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Dopamine acutely decreases apical membrane Na/H exchanger
NHE3 protein in mouse renal proximal tubule.

Background. Dopamine is a principal natriuretic hormone
in mammalian Na+ homeostasis. Dopamine acutely alters
glomerular filtration rate (GFR) and decreases Na+ absorption
in both the proximal and distal nephron. Proximal tubule na-
triuresis is effected through inhibition of the apical membrane
Na/H exchanger NHE3.

Methods. We examined whether dopamine directly and
acutely decreases apical membrane NHE3 protein using re-
nal tissue in two in vitro systems: renal cortical slices and in
vitro perfused single tubules. After incubation with dopamine,
NHE3 activitry was measured by 22Na flux and NHE3 antigen
was measured by immunoblot in apical membrane and total
cellular membranes.

Results. Direct application of dopamine to either cortical
slices or microperfused tubules acutely decreases NHE3 activ-
ity and antigen at the apical membrane of the proximal tubule.
No change in total cellular NHE3 was detected.

Conclusion. One mechanism by which dopamine causes na-
triuresis is via direct and acute reduction of NHE3 protein at
the apical membrane via changes in NHE3 protein trafficking.

Dopamine is an intrarenal autocrine/paracrine hor-
mone with diverse actions in the kidney. With respect
to regulation of Na+ balance, dopamine increases renal
plasma flow and to a much lesser extent glomerular fil-
tration rate (GFR) with a resultant decrease in filtration
fraction [1, 2]. Independent of its hemodynamic effects,
dopamine also acutely inhibits volume absorption in the
proximal tubule [3, 4] and thick ascending limb [5] and
it decreases Na+/K+-ATPase activity in the cortical col-
lecting duct [6] via direct actions on renal epithelia. These
effects of dopamine on the renal vasculature and epithelia
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operate in concert to produce natriuresis. The natriure-
sis in response to acute volume expansion is associated
with increased urinary dopamine excretion [7] and infu-
sion of the renal precursor of dopamine, gludopa, which
selectively increases renal dopamine synthesis, has been
shown to cause Na+ excretion [8]. Finally, the natriuretic
response to acute saline infusion can be partially negated
by blockade of the DR1 dopamine receptor [9, 10].

The mammalian proximal tubule absorbs about half
of the isotonic glomerular filtrate. Dopamine acutely in-
hibits three Na+ transporters in the proximal tubule: the
apical membrane Na+/H+ exchanger [11–17], Na+ inor-
ganic phosphate cotransporter [18–21], and the basolat-
eral Na+/K+-ATPase [22–26]. Apical membrane Na+/H+

exchange activity is responsible for all of the transcellu-
lar NaCl absorption in the proximal tubule via coupling
with parallel Cl−/base− exchange and apical Na+/H+ ex-
change lowers luminal [Cl−] and enhances paracellular
Cl− absorption [27, 28]. Proximal tubule apical mem-
brane Na+/H+ exchange activity is encoded primarily by
NHE3 based on antigenic [29, 30] and functional evidence
[31–33]. The importance of NHE3 in maintaining extra-
cellular fluid volume is underscored by the hypovolemia
and hypotension seen in NHE3-deficient rodents [34, 35].

NHE3 is regulated via a panoply of mechanisms over
an extended time course. Regulation can be effected at
the levels of alteration in transporter activity, changes
in NHE3 trafficking, changes in NHE3 protein synthesis
and half-life and changes in NHE3 transcription [36, 37].
Although these regulatory mechanisms are well demon-
strated in cultured cells, only few of them have actually
been confirmed in native renal tissue. Acute inhibition
of Na+/H+ exchanger activity by dopamine has been
described in suspended tubules [11], apical membrane
vesicles [13, 14], and cultured renal cells [16]. The only
study that measured NHE3 antigen was in cultured cells,
where dopamine acutely activates NHE3 endocytosis
[17] but evidence for this mode of regulation is lacking
in intact renal tissue. In the present study, we seek to
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provide evidence in renal tissue that dopamine directly
and acutely decreases apical membrane NHE3 activity
and antigen.

METHODS

Preparation of cortical slices and membrane vesicles

Balb/c mice with free access to food and water (20
to 25 g) were anesthetized with KXA cocktail (vol:vol
1.5/5/2.5/2 H2O/ketamine/xylazine/Apr; 0.3 mL per
animal intraperitoneally) and kidneys were removed,
decapsulated, and rinsed in ice-cold phosphate buffered
saline (PBS). Cortices were dissected out on inverted
ice-cold Petri dish, and sliced with a Staedie-Riggs
tissue microtome. Cortical slices were rinsed in Ham’s
F12/Dulbecco’s modified Eagle’s medium (DMEM)
(1:1) supplemented with 7 mmol/L heptanoic acid and
resuspended in dopamine-containing incubation media
[F12/DMEM (1:1) + 7 mmol/L heptanoic acid, 1 mmol/L
sodium ascorbate, 10−8 mol/L benserazide, dopamine
10−8 to 10−4 mol/L, 5% CO2, and 21% O2 at 37◦C]. Vehi-
cle media was identical with omission of dopamine. Slices
were resuspended in buffer (in mmol/L) [300 mannitol,
6 ethyleneglycol tetraacetate (EGTA), 12 Tris-HCl,
pH 7.5, and 0.1 phenylmethylsulfonyl fluoride (PMSF)]
and mechanically homogenized (hand-held Dounce
×15 strokes then Potter- Elvehjelm Teflon-pestle ×15
strokes). Residual unbroken cortical slices were pelleted
(200 × g @ rmax, 4◦C, 1 minute) (Beckman Acuspin,
Beckman, Fullerton, CA, USA) and subjected to a
second round of homogenization. The two homogenates
were combined and an aliquot was saved and total cortical
membranes were pelleted (55,000 × g @ rmax, 20,000 rpm,
40 minutes, 4◦C) (Beckman J2-21M, JA-20 rotor) for
immunoblotting. The remaining cortical homogenate
were exposed to 20 mmol/L MgCl2 (rocking 4◦C, 1 hour)
and the Mg2+-induced aggregate was removed by
centrifugation (200 × g @ rmax, 4◦C, 1 minute) (Beckman
Acuspin). The apical membrane in the supernatant was
pelleted (55,000 × g @ rmax, 20,000 rpm, 40 minutes,
4◦C) (Beckman J2–21M, JA-20 rotor) and resuspended
in 1 mL of wash buffer (in mmol/L) (300 mannitol, 12
Tris-HCl, pH 7.5, and 0.1 PMSF). Apical membranes
were again pelleted (109,000 × g @ rmax, 50,000 rpm,
25 minutes, 2◦C) (Beckman TLX ultracentrifuge, TLA
100.3 rotor) and resuspended in the appropriate buffer
for the subsequent assay.

Measurement of NHE3 activity

NHE3 activity in apical membrane vesicles was
measured by rapid filtration technique as previously
described [38]. Two hundred micrograms (protein) of
vesicles were acid loaded (in mmol/L) [300 mannitol, 20
methyl ethane sulphonate (MES), pH 5.5, 4◦C, 2 hours]

and exposed to 10× volume uptake solution (in mmol/L)
(300 mannitol, 20 Tris, pH 7.5, 0.1 22NaCl) to initiate trans-
port at 20◦C for 10 seconds. Uptake was stopped by dilu-
tion with stop solution (in mmol/L) (150 NaCl, 20 Tris, pH
7.5) at 4◦C and 22Na uptake was quantified by rapid filtra-
tion on 0.65 lmol/L Millipore filters (Millipore, Bedford,
MA, USA) and scintillation counting. Specific activity
was expressed per milligram membrane protein as well
as normalized to the relative amounts of NHE3 antigen.

Measurement of NHE3 antigen

For immunoblots, either total cortical membranes
or apical membranes were resuspended in dye-free
sodium dodecyl sulfate (SDS) loading buffer [5 mmol/L
Tris-HCl, pH 6.8, 10% (vol:vol) glycerol, 1% (wt:vol)
mercaptoethanol, 0.1% (wt:vol) SDS, and 0.01%
(wt:vol)]. Protein concentrations were determined by
the Bradford colorimetric assay. Thirty micrograms of
total cortical membrane and 10 lg of apical membrane
were resolved by SDS-polyacrylamide gel electrophore-
sis (PAGE), transferred to nylon membranes, and
blotted with anti-NHE3 (antiserum #1568) exactly as pre-
viously described [30]. Some experiments were repeated
with the monoclonal antibody used for the single tubule
immunohistochemistry (see below) and showed basically
identical results. After incubation with horseradish
peroxidase-conjugated secondary antibody, signals were
detected by enhanced chemiluminescence and quantified
by densitometry.

For immunohistochemistry of kidneys, five NMRI mice
(BRL, Basel, Switzerland) weighing 25 to 30 g were used.
Animals were kept on a standard laboratory diet and
had free access to food and water. The mice were anes-
thetized with intraperitoneal ketamine (Narketan 10)
(Chassot AG, Belp, Switzerland) (80 mg/kg body weight)
and xylazine (Rompun) (Bayer, Leverkusen, Germany)
(33 mg/kg body weight) and the animals were fixed by
intravascular perfusion via the abdominal aorta as de-
scribed previously [39]. The fixative consisted of 3%
paraformaldehyde and 0.05% picric acid dissolved in
a 3:2 mixture of 0.1 mol/L cacodylate buffer (pH 7.4,
adjusted to 300 mOsm with sucrose) and 10%
hydroxyethyl starch in saline (HAES-steril) (Fresenius,
Stans, Switzerland). After 5 minutes of fixation, the kid-
neys were rinsed by perfusion for 5 minutes with the
0.1 mol/L cacodylate buffer. Slices of fixed mice kid-
neys were frozen in liquid propane and mounted onto
thin cork slices. Cryosections (2 to 3 lm) were mounted
on chromalum/gelatine-coated glass slides, thawed, and
stored in PBS until use. Antigen retrieval was performed
with microwave in 0.01 mol/L citrate buffer, pH 6.0, at
20% power for 10 minutes. After rising with PBS, sec-
tions were incubated for 10 minutes in PBS containing
3% (wt:vol) nonfat milk powder and 0.02% (vol:vol)
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Triton X-100 to block nonspecific staining. Primary anti-
NHE3 monoclonal antibody (clone 53 mouse IgG raised
against rat NHE3 aa 725–831) (formerly Transduction
Laboratories now Pharmingen, Lexington, KY, USA) di-
luted 1:100 in blocking solution was applied overnight at
4◦C. Sections were then rinsed three times with PBS and
overlayed with the secondary antibody (Cy3-conjugated
goat-antimouse IgG at 1:1000 dilution) (Jackson
Immunoresearch Laboratories, West Grove, PA, USA)
for 45 minutes at room temperature. Finally, the sections
were rinsed with PBS and coverslips were applied with
Dako Glycergel (Dakopatts, Glostrup, Denmark) con-
taining 2.5% 1,4-diazabicyclo-(2.2.2)-octane (DABCO)
(Sigma Chemical Co., St. Louis, MO, USA) as a fading
retardant and studied using an epifluorescense micro-
scope (Polyvar, Reichert-Jung, Austria).

In vitro microperfusion and single-tubule
immunohistochemistry

Mouse proximal straight and convoluted tubules were
dissected free hand in cooled (4◦C) modified Hank’s
solution (in mmol/L) (137 NaCl, 5 KCl, 0.8 MgSO4,
0.33 Na2HPO4, 0.44 KH2PO4, 1 MgCl2, 10 Tris-HCl,
0.25 CaCl2, 2 glutamine, and 2 L-lactate bubbled with
100% O2, pH 7.4). Mouse tubules were perfused in vitro
as previously described [33]. Briefly, dissected tubules
were transferred to a 1.2 mL thermostatically controlled
bathing chamber and perfused with concentric glass
pipettes at 38◦C. The perfusion and solutions simu-
lated an ultrafiltrate solution (in mmol/L) (115 NaCl,
25 NaHCO3, 2.3 Na2HPO4, 10 Na acetate, 1.8 mmol/L
CaCl2, 1 MgSO4, 5 KCl, 8.3 glucose, 5 alanine, 2 glu-
tamine, and 2 L-lactate). This solution was gassed with
95% O2 and 5% CO2 and had a pH of 7.4 and the osmo-
lality was adjusted to 295 mOs mol/kg H2O.

After the tubules were perfused or bathed with either
10−5 mol/L dopamine or vehicle, they were fixed for
5 to 10 minutes in the bathing chamber with fixative (see
above for content) as described by Traebert et al [40]. The
tubule was then released near the bottom of the bathing
chamber and the bathing chamber removed to a dissec-
tion microscope for better visualization of the tubule.
Immediately before transferring the tubule, a drop of
warm (37◦C) 10% gelatin (Gelatin Type A 175 Bloom)
(Sigma Chemical Co.) in PBS was placed on a micro-
scope slide cooled to 4◦C. After the gelatin hardened
slightly, the tubule was transferred with an Eppendorf
pipette to the gelatin. The excess fixative was removed
from the drop of gelatin and a second drop of cooled
but still molten gelatin was placed on top of the tubule.
The slide was placed at 4◦C for 1 hour and then a cube
of gelatin containing the tubule oriented in the long axis
was cut and stored in fixative at 4◦C.

For immunodetection of NHE3 in single tubules, the
gelatin droplets containing the tubules were washed
for 2 hours in PBS and cut into cubes before freez-
ing in liquid propane. Cryosections of 2 to 3 lm thick-
ness were mounted on chromalum/gelatine-coated glass
slides, thawed, and stored in PBS until labeling use.
For immunofluorescence, sections were pretreated with
3% milk powder in PBS for 10 minutes and incu-
bated overnight at 4◦C with antiserum against the NHE3
(clone 53) (Transduction Laboratories) diluted 1:500 in
3% milk powder in PBS containing 0.3% Triton X-100.
Sections were then rinsed three times with PBS and
incubated for 45 minutes at 4◦C with the secondary
antibody (swine antirabbit IgG conjugated to fluo-
rescein isothiocyanate) (Dakopatts) diluted 1:50 in
PBS/milk powder. Finally, the sections were rinsed
three times with distilled water, plated on coverslips
by using Dako-Glycergel (Dakopatts) containing 2.5%
DABCO (Sigma Chemical Co.) as a fading retardant and
studied by an epifluorescense microscope (Polyvar,
Reichert-Jung). Controls performed with omission of
the primary antiserum or with nonimmune sera were all
negative.

RESULTS

Effect of dopamine on NHE3 activity and antigen
in cortical slices

Since dopamine has significant effects on the systemic
circulation as well as renal hemodynamics, we studied the
epithelial effects of dopamine by applying it directly to
cortical slices. Figure 1A shows that dopamine acutely
decreased NHE3 antigen in apical membrane fraction
without affecting the abundance of NHE3 antigen in the
total cortex. A summary of the time-dependence of the
dopamine effect on apical NHE3 antigen is shown in
Figure 1B. The effect on apical membrane NHE3 anti-
gen is evident within 10 minutes of dopamine applica-
tion and persisted for at least 1 hour. No changes in
total cortical NHE3 antigen were detected throughout
1 hour of dopamine treatment (Fig. 1A). Changes in
NHE3 activity without changes in apical NHE3 protein
has been shown [37, 41]. We next examined NHE3 ac-
tivity and antigen in the same apical membranes treated
with either dopamine or vehicle and normalized the ef-
fect of dopamine on transport activity of NHE3 to NHE3
antigen as described by Yang et al [42]. With this system,
there were no discernible changes in NHE3 activity with-
out changes in NHE3 antigen (Fig. 2). Figure 3 shows the
dose-dependence of the dopamine effect and the sum-
mary is shown in Figure 3B. The half maximal effect was
seen between 10−6 and 10−5 mol/L dopamine. This dose
response is similar to that previously described for the
effect of dopamine on NHE3 activity in brush border vesi-
cles and cultured cells [13, 16] as well as on surface NHE3
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Fig. 1. Effect of dopamine on NHE3 antigen: Time response. (A) Rep-
resentative experiments. Mouse renal cortical slices were incubated with
10−5 mol/L dopamine (DA) and apical and total cortical membranes
were prepared and NHE3 and b-actin antigen were measured by im-
munoblot. Con is control. (B) Summary of the effect of dopamine on
NHE3 antigen. Y-axis shows the abundance of NHE3 antigen in the api-
cal membrane vesicles as a percentage of the vehicle-treated controls.
Symbols denote means ± SE. The number of independent experiments
for each time point is N = 8, 5 minutes; N = 4, 10 minutes; N = 4,
15 minutes; N = 8, 30 minutes; N = 3, 60 minutes. ∗P < 0.05 (unpaired
t test); #P = 0.08.

antigen in cultured cells [17]. The effect of dopamine
was more variable and somewhat blunted in the ab-
sence the aromatic amino acid decarboxylase inhibitor
benserazide (data not shown), suggesting that there is
some endogenous production of dopamine by the cortical
slices.

Effect of dopamine on NHE3 antigen in isolated
proximal tubules

Expression of NHE3 is different in the rabbit (prox-
imal tubule), rat (proximal tubule and thick ascending
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Fig. 2. Effect of dopamine on NHE3 activity and NHE3 antigen on the
same apical membrane vesicles. Mouse renal cortical slices were incu-
bated with 10−5 mol/L dopamine (DA) for either 5 or 30 minutes and
apical and cortical membranes were prepared for NHE3 activity (pH
gradient driven 22Na flux) and NHE3 antigen (immunoblot) assays. The
left panel shows NHE3 activity normalized to membrane protein and
NHE3 activity from dopamine-treated tissue is expressed as percent-
age of the vehicle-treated ones. The middle panel shows the quantity
of NHE3 antigen expressed also as a percentage of vehicle. The right
panel shows NHE3 activity divided by NHE3 antigen and expressed
as dopamine as percentage of control. The number of independent ex-
periments = 4 pairs for either 5 or 30 minutes. ∗P < 0.05 (unpaired
t test).

limb), and pig (distal tubule) kidney [29, 30, 43] but no
published data are available on mouse kidney. We first
examined NHE3 distribution in the mouse kidney by
immunohistochemistry. NHE3 staining was observed in
the apical membrane of the proximal tubule and the thick
ascending limb (Fig. 4). In the proximal tubule, there is
an axial decrease in apical membrane NHE3 protein with
highest expression in S1 and lowest in S3 (Fig. 4). We next
corroborated the dopamine effect seen with immunoblots
with actual immunohistochemical visualization of NHE3
antigen in intact proximal tubules. To avoid confounding
systemic and/or renal hemodynamic effects of dopamine,
we examined the effect of luminal or bath dopamine on
single microdissected tubules perfused in vitro on NHE3
antigen by immunofluorescence. NHE3 was seen as a
brush border protein under control conditions in both
the proximal convoluted and proximal straight tubule
(Figs. 5 and 6 vehicle). Addition of dopamine to the
lumen or the bath for 30 minutes both decreased NHE3
antigen on the brush border by comparable extent
(Figs. 5 and 6). This finding is compatible with the bio-
chemical data obtained from homogenized cortical slices
presented above, as well as findings described in cultured
cells [17]. Subapical staining of NHE3 in tubules was not
strong and consistent enough to enable us to conclude
whether there is increase subapical NHE3 in response to
dopamine.
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Fig. 3. Effect of dopamine on NHE3 antigen: Dose response. (A) Rep-
resentative experiment. Mouse renal cortical slices were incubated with
various concentration of dopamine (DA) for 30 minutes and apical
and cortical membranes were prepared and NHE3 and b-actin antigen
were measured by immunoblot. (B) Summary of all experiments. Y-axis
shows the abundance of NHE3 antigen in the apical membrane vesicles
as a percentage of the vehicle-treated controls. Each symbol represents
the mean ± SE of three to four independent experiments. The number
of independent experiments for each dose were N = 3, 10−7 mol/L;
N = 4, 10−6 mol/L; N = 8, 10−5 mol/L; N = 4, 10−4 mol/L. ∗P < 0.05
(unpaired t test).

DISCUSSION

The renal proximal tubule is an important segment in
the regulation extracellular fluid volume. Several features
regarding proximal tubule Na+ absorption are relevant
to the study of dopamine as a natriuretic hormone. Tradi-
tional views of control of proximal tubule Na+ and water

Fig. 4. Immunohistochemical staining of NHE3 antigen in mouse kid-
ney. Mouse kidneys were perfusion fixed and stained with anti-NHE3
as described in the Methods section. (A) Whole kidney overview. (B
and C) Proximal tubule S1, S2, and S3 segment and thick ascending
limb (TAL) are labeled.

transport have focused on peritubular hydrostatic and os-
motic driving forces [27] that permits changes in glomeru-
lar hemodynamics to be coupled instantaneously and
reversibly to changes in proximal tubule Na+ and water
absorption. Besides peritubular physical factors, active
transcellular Na+ transport is also directly modulated by
hormones [37]. The relative importance of the two
parallel regulatory modes is not known but dopamine
reduces filtration fraction as well as directly inhibits prox-
imal tubule Na+ transporters thereby favoring natriure-
sis by both paracellular and transcellular pathways [1–4].
Inhibition of proximal tubule Na+ absorption per se
may have variable impact on whole organ Na+ balance
because increased distal Na+ delivery can reduce the
filtered Na+ load via activation of tubuloglomerular
feedback and the Na+ exiting the proximal tubule is sub-
jected to reabsorption by the distal nephron. Both of
these counter measures have to be dampened in order
for proximal natriuresis to effect negative Na+ balance.



2138 Bacic et al: Dopamine decreases proximal tubule apical membrane NHE3

Fig. 4. (Continued)

The dopamine-induced proximal natriuresis is accom-
panied by inhibition of tubuloglomerular feedback [44]
and distal tubule transport [5, 6], rendering dopamine an
effective natriuretic hormone.

The importance of NHE3 in mediating proximal tubule
Na+ and volume absorption has been shown at the level
of the tubule [32] and the whole organism [34, 35]. These
conditions include acute regulation by parathyroid hor-
mone [41, 43] and hypertension [46, 47] and chronic regu-
lation by hypertension [47, 48], steroid hormones [49–52],
and metabolic acidosis [31, 53]. The acute regulation of

NHE3 by parathyroid hormone appears to proceed via a
biphasic mechanism in kidney as well as in cultured cells
[41, 54], whereas the acute regulation by hypertension
is mediated solely by NHE3 trafficking [42]. Changes in
surface NHE3 without changes in total cellular NHE3
have been shown in response parathyroid hormone [54],
dopamine [17], endothelin [55], and acidic pH [56] in
cell culture models. The effects of parathyroid hormone
and acidosis have also been shown in intact animals
[41, 45]. In the present study, we cannot detect changes
in NHE3 activity that was not accompanied by changes
in apical NHE3 antigen. It is presently unknown whether
dopamine can change NHE3 activity without changes in
NHE3 antigen in the kidney.

We have previously demonstrated in a renal cell line
that dopamine acutely activates NHE3 endocytosis via
the clathrin-coated pathway by a process dependent on
phosphorylation of NHE3 by protein kinase A [17]. This
mode of regulation allows rapid and reversible changes in
proximal tubule Na+ transport. Reversible decreases in
apical membrane NHE3 have been shown with the hyper-
tensive model [46] and recycling of endocytosed NHE3
has been shown in transfected cells [57, 58]. We cannot ap-
preciate increased subapical NHE3 staining in response
to dopamine in every section of tubule, although it is vis-
ible in some sections (Fig. 6, middle panel). This may
reflect the pervasive difficulty encountered in visualiz-
ing intracellular NHE3 on conventional light immuno-
histochemistry [29, 30]. However, by high-resolution
immunohistochemistry on semithin sections and electro-
microscopy, subapical NHE3 can be detected [59]. In
total cortical membranes, it was unequivocal that
dopamine did not decrease total cellular NHE3 over
1 hour. These results are supportive of a trafficking event
similar to that described in cultured cells [17].

In cortical slices, the effect of exogenous dopamine was
more variable and smaller in magnitude in the absence
of inhibition of aromatic amino acid decarboxylase. This
finding is in congruence with endogenous dopamine pro-
duction by cortical tissue in vitro [60–62]. Since no exoge-
nous L-dopa was supplemented, one assumes that there
exists an endogenous stored pool of L-dopa in the proxi-
mal tubule that is available for in vitro dopamine synthe-
sis. In our studies with isolated tubules, the dopamine
effect was evident even in the absence of decarboxy-
lase inhibition. This is likely due to the smaller mass of
proximal tubule cells in a single tubule and more impor-
tantly the dilution of endogenous dopamine by the bath
and the luminal perfusate. There are notable differences
between this study and previous ones in isolated tubules
and cultured cells. Both apical and basolateral application
of dopamine reduced apical NHE3 protein abundance
in the isolated mouse tubules. This finding is compatible
with the presence of dopamine receptors on both the api-
cal and basolateral surface [63] and studies of dopamine
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Vehicle Luminal DA, 10−5mol/L Bath DA, 10−5mol/L

Fig. 5. Single-tubule immunohistochemistry: Effect of dopamine (DA) on proximal convoluted tubule. Microdissected proximal convoluted tubules
were perfused with 10−5 mol/L dopamine in the lumen or the bath for 30 minutes and fixed and stained for NHE3 immunohistochemistry as described
in the Methods section. Three independent experiments showed similar results.

Vehicle Luminal DA, 10−5mol/L Bath DA, 10−5mol/L

Fig. 6. Single-tubule immunohistochemistry: Effect of dopamine (DA) on proximal straight tubule. Microdissected proximal convoluted tubules
were perfused with 10−5 mol/L dopamine in the lumen or the bath for 30 minutes and fixed and stained for NHE3 immunohistochemistry as
described in the Methods section. Three independent experiments showed similar results.

on NHE3 activity in cultured cells [16]. However, our
previous study measuring volume flux in rabbit proximal
convoluted tubules found only a luminal dopamine effect
[4]. The basis for this difference is not clear. Although the
rodent proximal tubule expresses dopamine receptors in
both the apical and basolateral membrane, similar data
in rabbit kidney are lacking. One in vitro microperfusion
study in rabbits showed that dopamine inhibited transep-
ithelial fluid flux only in the proximal straight tubule [3].
We have shown that in the rabbit proximal convoluted
tubule, the dopamine-induced inhibition of volume ab-
sorption can be unmasked if transport was first stimu-
lated by norepinephrine [4]. The present study shows that
dopamine decreases apical NHE3 protein in both the
proximal convoluted and straight tubules. The baseline
status of proximal Na+ and water transport of the ani-
mal will likely affect the ability to observe the dopamine
effect.

CONCLUSION

We have shown that in the absence of hemodynamic
changes, dopamine can directly reduce the abundance
of NHE3 protein on the proximal tubule apical mem-
brane without changing total cellular NHE3. This action
of dopamine on NHE3 trafficking is likely an important
mechanism by which dopamine effects natriuresis.
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