indicate S.E.M.

Significantly different from corresponding control values

(*P < 0.05) and values for PTH alone (#P < 0.05).

Fig. 4 – Effect of phorbol-12,13-dibutyrate (PDBu, 0.1 mM) for

40 min on ClS/HCO3
S exchanger activity, in the absence

and the presence of H89 (10 mM) or chelerythrine (1 mM) in

(A) WKY and (B) SHR PTE cells. Each column represents the

mean of 6–8 experiments per group; vertical lines indicate

S.E.M. Significantly different from corresponding control

values (*P < 0.05) and values for PDBu alone (#P < 0.05).
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with PDBu and activation of p38 MAPK with anisomycin, all

resulted in increases in Cl�/HCO3
� exchanger activity in WKY

and SHR PTE cells. Despite differences in Cl�/HCO3
� exchanger

activity between WKY and SHR PTE cells, the stimulatory

effects observed after PKA, PKC and p38 MAPK activation in

WKY PTE cells were of identical magnitude to those obtained

in SHR PTE cells (Figs. 3–5). The inactive phorbol ester 4a-
phorbol 12,13-didecanoate (1 mM) did not affect the Cl�/HCO3
�

exchanger activity in WKY and SHR PTE cells (data not shown).

As shown in Fig. 3A and B, the stimulatory effects of db-

cAMP (500 mM) and forskolin (30 mM) were prevented by the

PKA inhibitor H89 (10 mM), but not by the PKC inhibitor

chelerythrine (1 mM). In addition to PKA activators, it was

also evaluated the activation of PKA via physiological ligand,

namely the parathyroid hormone (PTH). As shown in Fig. 3C,

PTH (10 nM) stimulated Cl�/HCO3
� exchanger activity in

WKY and SHR PTE cells, this being prevented by H89 (10 mM).

Because interactions between PKA and PKC transduction

pathways have been described [10,24,25], we tested whether

the PKA and PKC inhibitors interfered with stimulatory

effect of PDBu (0.1 mM). As shown in Fig. 4, the stimulatory

effects of PDBu were prevented by the PKC inhibitor

chelerythrine (1 mM), but not by the PKA inhibitor H89

(10 mM). Chelerythrine and H89 alone had no effect upon Cl�/

HCO3
� exchanger basal activity in WKY and SHR cells

(Table 2). The PKA and PKC inhibitors had not effect on the

basal Cl�/HCO3
� exchanger activity (in pH units/min) in

WKY and SHR cells, as indicated below: WKY cells,

vehicle = 0.1617 � 0.01, H89 = 0.1824 � 0.01, chelerythrine =

0.1454 � 0.01; SHR cells, vehicle = 0.2985 � 0.01, H89 =

0.2942 � 0.03, and chelerythrine = 0.2911 � 0.02.

Because interactions between PKC and the MEK and p38

MAPK transduction pathways have been described [26–28], we



Fig. 6 – Effect of anisomycin (0.1 mM) for 40 min on ClS/

HCO3
S exchanger activity in (A) WKY and (B) SHR PTE cells

in the absence and the presence of chelerythrine (1 mM),

PD 98059 or (10 mM) SB 203580 (10 mM). Each column

represents the mean of 7–15 experiments per group;

vertical lines indicate S.E.M. Significantly different from

corresponding control values (*P < 0.05) and values for

anisomycin alone (#P < 0.05).

Fig. 5 – Effect of phorbol-12,13-dibutyrate (PDBu, 0.1 mM) for

40 min on ClS/HCO3
S exchanger activity in (A) WKY and (B)

SHR PTE cells in the absence and the presence of SB

203580 (10 mM) or PD 98059 (10 mM). Each column

represents the mean of 7–15 experiments per group;

vertical lines indicate S.E.M. Significantly different from

corresponding control values (*P < 0.05) and values for

PDBu alone (#P < 0.05).
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tested whether the MEK 1 and p38 MAPK inhibitors interfered

with stimulatory effect of anisomycin and PDBu. As shown in

Fig. 5, the stimulatory effects of PDBu (0.1 mM) upon the Cl�/

HCO3
� exchanger activity in WKY and SHR PTE cells was not

affected by the MEK 1 inhibitor PD 98059 (10 mM), but was

prevented by the p38 MAPK inhibitor SB 203580 (10 mM).

However, the stimulatory effect of anisomycin (0.1 mM) upon

the Cl�/HCO3
� exchanger activity in WKY and SHR PTE cells

was prevented by SB 203580 (10 mM), but not by chelerythrine
Table 2 – ClS/HCO3
S exchanger activity in WKY and SHR

cells in the absence and in the presence of H89 (10 mM),
chelerythrine (1 mM), PD 98059 (10 mM) and SB 203580
(10 mM)

Treatment Cl�/HCO3
� exchanger activity (%

of control)

WKY SHR

Control 100.0 � 9.0 100.0 � 6.9

H89 109.9 � 7.5 98.5 � 9.2

Chelerythrine 95.3 � 5.9 102.6 � 6.9

PD 98059 93.9 � 9.2 104.2 � 5.1

SB 203580 104.4 � 8.9 90.2 � 6.1

Values are mean � S.E.M. of 6–8 experiments per group.
(1 mM) and PD 98059 (10 mM) (Fig. 6). PD 98059 and SB 203580

alone had no effect upon Cl�/HCO3
� exchanger basal activity

in WKY and SHR cells (Table 2). The absolute control values for

Cl�/HCO3
� exchanger activity in pH units/min in WKY and

SHR cells were as follows: WKY cells, vehicle = 0.1617 � 0.01,

PD 98059 = 0.1501 � 0.01, SB 203580 = 0.1659 � 0.01; SHR cells,

vehicle = 0.2985 � 0.01, PD 98059 = 0.3117 � 0.02, and SB

203580 = 0.2863 � 0.02.

The results described above suggest some level of inter-

action between PKC and p38 MAPK on the regulation of the

Cl�/HCO3
� exchanger, as evidenced by finding that the

stimulatory effects of PDBu upon the Cl�/HCO3
� exchanger

activity were prevented by both the PKC inhibitor chelerythr-

ine and p38 MAPK inhibitor SB 203580. To clarify the type of

interaction and the sequence of events between PKC and p38

MAPK, phospho-p38 MAPK activation was evaluated in WKY

and SHR PTE cells exposed to anisomycin or PDBu for 40 min.

Treatment with anisomycin (0.1 mM) markedly resulted in

evident activation of phospho-p38 MAPK in WKY and SHR PTE

cells, this being sensitive to SB 203580 (10 mM), but not to



Fig. 8 – Effect of PDBu (0.1 mM) for 40 min on phospho-p38

MAPK expression in (A) WKY and (B) SHR PTE cells in the

absence and in the presence of SB 203580 (10 mM) and

chelerythrine (1 mM). Each column represents the mean of

4 experiments per group; vertical lines indicate S.E.M.

Significantly different from corresponding control values

(*P < 0.05).

Fig. 7 – Effect of anisomycin (0.1 mM) for 40 min on

phospho-p38 MAPK expression in (A) WKY and (B) SHR

PTE cells in the absence and the presence of SB 203580

(10 mM) and chelerythrine (1 mM). Each column represents

the mean of 4 experiments per group; vertical lines

indicate S.E.M. Significantly different from corresponding

control values (*P < 0.05) and values for anisomycin alone

(#P < 0.05).
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chelerythrine (1 mM) (Fig. 7). Treatment of WKY and SHR PTE

cells with PDBu (0.1 mM) increased phospho-p38 MAPK, but the

magnitude of this increases was much lower than that

obtained with anisomycin. The increases in phospho-p38

MAPK by PDBu (0.1 mM) were identical in WKY and SHR PTE

cells, this being insensitive to chelerythrine and SB 203580

(Fig. 8). In addition, the effect of PDBu plus anisomycin upon

the Cl�/HCO3� exchanger activity in both cell lines was also

tested. The stimulatory effect of PDBu plus anisomycin upon
the Cl�/HCO3
� exchanger was of equal magnitude as when

PDBu and anisomycin were tested separately, in both WKY

and SHR cells (Table 3).

In order to better understand the mechanism of PKA and

p38 MAPK-induced stimulation of Cl�/HCO3
� exchanger



Table 3 – ClS/HCO3
S exchanger activity in WKY and SHR

cells in the absence and in the presence of PDBu (0.1 mM),
anisomycin (0.1 mM), PDBu and anisomycin

Treatment Cl�/HCO3
� exchanger activity

(% of control)

WKY SHR

Control 100.0 � 3.2 100.0 � 6.9

PDBu 127.4 � 6.7 141.2 � 7.0

Anisomycin 134.1 � 7.5 124.1 � 5.2

PDBu + anisomycin 134.0 � 9.5 139.3 � 8.9

Values are mean � S.E.M. of 5–7 experiments per group.
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activity, it was evaluated their role on the kinetic parameters

of the exchanger. Activation of PKA with forskolin and p38

MAPK with anisomycin resulted in an increase of Vmax values,

comparatively with the control situation, in both WKY and

SHR PTE cells. Km values were not changed in the presence of

forskolin or anisomycin in WKY and SHR PTE cells (Table 1).
4. Discussion

The present study was designed to evaluate the effects of PKA,

PKC and p38 MAPK activators on the activity of the Cl�/HCO3
�

exchanger in immortalized renal PTE cells from WKY and SHR.

Some of the SLC26 family members have emerged as

candidates to mediate proximal tubule Cl�/HCO3
� exchange,

like slc26a4 and Slc26a6. Although slc26a4 have been

described in the kidney, its expression is not detected in the

proximal tubule and there is no change in transtubular NaCl

absorption in slc26a4 null mice [29]. In contrast, Slc26a6 is the

primary candidate for the apical Cl�/base exchanger of brush

border membranes in the renal proximal tubule and might

encode the apical Cl� entry site involved in NaCl absorption,

since it is expressed at the apical membrane of proximal

tubule cells and appears to mediate the multiple modes of

anion exchange that have been implicated in this process [1].

Though there is no specific assay for Cl�/HCO3
� exchange-

mediated activity, several findings strongly suggest that pHi

recovery after removal of CO2/HCO3
� in the absence of Na+

reflects the activity of the Cl�/HCO3
� exchanger. The pHi

recovery after removal of CO2/HCO3
� in the absence of Na+ is

markedly dependent on Cl� (pHi recovery reduction: 99.5% and

83.3% in SHR and WKY cells, respectively), which clearly

excludes the participation of the NHE and the Na+–HCO3
� co-

transporter (NBC) in the pHi recovery process [6]. Moreover, the

Cl�/HCO3
� exchanger activity was exclusively observed on the

apical side of the cells [6], which excludes the contribution of

the NBC that is expressed in the basolateral side of the cell [20].

The pHi recovery in these experimental conditions is strongly

inhibited by DIDS [6,23], which fits well the view that NHE does

not participate in the pHi recovery after the alkaline load.

Previous work using transfected HEK293 cells suggested

that PKC inhibition of Cl�/HCO3
� exchange mediated by

human Slc26a6 was related to phosphorylation at a specific

site that disrupts binding of Slc26a6 to carbonic anhydrase II,

thereby disrupting a HCO3 transport metabolic [13]. In another

study, using Xenopus oocytes that mutation of the correspond-

ing phosphorylation site of mouse Slc26a6 had no effect on
inhibition in response to PKC activation [14]. These authors

demonstrated that regulation of Slc26a6 activity by PKC

results from reduced surface expression of the transporter,

thereby inhibiting all tested modes of transport [14]. It was

suggested of importance in future studies to determine the

regulation of Slc26a6 under physiological conditions in native

tissues. To our knowledge, the present study is the first

systematic evaluation of the short-term regulation of the Cl�/

HCO3
� exchanger in renal tubular epithelial cells [30].

Discrepancies on the role of PKC in regulating the Cl�/HCO3
�

exchanger described in the present study and that in the study

of Hassan et al. [14], may relate to differences on the type of

cells (renal tubular epithelial cells versus Xenopus oocytes) or

differences on the behaviour of the native protein versus the

heterologously expressed protein. It should be underlined,

however, that in both WKY and SHR PTE cells the stimulation

of AT1 receptors and a1-adrenoceptors leads to increases in

the activity of the Cl�/HCO3
� exchanger, this being abolished

by the PKC inhibitor chelerythrine [15–17]. The PKA and PKC

inhibitors had not effect on the basal Cl�/HCO3
� exchanger

activity in WKY and SHR cells, which suggest that under basal

physiological conditions the Cl�/HCO3
� exchanger is not

under the tonic influence of PKA or PKC. Similar observations

were reported on the regulation of the organic anion transport

driven by the organic anion transporter 3 (OAT3) [31,32].

The effect of db-cAMP and forskolin on Cl�/HCO3
�

exchanger activity in WKY and SHR PTE cells was abolished

by H89 (PKA inhibitor), but not by chelerythrine (PKC

inhibitor). On the other hand, stimulation of the exchanger

activity in WKY and SHR PTE cells by PDBu was prevented by

chelerythrine but not by H89. Taken together, these results

indicate that cAMP-induced stimulation of the Cl�/HCO3
�

exchanger activity occurs through the activation of PKA,

whereas the PDBu-induced stimulation of the Cl�/HCO3
�

exchanger activity occurs through the activation of PKC, these

two events being independent of which other. This fits well the

view that the Cl�/HCO3
� exchanger is an effector protein for

both PKA and PKC. This is an interesting finding since several

studies have suggested a close interaction between PKA and

PKC, namely concerning the regulation of renal tubular Na+

transporters [10,24,25]. However, it should be underscored

that PKA-mediated inhibition of NHE3 in rat renal proximal

tubular cells proceeds in a manner completely independent of

PKC activation [10]. This is an interesting point since major

mechanisms intervening in renal proximal tubular NaCl

absorption, intracellular pH and cell volume regulation, occur

through the concerted action of the Cl�/HCO3
� and Na+/H+

exchangers. It is well established that PTH stimulates adenylyl

cyclase [33,34]. PTH enhanced Cl�/HCO3
� exchanger activity

was abolished by H89, indicating that the regulatory mechan-

ism presented here occur in physiological conditions.

Downstream to PKC activation, other mechanisms

involved in signal transduction coupled to G protein coupled

receptors include activation of both the extracellular signal-

regulated kinase (ERK) and p38 MAPK pathways [26–28]. We

examined some of these signaling pathways in WKY and SHR

PTE cells using specific inhibitors. To evaluate the contribution

of MAPK in the regulation of Cl�/HCO3
� exchanger activity

specific MEK and p38 MAPK inhibitors were used. The finding

that stimulation of Cl�/HCO3
� exchanger activity induced by
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PDBu and anisomycin in WKY and SHR PTE cells was

insensitive to PD 98059 excludes the involvement of MEK 1.

The observation that PDBu, an activator of PKC, and

anisomycin, an activator of p38 MAPK, stimulated Cl�/HCO3
�

exchanger activity in both WKY and SHR PTE cells, in a SB

203580-sensitive manner, would support the view that some

sort of interaction between PKC and p38 MAPK was taking

place in events in which the Cl�/HCO3
� exchanger is the

effector protein. However, the observation that the SB 203580-

sensitive anisomycin-induced stimulation was insensitive to

chelerythrine would suggest that p38 MAPK was an event

downstream in the signaling pathway. In contrast, the

observation that the chelerythrine-sensitive PDBu-induced

stimulation was sensitive to SB 203580 led us to hypothesize

that PKC activation was an event upstream p38 MAPK

activation, as has been reported with different stimuli

[21,35,36]. Furthermore, no additive effects between PDBu

and anisomycin were observed when cells were exposed at the

same time to PKC and p38 MAPK activators, suggesting that

PKC and p38 MAPK are in the same pathway. However, the

observation that increases in phospho-p38 MAPK by PDBu

were insensitive to chelerythrine and SB 203580 may suggest

that the SB 203580-sensitive PDBu-induced stimulation of the

Cl�/HCO3
� exchanger might result from unspecific or indirect

effects upon p38 MAPK. By contrast, the SB 203580-sensitive

anisomycin-induced stimulation of the Cl�/HCO3
� exchanger

is most likely the result of p38 MAPK activation. This fits well

the observation that activation of phospho-p38 MAPK in WKY

and SHR PTE cells by anisomycin was sensitive to SB 203580,

but not to chelerythrine. On the other hand, the finding that

the PDBu-induced stimulation of the Cl�/HCO3
� exchanger

was sensitive to chelerythrine favours the view that the Cl�/

HCO3
� exchanger is an effector protein for PKC and does not

reflect the unspecific effects of PDBu upon p38 MAPK.

The data reported here shows that SHR PTE cells over-

expressed the Cl�/HCO3
� exchanger Slc26a6 (sevenfold that

WKY cells). Likewise, in renal cortical membranes isolated

from the SHR the level of expression of the Slc26a6 was

sevenfold that in renal cortical membranes from the WKY,

indicating that differences in Scl26a6 protein expression may

be genetically determined, may have a role in hypertension,

and immortalized proximal tubular epithelial cells maintain

the characteristics of the original tissue/organ. On the other

hand, SHR PTE cells were endowed with an enhanced Cl�/

HCO3
� exchanger activity (twofold) when compared with WKY

PTE cells. Since expression of Slc26a6 was performed with

total cell proteins, it is possible that a sevenfold difference in

SHR cells Slc26a6 protein expression only translated into

about twofold increase in Cl�/HCO3
� exchanger activity due to

differences in trafficking of Slc26a6 to the cell membrane.

However, despite differences in Cl�/HCO3
� exchanger activity

the induced stimulation of the PKA, PKC and p38 MAPK

activators on the activity of the Cl�/HCO3
� exchanger in

immortalized renal SHR PTE cells was identical to that

observed in WKY PTE cells. It is suggested that a possible

mechanism for the PKA, PKC and p38 MAPK stimulation of the

Cl�/HCO3
� exchanger may involve the movement of the

exchangers from an intracellular compartment to the apical

cell membrane, playing the kinases an important role

enhancing the trafficking of the exchangers. The consequence
is an enhanced Cl�/HCO3
� exchanger activity upon PKA, PKC

and p38 MAPK activation. The fact that activation of PKA and

p38 MAPK resulted in increases of Vmax values supports this

view.

It is concluded that SHR PTE cells are endowed with an

enhanced activity of the Cl�/HCO3
� exchanger, characterized

by increases in Vmax values with no changes in the affinity for

HCO3
�. The increase in Cl�/HCO3

� exchanger activity in SHR

PTE cells may reflect the overexpression of the Slc26a6 protein.

It is likely that Slc26a6 may act as an effector protein for PKA,

PKC and p38 MAPK.
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