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Molecular aspects of acute inhibition of Na*~-H* exchanger
NHE3 by A,-adenosine receptor agonists
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Adenosine regulates Na” homeostasis by its acute effects on renal Na* transport. We have shown in
heterologously transfected A6/C1 cells (renal cell line from Xenopus laevis) that adenosine-induced
natriuresis may be effected partly via A, adenosine receptor-mediated inactivation of the renal
brush border membrane Na'—~H" exchanger NHE3. In this study we utilized A6/C1 cells stably
expressing wild-type as well as mutated forms of NHE3 to assess the molecular mechanism
underlying A,-dependent control of NHE3 function. Cell surface biotinylation combined with
immunoprecipitation revealed that NHE3 is targeted exclusively to the apical domain and that the
endogenous Xenopus NHE is located entirely on the basolateral side of A6/C1 transfectants.
Stimulation of A,-adenosine receptors located on the basolateral side for 15 min with CPA (N6-
cyclopentyladenosine) acutely decreased NHE3 activity (microspectrofluorimety). This effect was
mimicked by 8-bromo-cAMP and entirely blocked by pharmacological inhibition of PKA (with
H89) or singular substitution of two PKA target sites (serine 552 and serine 605) on NHE3. Down-
regulation of NHE3 activity by CPA was attributable to a reduction of NHE3 intrinsic transport
activity without change in surface NHE3 protein at 15 min. At 30 min, the decrease in transport
activity was associated with a decrease in apical membrane NHE3 antigen. In conclusion, two highly
conserved target serine sites on NHE3 determine NHE3 modulation upon A,-receptor activation

and NHE3 inactivation by adenosine proceeds via two phases with distinct mechanisms.
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Adenosine plays an essential role in control of Na®
homeostasis through its ability to affect renal haemo-
dynamics, glomerular filtration rate (GFR), tubulo-
glomerular feedback (TGF), renin release and tubular
transport of sodium and water as a paracrine agent. Given
these diverse targets, physiological responses to adenosine
are complex net results of multiple interacting processes
and frequently appear to be antagonistic. The potential of
the paracrine homeostatic modulator to control sodium
handling depends on the origin of adenosine production,
local expression of adenosine receptors, type and metabolic
state of the tissue. To date, four adenosine receptor subtypes
(A}, Ays, Asp and Aj) have been characterised pharmaco-
logically, structurally and functionally. For these, only
the effect of A, receptors has been studied. A, receptors
participate in TGF-mediated vasoconstriction of pre-
glomerular arterioles and reduction in renin release
following elevation of sodium chloride delivery at the
macula densa (Jackson, 1991; Thomson et al. 2000).
A,-receptor blockade in the vein or interstitium of the
renal medulla decreases proximal sodium reabsorption

and uncouples it from glomerular filtration (Wilcox et al.
1999) suggesting an anti-natriuretic effect of A-receptor
stimulation. In contrast, infusion of A,-receptor agonists
into the arteria femoralis induces natriuresis (Yagil, 1994;
Fransen & Koomans, 1995). In comparison to intravenous
or intrarenal application of adenosine, systemically applied
adenosine (aortic infusion) induces either no change (Yagil,
1994) or a reduction in sodium excretion. The latter effect
has been interpretated to be mediated rather by stimulation
ofrenal nerves (via chemoreceptors) than a direct action of
adenosine on renal tubular cells (Fransen & Koomans,
1995). Unlike the effect of A, receptors, there is much less
information on the physiological effect of A, and A,
receptors in the kidney. Intravenous administration or
medullary interstitial injection of an A,-receptor antagonist
was shown to decrease urinary sodium excretion (Levens
et al. 1991) suggesting that A, receptors may mediate
natriuresis at baseline.

Na® entry across the apical membrane is a primary
determinant of transepithelial Na* transport. Four major
types of apical Na* transport proteins are known to
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mediate Na" entry across the apical membrane along the
nephron. First are the Na*™~H" exchangers; NHE3 in the
proximal tubule and the thick ascending limb of Henle and
NHE?2 in the distal convoluted tubule (Amemiya et al.
1995; Aronson 1996; Chambrey et al. 1998). Second is the
Na'—K'-2Cl" cotransporter in the thick ascending limb
of Henle (Kim et al. 1999). Third is the Na*-Cl~ co-
transporter in the distal convoluted tubule (Greger, 2000).
Fourth is the epithelial Na* channel in the connecting
tubule and collecting duct (Loffing et al. 2000; Hager et al.
2001). Adenosine generated by the exogenous AMP-
adenosine pathway from neural or muscular sources via
glomerular filtrate (Jackson & Mi, 2000) or the endogenous
AMP-adenosine pathway from hormonal activation of
adenylate cyclase (Siragy & Linden, 1996; Mi & Jackson,
1998) could potentially affect the rate of Na* re-absorption
by changing the activity and/or quantity of any of the four
major apical Na* transport systems either in a direct or
indirect fashion. One example of indirect action is via
increased synthesis of renal autacoids, e.g. dopamine
(Takezano et al. 2001).

Quantitatively, a significant fraction of the filtered load of
Na® is reabsorbed in the proximal tubule and NHE3 has
been shown to account for two-thirds of Na* reabsorption
in this segment rendering NHE3 a prime target for
regulation by adenosine. In a recent study we have shown
in A6 cells stably expressing NHE3 that stimulation of A,
receptors coupled to protein kinase C (PKC) activation
and stimulation of A, receptors coupled to protein
kinase A (PKA) activation inactivate transfected NHE3
(DiSole et al. 1999b). Adenosine is known to increase tight
junction permeability (Yagil ef al. 1994) and acute inhibition
of NHE3 has been shown to increase transepithelial
resistance (TER) and limit passive paracellular flux of
macromolecules (Turner et al. 2000). Thus, it is possible
that adenosine by modulating NHE3 activity not only
modifies Na* transport but also influences proximal tubular
solute transport. In addition to the proximal tubule,
adenosine has been shown to inhibit Na* re-absorption in
the medullary thick ascending limb (Beach & Good, 1992).

Adenosine analogue-related drugs have beneficial
implications in renal failure (Smith et al. 2000) and renal
ischaemia (Lee & Emala, 2000). Given the importance of
NHES3 in systemic fluid and electrolyte homeostasis and
the growing evidence for adenosine receptors as drug
targets, an understanding of the action of adenosine on
NHE3 is fundamental. The objective of the present
study was to define the molecular mechanism underlying
A,-dependent control of NHE3 function and to identify
amino acid determinants on NHE3 that are crucial for
regulation of NHE3 by adenosine. A, receptor-dependent
regulation of NHE3 activity is mediated by stimulation of
PKA. Modulation of NHE3 activity by A, agonists could be
due to changes of NHE3 phosphorylation and/or trafficking
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of NHE3 molecules from the brush border membrane
to subapical cytoplasmic compartments. These two
mechanisms have independently and conjointly been
implicated in the mechanism of PKA-dependent control
of rat NHE3 by dopamine (Wiederkehr et al. 2001, Hu et
al. 2001) and parathyroid hormone (PTH; Collazo et al.
2000). If phosphorylation and internalisation contributes
to regulation of NHE3 by adenosine, it is possible that
serine residues on the cytosolic domain recently identified
to mediate pharmacological control of rat NHE3 by PKA
(Kurashima et al. 1997; Zhao et al. 1999, Hu et al. 2001)
could also be involved. Alternatively, other or additional
structural elements on NHE3 may dictate its regulation by
adenosine.

Asrenal cells expressing native NHE3 are not amenable for
study of the structural basis of adenosine regulation of this
transporter, we used the NHE3 deficient A6/C1 cell line
(derived from the kidney of Xenopus laevis) as host for
NHE3 expression. We have shown that A6/C1 cells express
A, receptors in the apical membrane and A, receptors in
the basolateral membrane and allow evaluation of the
integration of information from multiple signals converging
on the transfected Na™—H" exchanger NHE3 in an apical
membrane context (Di Sole et al. 1999b).

METHODS

Materials and media

Dulbecco’s modified Eagle’s medium (DMEM), phosphate-
buffered saline (PBS), fetal bovine serum, penicillin and strepto-
mycin and trypsin-EDTA were purchased from Life Technologies,
Gibco (Karlsruhe, Germany). FuGENE 6 was purchased from
Boehringer Mannheim, (Germany). Cell culture dishes and flasks
were purchased from Nunc (Karlsruhe, Germany). Teflon filter
Millicell-CM (0.4 gm pore size) were from Millipore (Eschborn,
Germany). Collagen R (rat tail) was purchased from Boehringer
Ingelheim (Germany). 3-(Methylsulfonyl-4-piperidino-benzyl)-
guanidine (HOE 694) was kindly provided by Dr H.-J. Lang,
Hoechst AG Frankfurt, Germany. The acetoxymethyl ester of
2',7"-bis(carboxyethyl)-5(6)-carboxyfluorescein (BCECF-AM)
was obtained from Molecular Probes Europe (Leiden, Netherlands).
Nigericin, 8-bromo-cAMP, dexamethasone and probenecid were
purchased from Sigma (Deisenhofen, Germany). CPA was from
RBI (Taufkirchen, Germany). Hygromycin B and the PKA
inhibitor H89 (N(2-((p-bromocinnamyl)amino)ethyl)-5-iso-
quinolinesulfonamide) were from Calbiochem (Schwalbach,
Germany). All other chemicals used were obtained from Sigma,
Merck or standard commercial sources. SV Total RNA Isolation
System was purchased from Promega GmbH (Mannheim,
Germany). Primers for RT-PCR were from MWG-Biotech AG
(Ebersberg, Germany). The arginine and lysine reactive of NHS-
SS-biotin and streptavidin-agarose were from Pierce (Rockford,
IL, USA). The enhanced chemoluminescence system (ECL) was
from Amersham Pharmacia Biotech (Freiburg, Germany).

Media used in pH measurements were nominally bicarbonate-
free and included: isotonic Na'-medium containing (mm):
110 NaCl, 3 KCl, 1 CaCl,, 0.5 MgSO,, 1 KH, PO,, 5 glucose and 10
Hepes buffered to pH 7.5 with Tris. Isotonic TMA"-medium
containing (mm): 110 tetramethylammoniumchloride (TMACI),
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3 KCl, 1 CaCl,, 0.5 MgSO,, 1 KH, PO,, 5 glucose and 10 Hepes was
buffered to pH 7.5 with Tris. Isotonic K*-rich medium containing
(mm): 105 KCl, 8 NaCl, 1 CaCl,, 0.5 MgSO,, 1 KH, PO,, 5 glucose
and 10 Hepes was buffered to various pH values for calibration of
intracellular BCECF.

Celllines

A6/Cl cells used for transfection are a subclone of A6-2F3 cells
(from the laboratory of Dr Bernard C. Rossier, University of
Lausanne, Switzerland) that were functionally selected on the
basis of high transepithelial resistance and responsiveness to
aldosterone (Verrey, 1994). These cells express endogenous
basolateral Na'~H" exchange activity (Casavola et al. 1997; Di Sole
et al. 1999b). A6/CL cells-subclone 6s are A6/C1 cells stably
expressing full length (wild-type) ratNHE3 in the apical membrane
(see below and Di Sole et al. 1999b). A6/C1 cell lines were grown in
0.8 concentrated DMEM, containing 25 mM NaHCO;, 10%
heat inactivated fetal bovine serum, 50 i.u. ml™" penicillin and
50 ug ml™" streptomycin and 450 gg ml™" Hygromycin-B (final
osmolality: 220-250 mosmol kg ™). Cells were incubated in a
humidified 95 % air-5 % CO, atmosphere at 28 °C and subcultured
weekly by trypsinization using a Ca’**~-Mg*'-free salt solution
containing 0.25 % (w/v) trypsin and 2 mm EGTA. Cells generally
reached confluence between 7 to 8 days after seeding when the
culture medium was changed three times a week. Studies on
A6/Cl cell lines were performed between passages 106 and 128.

Transfection

The cDNAs subcloned into the pcDNA3.1 vector (Invitrogen,
Groningen, Netherlands) and encoding mutated forms of rat
NHE3 (either at a single endogenous serine position or at six
endogenous serine positions on the cytoplasmic tail of NHE3)
have been described previously (Zhao et al. 1999). NHE3
constructs all contained a C-terminal 6His tag. The function of
NHE3/6H was not different from non-tagged NHE3 expressed in
A6/CI1 cells (ASN Abstract Di Sole 1999a). For transfection, cells
were grown to 20-25 % confluence in 35 mm tissue culture dishes
and DNA was introduced into cells plated on culture dishes using
FuGENE 6 and 1.5 ug of the construct of interest together with
0.5 ug of the p3’SS[DELTA] Lacl vector, which allowed us to
select on the basis of Hygromycin-B resistance (450 ug ml™
culture medium, for details of the p3'SS[DELTA] Lacl construct
see: Di Sole ef al. 1999b). Clonal populations of transfected cell
lines obtained by ring cloning were maintained as described above
in Hygromycin. Cells used for experiments were routinely
exposed for a time period of 6 to 7 days to 1 #uM dexamethasone
known to accelerate maturation and differentiation (Preston et al.
1988).

Measurement of Na'—~H" exchange activity

NHE activity was measured as the rate of Na*-induced recovery of
cytosolic pH (pH;) following an acid load (NH,CI prepulse) as
described previously (Di Sole et al. 1999b). Briefly, confluent cells
on permeable support (collagen coated coverslip with a 1.5 mm
diameter hole in the centre covered by a Millicell-CM 0.4 gm pore
size Teflon filter) were incubated with 4.2 yum BCECF-AM plus
50 uM probenecid (to minimise dye leakage) in Na'-containing
medium (room temperature, 60 min) and then mounted into a
perfusion chamber and superfused continuously with Na*
medium on the stage of an inverted microscope (Zeiss Axiovert
100). After recording of baseline pH;, cells were acid-loaded (Na*
medium + 40 mMm NH, Cl, followed by Na*-free TMA" medium)
and subsequent addition of Na" medium to either the apical or
basolateral cell surface of A6/Cl1 transfectants allowed NHE
activity in the apical or basolateral membrane to be estimated

Modulation of NHE3 function by adenosine 531

from the rate of pH; recovery. The microflurometry was
performed on a Zeiss Axiovert 100 inverted microscope equipped
with a Zeiss LD ‘Achroplan’ 63 x/0, 75 objective, coupled to a
multiwavelength illumination system (Polychrome II from T.I.L.L.
Photonics GmbH, Grifelfing, Germany). A monochromatising
device with an integral light source (75 Watt Xenon arc lamp)
alternatively selected the excitation wavelengths (495 + 10 and
440 * 10 nm) via a galvanometric scanner. The excitation light was
directed to the cells via a 515 nm dichroic mirror and fluorescence
emission was collected by a 535 £ 25 nm band-pass filter. Data
were recorded either every 6 s or 30 s by irradiating the cells for
20 ms at each wavelength. Photometric data were acquired using the
MetaFlour software (Visitron Systems, Puchheim, Germany).
Calibration of the fluorescence signals to pH; cells was performed
in the presence of the K" /H" ionophore nigericin (0.5 gM) in
isotonic K'-rich-medium as described previously (Krayer-
Pawlowska etal. 1991).

Isolation of RNA, reverse transcription (RT), and
polymerase chain reaction (PCR)

Total RNA was isolated from cells grown to confluence on 60 mm
diameter culture dishes with the SV Total RNA Isolation System
(Promega GmbH, Mannheim, Germany) which includes a DNase
treatment step. RNA samples (5 ug) were reverse transcribed
(Omniscript Reverse Transcriptase, Qiagen, Hilden, Germany)
and complementary DNA was amplified by polymerase chain
reaction, using the HotStarTaq PCR kit (Qiagen, Hilden, Germany)
and a MJ Research (Watertown, MT, USA) DNA thermal cycler
(Model PCT 200). After completion of the PCR reaction (40
cycles; for detailed method see: Di Sole et al. 1999b) 10 ul samples
of PCR products were analysed by electrophoresis ona 1 % agarose
gel and visualised by UV light after staining with ethidium bromide.
Primers used for amplification of rat NHE3 and the amino acid
permease-related protein ASUR4 (which served as a control to test
for the efficiency of RT-PCR reactions) were as follows: NHE3
primers: 5-ACAGAAGCGGAGGAATAG-3" (sense strand) and
5-CATGTGTGTGGACTCAGG-3" (antisense strand), size of
product: 441 base pairs (bp); ASUR4 primers: 5-GTCCTGGC-
ATTGTACAGT-3 (sense strand) and 5"-CAGG GCTACGCAA-
AGCCA-3 (antisense strand), size of product: 501 bp.

Immunoblot

To assess NHE expression in A6/Cl cells, immunoblotting was
carried out using polyclonal antibodies raised against the
C-terminal 157 amino acids of the human NHEI isoform
(generous gift from Dr Sergio Grinstein, University of Toronto,
Toronto, Ontario, Canada) or against amino acids 822-835 of the
rat NHE3 isoform (Moe et al. 1995). Quiescent post-confluence
A6/C1 cells were washed (cold PBS X 3), gently scraped into
membrane buffer (containing (mm): 150 NaCl, 50 Tris-HCI, pH
7.5, 5 EDTA, 100 g ml™" phenylmethylsulfonylfluoride, 4 ug ml™
leupeptin, and 4 ug ml™" aprotinin), homogenized by sonification,
and microfuged (4°C, 12000 g, 10 min). Supernatants were
centrifuged (109 000 g at 7.y, 50000 r.p.m. for 30 min, at 4 °C,
Beckman TLX ultracentrifuge, TLA 100.3 rotor) and the pellets
were resuspended in 1 X SDS loading buffer (containing: 5 mm
Tris-HCI, pH 6.8, 1 % SDS, 10 % glycol, 1 % a-mercaptoethanol,
and 0.004% bomophenol blue), heated (85°C, 10 min), size
fractionated by SDS-PAGE, and electrophoretically transferred to
PVDF membranes (Millipore Immobilin-P transfer membranes;
Millipore, Eschborn, Germany). Protein content was quantified
by Bradford method (Bio-Rad). After blocking (5 % non-fat milk,
0.05 % Tween-20in PBS, 1 h), blots were probed with a polyclonal
anti-rat NHE3 antibody (1:1000 4 °C, overnight). Blots were then
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washed (0.1 % Tween-20 in PBS X 3), and the second antibody,
anti-rabbit IgG coupled to horseradish peroxidase, was applied
(1:10000, 1 h). After three more washes in 0.1 % Tween-20 in
PBS, immunoreactive bands were visualized using enhanced
chemiluminescence (Amersham, Pharmacia Biotech Freiburg,
Germany).
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Quantification of surface NHE3

The assay was performed as described previously (Hu et al. 2001).
A6/CI cells stably expressing wild-type rat NHE3 were grown to
confluence on 100 mm diameter culture dishes or 40 cm® collagen-
coated Nucleopore Polycarbonate Track-Etch membranes (Fischer
Scientific, Hampton NH, USA). The latter configuration allowed
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Figure 1. Expression of NHE3 transcripts in A6/C1 cell lines

Transcripts were detected by RT-PCR as described in text. Total RNA was extracted from untransfected
A6/C1 cells, A6/C1 cells transfected with wild-type NHE3 or mutated forms of NHE3 and used as a template
for RT-PCR with primers specific for rat NHE3 (top panel) or the amino acid permease-related protein
ASUR4 (control, bottom panel). Single products were amplified for all primer pairs with expected sizes
indicated in the margin (NHE3, 441 bp; ASUR4, 501 bp). H,0O: PCR performed with no template.
pcDNA3.1/NHE3rat: PCR reaction performed with linearised expression plasmid containing the full
sequence of rat NHE3. All other reactions are RT-PCR from cellular RNA. A6/C1, untransfected A6/C1 cells;
A6-NHES3, transfected with WT NHE3. A6/C1 cells transfected with mutant NHE3, with various substitution
of serine residues on the cytoplasmic domain of NHE3 as given in Table 1. M, migration of size standards (50 bp
step ladder from Sigma, Deisenhofen, Germany); RT*/RT", RT reactions performed in the presence/absence
of reverse transcriptase. Results are representative for three independent experiments.
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polarized quantification of NHE3 expression in the apical vs.
basolateral membranes. After exposure to agonists or vehicle, cells
were rinsed in Ca/Mg/PBS containing (mm): 150 NaCl, 10
Na,HPO,, 0.1 CaCl,, 1 MgCl,,pH 7.4,), incubated with the arginine
and lysine-reactive NHS-SS-biotin (2 mg ml™') in buffer containing
(mm): 150 NaCl, 10 triethanolamine, 2 CaCl,, pH 7.4) for 1 h.
After quenching in Ca/Mg/PBS supplemented with 100 mm glycine,
cells were lysed in biotin-RIPA (radio-immunoprecipitation
assay) buffer containing (mm): 150 NaCl, 50 Tris-HCI, pH 7.4,
5 mM EDTA, 1% (v/v) Triton X-100, 0.5% (w/v) deoxycholate,
0.1% (w/v) SDS), centrifuged (109 000 g at 1., 50 000 r.p.m. for
25 min, at 4°C, Beckman TLX ultracentrifuge, TLA 100.3 rotor),
and protein content in the supernatant was quantified by the
method of Bradford. Equal protein amounts of cell lysate were
equilibrated with streptavidin-agarose beads at 4°C. The beads
were then washed sequentially with solution A containing (mm):
50 Tris-HCI, pH 7.4, 100 NaCl, 5 EDTA); solution B containing
(mM): 50 Tris-HCI, 500 NaCl, pH 7.4), and solution C containing
(mm): 50 mm Tris-HCI, pH 7.4). Biotinylated proteins were
released by incubation in 100 mwm dithiothreitol, reconstituted in
Laemmli’ s buffer and subjected to SDS-Page and blotted with
anti-rat NHE3 antisera. In experiments examining abundance of
apical NHE3 protein, the integrity of the monolayer was confirmed
twice by measuring trans-epithelial resistance; that is prior to start
of the experiment and following labelling of surface proteins with
NHS-SS-biotin.

Statistical analyses

Results are represented as means + standard error of the mean
(s.e.M.). Quantitative differences between control and test
conditions were assessed statistically by analysis of variance. A
probability P< 0.05 was considered statistically significant.

RESULTS

Characterization of transfected cell lines

We focused primarily on NHE3 mutants harbouring
substitutions of serine residues previously shown to confer
cAMP-responsiveness (Kurashima et al. 1997; Zhao et al.
1999) and other potential recognition sequences for PKA.
Stable cell lines were generated by transfecting A6/C1 cells
expressing endogenous basolateral NHE activity (Casavola
etal. 1997; Di Sole et al. 1999b) with either wild-type (WT)
NHE3 or with mutated forms carrying serine substitutions
(S513G, S552A, S575A, S605G, S634A, S661A, S690G and
S804G).

To secure that the apical Na™—H" exchange activity in
transfected cells was indeed due to NHE3 expression,
presence of NHE3 transcripts and protein was verified by
RT-PCR and immunoblotting. Figure 1 depicts a typical
experiment examining transcript identity in untransfected
and transfected cell lines. RT-PCR for NHE3 were positive
for A6/C1 cells transfected with (WT) NHE3 or mutated
forms of NHE3 (lane 8: mutant with substitutions of 6
serine residues; lanes 10, 12, 14, 16, 18, 20 22 and 24:
mutants containing single serine substitutions as indicated
in the figure), but were negative for untransfected cells
(lane 3). Control PCR reactions using primers specific for
the amino acid permease-related protein ASUR4 (Spindler
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et al. 1997) generated a product with the expected size of
501 bp by amplification of cDNA from all clones. Omission
of reverse transcriptase prevented appearance of expected
PCR products, ruling out genomic DNA contamination.
We examined native and transfected NHE expression with
immunoblots. As shown in Figure 2, anti-human NHE1
antibodies detected a 110 kDa band corresponding to the
size of mature NHEL1 (Fig. 2A) and anti-rat NHE3 antibodies
confirmed the presence a approximately 85 kDa band
corresponding to the size of mature rat NHE3 (Fig. 2B).

Having established the identity of NHE proteins in A6/C1
transfectants, we next tested for polarized targeting of full-
length rat NHE3 protein vs. the native NHE1. To this end,
apical membrane proteins were isolated by selective
labelling and affinity precipitation and examined by
immunoblot. We confirmed the presence of NHE3 in the
apical membrane of transfected A6/C1 cells (Fig. 3A). In
comparison, no immunoreactive band was seen in the

A — 205 kD
|— 126D
NHE1 — d
— 89 kD
B
— 126 kD

— 89 kD

NHE3 —

Figure 2. Analysis of NHE protein expression in A6/C1
cells transfected with wild-type NHE3: typical
immunoblot

Membrane proteins (30 xg) of A6/C1 transfectants were resolved
by SDS-PAGE, and probed for NHE1 or NHE3 antigen using
polyclonal antibodies raised against the C-terminal 157 amino
acids of the human NHEI isoform (A) or against amino acids
822-835 of the rat NHES3 isoform (B). The expected mobility of the
NHE proteins are indicated by the arrow. Each of the figures is
representative of three independent experiments.
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Table 1. Comparative analysis of transport responses of endogenous NHE1 and transfected
NHE3 to 10* m HOE

10* M HOE 694
% inhibition of NHE activity

Cellline NHE3 construct NHE3 NHEI
A6-NHE3 Wild type 48.7 + 4.3t (4) 89.8+4.6% (3)
A6-NHE3%" S513G, S552A, S575A,

S661A, S690G, S804G

A6-NHE3%"%¢ S513G
A6-NHE3% S552A
A6-NHE3%7 S575A
A6-NHE3%%¢ S605G
A6-NHE3%0# S634A
A6-NHE3%¢!A S661A
A6-NHE3%°¢ $690G
A6-NHE3%¢ S804G

56.2 £ 2.2 (4)
56.6 + 4.6*1 (4)
54.8 + 11.0*t(4)

643 £2.71 (4)
592 £5.4*% (5) 883 +1.2% (3)
62.3+6.4% (4) 84.9+0.8% (4)

55.9+4.7t (3) 859+ 1.4*% (3)
53.7+3.5F (6) 86.2+3.4*% (4)
62.0+ 1.8%F (4) 855+ 1.6* (5)

84.4+7.7% (4)
84.8 £2.0¢ (3)
87.2+7.0% (4)

87.8 £2.8% (4)

The effect of HOE 694 on NHE activity was assessed by comparison of the rate of pH; recovery from an
NH,Cl-induced acid load in the absence or presence of the inhibitor. Data represent the means + s.E.M. of
inhibition of pH;recovery rates following a 2 min exposure of apical NHE3 or basolateral NHEI to 10™* M
HOE 694. The number of experiments performed under identical experimental conditions is given in
parentheses. * Significant vs. control; T significant vs. basolateral effect of HOE 694.

apical fraction when the same blots were re-probed with
anti-human NHEI antibodies (Fig. 3B). These results are
congruent with previously reported functional data (Di
Sole et al. 1999b), supporting the notion that the apical
NHE activity is mediated by the transfected NHE3.

We next performed functional characterization of apical
and basolateral NHE activity in the transfected cells.
Table 1 summarizes data on inhibition of apical and
basolateral NHE activity by 107 M HOE 694. Previous
work in this laboratory has shown that HOE 694 at 10* m
completely inhibits endogenous basolateral NHE activity
(Di Sole et al. 1999b) mediated by NHEI1 (see above).
Therefore comparison of NHE activity in the apical
membrane in the absence and presence of 10 M HOE 694
allows one to attribute the Na*-induced alkalinization solely
to the apical membrane NHE3. In addition, we showed
that introduction of point mutations did not noticeably
affect the normal response of NHE3 to inhibition by
HOE 694 (Table 1). In our previous work on A6/C1 cells
transfected with wild-type NHE3 we reported that the
concentration required for half-maximal inhibition of
apical and basolateral NHE activity was 2.6 X 10™* M and
1.5 % 107> M, respectively. Our K, 5 is quite similar to that of
Orlowski of 6.4 x 10™* M of rat NHE3 in AP1 cells (Orlowski
& Kandasamy, 1996) the concentration required for
half-maximal inhibition of apical NHE activity in A6/C1
transfectants is well above HOE 694 concentrations known
to inhibit 50 % of NHE2 or NHEI activity (K, values
of 5% 107° M and 0.15 X 10°° M, respectively) (Noél &
Pouyssegur, 1995) consistent with the conclusion that
NHES3 is the predominant isoform responsible for apical
membrane Na'™—H" exchange in our transfected A6/C1

cells. We were still concerned that HOE 694 inhibition
profiles in A6/C1 transfectants are not discriminate enough
to permit delination of NHE isoforms. The relative lack of
specificity of NHE inhibitors for structurally distinct
NHE isoforms in epithelial cells is not without precedence.
In earlier studies we have shown that DMA (dimethyl-
amiloride) and EIPA (ethylisopropylamiloride), were
similarly inefficient at pharmacologically discerning
structurally distinct Na*~H" exchangers in the apical and
basolateral membranes of MCT cells (mouse cortical
tubule cell line) (Mrkic et al. 1992) or NHE3 transfected
MDCK cells (Helmle-Kolb et al. 1997). Thus firm
conclusion of the polarity of expression of transfected
NHES3 needs additional proof. To ensure true segregation
of the apical and basolateral surface in each cell line,
we established that A6/C1 cells exhibited reproducible
high transepithelial resistances. In untransfected A6/C1 cells
transepithelial resistance (TER) averaged 6.18 = 0.33 kQ
cm?, in (WT) NHES3 transfectants TER was 5.92 + 0.27 kQ
cm’and in A6/Cl1 cells transfected with mutant NHE3 TER
ranged from 6.08 +0.21 to 6.59 + 0.61 kQ cm®. The
similarity of these values to reported data of tight epithelial
monolayers (Vilella ef al. 1992), implies that a paracellular
ion—solute leak is unlikely to have an substantial effect on
experiments examining functional properties of transfected
NHES3 in the apical membrane of A6/C1 cell monolayers.

A,-receptor-induced inactivation of NHE3;
dependence on activation of PKA

Figure 4 depicts a representative tracing of the effect of A,
agonists on NHE activity. We found basolateral addition
of the stable adenosine analogue CPA (N6-cyclopentyl-
adenosine, 10~° M) inhibited wild-type NHE3 and stimulated
endogenous basolateral NHE activity (subsequently referred
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Table 2. Effect of CPA and 8-br-cAMP on NHE activity of
A6/C1 cells transfected with wild-type NHE3; antagonism
of effect of CPA and 8-br-cAMP by H89

NHEisoform Agonist/antagonist Change of NHE activity (%)

NHE3 CPA (10™°M) 285+6.8* (7)
8-br-cAMP (107*M)  29.0 £3.4}* (5)
H89 (10™°m) 0.1%£33] (4)
CPA plus H89 6.1%£3.5)1 (4)
8-br-cAMPplusH89 2.8 £ 4.2\ % (4)
NHE1 CPA (10 ° M) 244 +471% (8)
8-br-cAMP (107*Mm)  28.8 £8.31* (5)
H89 (10°m) 02%2.0] (4)
CPA plus H89 1.3+1.6711 (4)
8-br-cAMPplus H89 1.4+ 1.11% (4)

Agonist-dependent modulation of NHE activity in the apical and
basolateral membrane of A6/C1 cells expressing WT NHE3 was
analysed as Na'-dependent alkalinization. Cells were exposed to
agonists for 15 min prior to NHE activity assay. Except for CPA,
which was included in the basolateral perfusate, agonists were
applied to both the apical and basolateral aspects of A6/Cl
transfectants. Data represent the means * s.E.M. of agonist-invoked
changes of pH; recovery rates. The number of experiments
performed under each condition is given in parentheses.
{, inhibition of NHE activity by agonists; 1, activation of NHE
activity by agonists. * P < 0.05, treated versus control; + P < 0.05,
treated with CPA plus H89 versus treated with CPA; f P < 0.05
treated with 8-br-cAMP plus H89 versus treated with 8-br-cAMP.

to as NHEI activity). Examination of NHE1 activity served
to demonstrate intact cellular response to adenosine.
Table 2 summarises experiments to confirm the signalling
circuitry accounting for regulation of (WT) NHE3 by A,-
receptor activation in A6/Cl1 transfectants. Changes of
activity seen after 15 min of introduction of the agonist
into the perfusate were: 29 % suppression of NHE3 activity
and 25 % stimulation of NHEI activity. The PKA agonist
8-bromo-cAMP (107 M, 15 min) mirrored the effects of
CPA on NHE activity and pharmacological inhibition of
PKA by H89 (10"*Mm, 15 min) abolished the effects of CPA
and 8-br-cAMP on NHE3 and NHE], respectively, without
changing basal rates of transport. These findings are
consistent with the notion that down-regulation of NHE3
activity secondary to A,-receptor activation is mediated via
the PKA pathway.

NHE3 structural determinants responsible for
A,-induced inactivation

The next series of experiments examined the role of
serine residues on the cytoplasmic domain of NHE3 as
convergence points for PKA signalling. Figure 5 shows
tracings of the response of several representative mutant
forms of NHE3 to CPA and Figure 6 summarizes data from
all transfectants. Mutant NHE3 carrying substitutions in 6
serine positions exhibited no regulation by either CPA or
8-br-cAMP (see Figs 5, 6A and B). Among the single point
mutants, cells transfected with S552A or S605G also showed
loss of regulation by CPA or 8-br-cAMP (Figs 5, 6A and B).
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In cells expressing the S513G, S575A, S634A, S661A,
S690G or the S804G mutant, either CPA or 8-br-cAMP
decreased NHE3 activity to an extent resembling wild-type
NHES3 (Fig. 6A and B). HOE 694 at a concentration known
to completely inactivate endogenous NHE1 (10 M, Di
Sole et al. 1999b) had no influence on percentage of CPA or
8-br-cAMP induced inhibition of apical Na™—H" exchange
activity in cells expressing S513G and S661A, respectively
(data not shown). Moreover, in cells expressing S552A or
S605G, HOE 694 did not affect the inability of CPA or
8-br-cAMP to inactivate apical NHE activity (data not
shown). This provides further evidence that NHE3 in the
apical membrane of transfectants mediates agonist-induced
inactivation of antiport. Furthermore, these functional

A Apical membrane
— 126 kD
NHES =, commm amm——
— 89 kD
Anti-NHE3
B Apical membrane
— 205 kD
— 126 kD
NHE1— .
% — 89 kD
Anti-NHE 1

Figure 3. Analysis of expression of NHE protein in the
apical membrane of A6/C1 cells transfected with wild-
type NHE3: typical immunoblot

Apical surface proteins of confluent A6/C1 transfectants on
permeable membranes selectively biotinylated from the apical
surface and retrieved from solubilised cell lysate by streptavidin-
affinity precipitation. Biotinylated proteins were size fractionated
by SDS-PAGE, blotted onto nitrocellulose, and probed with
antibodies specific for the C-terminal domain of the rat NHE3
isoform using ECL (A), and reprobed for NHE1 using the
polyclonal anti-human NHEI1 antibodies (B). The expected
mobility of NHE proteins are indicated by arrows. Each blot is
representative of three independent experiments, where
determination of NHE3 and NHE1 antigenicity was carried out in
two populations A6/C1 transfectants of the same passage.
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data confirm preceding biochemical results, indicating that
apical membranes of A6/C1 transfectants are substantially
devoid of NHE1. H89, used to ensure PKA involvement
in agonist-dependent modulation of mutant NHE3,
effectively negated the effect of CPA (Fig. 6A) and 8-br-
cAMP (Fig. 6B) on apical and basolateral exchanger in two
mutants, S513G and S661A, which were taken as a

A 75 — 1 min
7.3 —

71

pH;

6.9 —]

6.7 —

6.5 —]

6.3 —

Apical TMA Na 110 mM

TMA

Basolateral

7.5 1 min

7.3 —]

71 —

PH;

6.9 —]

6.7 —

6.5 —f

6.3 —

Apical TMA

Na 110 mM

Basolateral TMA

Figure 4. Modulation of apical and basolateral Na*-H*
exchange activity in A6/C1 cells expressing wild-type
NHE3 by CPA

Na'—H" exchange activity was measured fluorimetrically as Na*-
induced alkalinization (independent apical vs. basolateral Na*
addition) after an acid load (NH,Cl pulse/withdrawal). Pair-wise
comparisons of NHE activity were made before and after addition
of basolateral CPA. Onset of tracing is when cells were switched to
Na'-free perfusion medium after an NH,Cl pulse. pH; tracings
measured with or without agonist are superimposed.

A, representative tracings of pH; mediated by apical NHE3 in the
absence (continuousline) or presence of basolateral CPA (dotted
line). B, representative tracings of pH; mediated by basolateral
NHEI] in the absence (continuous line) or presence of basolateral
CPA (dotted line). Examples given represent the effect ofa 15 min
107° M basolateral CPA.
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representative control for transfected cells exhibiting
normal NHE3 responsiveness. H89 had no influence on
basal rates of NHE activity in S513G and S661A trans-
fectants. As shown in Fig. 6C and D, positive regulation
of NHE1 activity by either CPA or 8-br-cAMP was intact
in each transfectant, suggesting that heterogeneity of the
cell background in A6/C1 cell lines does not account for
differential regulation of mutant NHE3. Importantly,
serine substitutions in single positions of the amino acid
sequence of NHE3 did not significantly affect the level of
expression of total NHE3 protein in A6/C1 transfectants

(Fig. 7).

Dependence of NHE3 down-regulation on decrease
of surface NHE3 protein

There are many examples showing regulation of NHE3
trafficking as a mediator of inhibitory agonists on NHE3
(Fan et al. 1999; Collazo et al. 2000; Hu et al. 2001). We next
examined whether A,-receptor activation is associated
with a decrement of the fraction of NHE3 protein residing
on the apical membrane of A6/C1 transfectants. Although
NHE3 activity in wild-type NHE3 transfectants was
markedly depressed at 15 min by basolaterally CPA
treatment (Table 2), there was no detectable change in cell
surface NHE3 antigen defined as the biotin-accessible
fraction of total cellular NHE3 in cells treated for 15 min
with CPA (Fig. 8A). Similarly, the decrease of NHE3 activity
at 15 min of 8-br-cAMP treatment was not associated with
a reduction in the density of cell surface NHE3 (Fig. 8B).
Quantification of NHE3 activity and biotin accessible NHE3
surface antigen at 30 min of CPA exposure, however,
demonstrated that NHE3 inhibition is accompanied by a
decrement of NHE3 expression in the plasma membrane.
Compared with transport inhibition seen at 15 min (29 %),
activation of basolaterally located A,-receptors by 10°° M
CPA for 30 min was found to inhibit NHE3 activity by
48.5 £ 6.1% (n = 7), whereas the number of transporters
present on the cell surface were reduced by only 20 % (Fig. 9).
Asalso shown (inset of Fig. 9) the decrement of the density
of cell surface NHE3 after 30 min of CPA was not the result
of areduction of total cellular NHE3 content.

DISCUSSION

Due to the relation of adenosine formation to oxygen
supply and demand (reviewed in Poulsen & Quinn, 1998),
adenosine has been demonstrated and postulated to act
as a negative feedback regulator to return the oxygen
supply/demand ratio towards normal. In the kidney, the
energy-sparing effect of adenosine may consists of one of
the following: (i) a vasoconstriction (A,-receptor mediated)
at the afferent arteriole and a vasodilatation (A,-receptor
mediated) at the efferent arteriole, (ii) a reduction of
neurotransmitter release, (iii) a modulation of renin release
(A,-receptor-dependent stimulation) or, (iv) an inhibition
of renal tubular NaCl transport (for review see Spielman &
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Arend, 1991). In addition to providing a bridge between
renal oxygen delivery and consumption, adenosine may
also function to maintain Na" homeostasis because of its
aforementioned natriuretic effect. Local production of
adenosine is reportedly increased with salt loading
(Siragy & Linden, 1996). Dopamine is a principal
autocrine/paracrine natriuretic hormone that responds to
both acute and chronic salt loading (Pelayo et al. 1983,
Krishna et al. 1985; Hayashi et al. 1991). A recent study
showed that infusion of adenosine stimulated renal
dopamine production through activation of aromatic
l-amino acid decarboxylase activity in rat kidney (Takezano
et al. 2001). Dopamine is known to acutely inactivate
NHES3 activity via PKA mediated endocytotic retrieval of
transporters from the renal brush border membrane (Hu
et al. 2001). It is quite conceivable that adenosine and
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dopamine act synergistically at multiple levels to enhance
Na" excretion after a saltload.

Most theories concerning adenosine-induced natriuresis
stress an A -receptor mediated inhibition of Na* flux in the
distal nephron (Seney & Seikali, 1989; Yagil et al. 1994;
Fransen & Koomans, 1995). Our findings support a role of
endogenous adenosine in modulating proximal tubule
NaCl reabsorption via inhibition of the apical membrane
Na'-H" exchanger NHE3. As shown in our recent work
(Di Sole et al. 1999b), functional inhibition of NHE3 may
be mediated by activation of either A;- or A,-adenosine
receptors that are both expressed in the proximal tubule
(Zou et al. 1999). Despite significant advances in recent
years, understanding of adenosine-dependent modulation
of renal Na' transport is still rather fragmented. The
present study focuses on one aspect of the tubular
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Figure 5. CPA-induced modulation of the activity of wild-type NHE3 and selected mutated

forms of NHE3

Na'—H" exchange activity was measured fluorimetrically as Na*-induced alkalinization (independent apical
vs. basolateral Na" addition) after an acid load (NH, Cl pulse/withdrawal). Pair-wise comparisons of NHE
activity were made before and after addition of basolateral 107° M CPA (15 min). Onset of tracing is when
cells were switched to Na'-free perfusion medium after an NH,CI pulse. pH; tracings measured with or
without agonist are superimposed. A, representative tracings from A6/C1 cells stably transfected with WT
NHE. B, Cand D, representative tracings from A6/C1 cells stably transfected with mutant forms of NHE3.
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Figure 7. Analysis of protein expression from A6/C1 cells expressing wild-type and mutant

NHE3s

The level of protein expression of wild type (WT) and mutant NHE3 was determined by immunoblot. 30 g
of membrane protein from each cell line was resolved by SDS-PAGE, transferred onto nitrocellulose filters
and probed with antibodies specific for the C-terminal domain of the human NHE3 isoform using ECL.
Abbreviations in the figure are used to refer to the various NHE3 constructs transfected into A6/C1 cells and
are those given in Table 1. Two independent experiments showed similar results.

epithelial effects of adenosine: the molecular mechanism
by which A,-receptor activation inhibits NHE3.

Inhibition of transfected NHE3 in A6/C1 cells is dependent
on PKA activation and relies on the integrity of either
serine 552 or serine 605 within the C-terminus of NHE3.
The sites identified as being essential for A,-dependent
regulation of NHE3 are similar to that previously shown to
be essential for PKA-induced inactivation of NHE3 in
AP-1 cells in one study (Zhao et al. 1999). Kurashima and
co-workers (1997) reported that substitution of serine 605
partly reduced the inhibitory effect of PKA and that full
inhibition of NHE3 by activated PKA required the integrity
of an additional serine residue (serine 634), which
apparently is not phosphorylated during PKA activation.
We observed that mutation of either serine 552 or serine
605 to alanine and glycine, respectively, was sufficient to
completely block PKA-dependent control of transfected
NHE3. In our cells, inhibition of transfected NHE3 in

A6/C1 cells was not affected by mutation of serine 634 to
alanine. Although the reason for the discrepancy of the
results is unclear, it is possible cell-specific components of
the signalling pathway may engage different regulatory
sites on the cytoplasmic domain of NHE3 to inactivate the
exchanger.

Regarding the mechanism of signal transduction engaging
serine 552 and 605 on NHE3 in PKA-dependent inactivation
of NHE3, a couple of possibilities can be considered.
One possible mode of regulation may involve NHE3
phosphorylation that results either in direct inactivation of
NHE3 and/or permitting spatial interaction with a PKA-
sensitive regulatory protein. Data supporting regulation of
NHE3 by phosphorylation during activation of PKA have
been described in OK cells expressing endogenous NHE3
(Zhao et al. 1999; Collazo et al. 2000; Wiederkehr et al.
2001) and in the AP-1 cells transfected with rat NHE3
(Moe et al. 1995; Kurashima et al. 1997). In OK cells

Figure 6. Summary of effect of CPA and 8-bromo-cAMP in the absence, and where indicated
in the presence of H89 on NHE activities in A6/C1 cells transfected with wild- type NHE3 and

mutant forms of NHE3

The effect of CPA and 8-br-cAMP with or without H89 on NHE activities was assayed fluorimetrically as
Na'-induced alkalinization (independent apical vs. basolateral Na* addition) after an acid load (NH,Cl
pulse/withdrawal). Pair-wise comparisons of NHE activity were made before and after addition of agonists.
Exposure to agonists were as follows: basolateral CPA, 107° M for a 15 min period; apical and basolateral 8-br-
cAMP, 10™* M for a 15 min period; apical and basolateral H89, 10° M for a 15 min period in either the
absence or presence of PKA agonists (that were applied to the basolateral or apical and basolateral aspect of
A6/Cl1 cells as indicated above). A, summary of experiments evaluating the effect of CPA, H89 and CPA plus
H89 on NHE3 activity in A6/C1 cell transfectants. B, summary of effect of 8-br-cAMP and 8-br-cAMP plus
H89 on NHES3 activity of transfected A6/C1 cell lines. C, summary of effect of CPA, H89 and CPA plus H89
on endogenous NHEI activity. D, summary of effect of 8-br-cAMP and 8-br-cAMP plus H89 on basolateral
NHE] activity. Means =+ s.e.M. of changes of NHE activity with agonists are presented. The number of
experiments performed under identical experimental conditions is given in parentheses. * P < 0.05, treated
versus control; @, P < 0.05, treated with CPA plus H89 versus treated with CPA; W, P < 0.05 treated with 8-br-

cAMP plus H89 versus treated with 8-br-cAMP.
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Figure 8. Apical membrane NHE3 abundance in response
to 15 min CPA or 8-br-cAMP

Confluent cells on permeable support were selectively biotinylated
on the apical surface after agonists addition (basolateral CPA

107° M; 8-br-cAMP 10~ M, 15 min) and biotinylated proteins were
precipitated with steptavidin-bound agarose and NHE3
abundance was measured by immunoblot using antibodies specific
for the C-terminal domain of the rat NHE3 isoform. A, effect of CPA
on biotin-accessible NHE3 surface antigen in the apical membrane
of A6/Cl1 cells stably transfected with (WT) NHES3. B, effect of 8-br-
cAMP on plasmalemmal NHE3 antigen of the same cell line. Three
independent experiments showed similar results.
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changes in function of endogenous NHE3 in response
to activated PKA correlated with an increase of overall
phosphate content of NHE3 (Zhao et al. 1999). In AP-1
cells, Kurashima et al. (1997) showed that phosphorylation
of serine 605 was responsible for part of the inactivation of
NHE3 invoked by PKA. Using the same expression model
Zhao et al. (1999) presented evidence that inactivation of
NHE3 by PKA was dependent on phosphorylation of two
serine residues (serines 552 and 605). In this study we did
not specifically examine surface protein phosphorylation
in response to A,-receptor- or 8-br-cAMP-induced PKA
activation, because of the low amount of NHE3 surface
protein expression. A contributory role of NHE3
phosphorylation to A,-receptor-induced down-regulation
of NHE3 activity in A6/C1 cells is, however, strongly
suggested by the present data.

The present study indicated that the number of transporters
at the cell surface remained unaffected in cells exposed for
15 min to either basolateral CPA or 8-bromo-cAMP.
Inhibition of NHE3 activity in response to activated PKA
in A6/Cl1 transfectants is therefore to be attributed to a
reduction in turnover rate of a constant number of
plasmalemmal NHE3. The mechanism how activated PKA
induces changes in the intrinsic activity of NHES3 is currently
unknown, but may, as indicated above, be mediated by
NHE3 phosphorylation and/or binding to a regulatory
protein (for review of candidate regulatory proteins see:
Shenolikar & Weinman, 2001). Inhibition of intrinsic
activity of NHE3 may be secondary to cytoskeletal
alterations that influence the organization of regulatory
proteins that are part of a regulatory complex with NHE3

Control CPA 30 min
T 1 ]

Surface NHE3
el e [ 0otal NHE3

15
106 M CPA, minutes

30

Figure 9. Apical membrane NHE3 protein abundance in response to either 15 or 30 min CPA

A6/C1 cells transfected with wild-type NHE3 were treated selectively on the basolateral cell surface with 107 M
CPA for the indicated period. Apical surface proteins were biotinylated and retrieved from the solubilised cell
lysate by streptavidin-affinity precipitation as indicated in legend of Fig. 8, and NHE3 antigen was quantified
by immunoblot. Total NHE3 was quantified by immunoblotting NHE3 from the crude membrane fractions.
Graph is a summary of all experiments (number of experiments given in parentheses). Error bars indicate
means and S.E.M. ¥ P < 0.05 compared with control (vehicle-treated cells). The inset is a typical blot from an
experiment where effect of CPA (107° M, 30 min) on surface NHE3 abundance was studied (upper panel) and
compared with change of total NHE3 within the experimental period (lower panel).
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and control the basal rate of NHE3 activity (for details see
Kurashima et al. 1999; Szészi et al. 2000). While the role of
these putative mechanisms to immediate NHE3 inactivation
by A,-receptor activation of PKA remains to be defined,
the data presented herein emphasize the importance of
phosphoserines 552 or 605 on rat NHE3. The flanking
regions to these two serine residues are well conserved
among different species (human, mouse, rat, rabbit, porcine,
bovine, opposum) and it is seems likely that these two
regions are specifically involved in transduction of PKA
signals from diverse physiological stimuli to NHE3.

The present studies indicate that sustained exposure of
A,-receptors signalling through PKA induces a reduction
of surface NHE3. Data supporting NHE3 internalization
during activation of PKA have been described in the rat
kidney in response to PTH infusion (Fan et al. 1999, Zhang
et al. 1999) and in OK cells exposed to PTH (Collazo et al.
2000) or dopamine (Hu et al. 2001). Interestingly, PTH
acutely inhibits NHE3 in a biphasic fashion with early PTH
inhibition effected by changes in intrinsic activity of NHE3
and associated with phosphorylation, while sustained
inhibition is mediated by endocytotic retrieval of NHE3
from the plasma membrane via a dynamin-dependent
pathway (Fan et al. 1999; Collazo et al. 2000). Trafficking
of NHE3 via clathrin-coated pathway is also well described
in fibroblasts (Chow et al. 1999). At 30 min, the reduction
in surface NHE3 contributed only to ~20 % of the overall
CPA-dependent inhibition of NHE3 in A6/C1 trans-
fectants, the reminder being contributed by a reduction in
NHES3 intrinsic activity. In view of currently proposed
model systems (Zizak et al. 1999; Collazo et al. 2000; Hu et
al. 2001; Shenolikar & Weinman, 2001) our data suggest
that CPA may inactivate NHE3 by a mechanism involving
early phosphorylation of the entire pool of surface
NHES3 followed by internalization of a restricted number
of phosphorylated NHE3 proteins. The mechanism
controlling the number of transporters to be retrieved
from the cell surface remains to be defined. Hu et al. 2001
showed that phosphoserines 560 and serine 613 on OK
NHE3 which correspond to serines 552 and 605 on rat
NHE3 are important for dopamine-stimulated NHE3
endocytosis by permitting association of NHE3 with the
adaptor protein AP2 (Hu et al. 2001). Adaptor proteins are
part of a signalling cascade controlling retrieval of transport
proteins (Schmid, 1997; Schmid ef al. 1998; Ogimoto et al.
2000), and as such may be binding partners for multiple
transport proteins. Another example for regulatory proteins
with multiple functions is NHERF, which binds to
proteins of diverse regulatory complexes and mediates
inhibition of NHE3 by activated PKA (for review see
Shenolikar & Weinman, 2001).

In summary, we have focused on mechanisms that regulate
NHES3 activity in response to A,-receptor activation. We
have shown in a cell culture model that stimulation of the
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A,-receptor activation from the basolateral membrane
leads to acute inhibition of apical membrane NHE3 activity
via a PKA-dependent mechanism involving serines 552
and 605 on rat NHE3. Immediate A,-receptor-induced
NHES3 inhibition is due to a change of intrinsic NHE3
transport activity and prolonged regulation associated
with decreased apical membrane NHE3 antigen. We
hypothesize that this natriuretic effect in the proximal
tubule is an important mechanism for adenosine to exert
its physiological actions to maintain oxygen balance and
salt balance.
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