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Abstract

 

Systemic and/or locally produced angiotensin II stimulates

salt and water reabsorption in the renal proximal tubule. In

vivo, dopamine (DA) may serve as a counterregulatory hor-

mone to angiotensin II’s acute actions on the proximal tu-

bule. We examined whether dopamine modulates AT

 

1

 

 re-

ceptor expression in cultured proximal tubule cells (RPTC)

expressing DA

 

1

 

 receptors. Dopamine decreased basal RPTC

AT

 

1

 

 receptor mRNA levels by 67

 

6

 

7% (

 

n

 

 

 

5

 

 10; 

 

P

 

 

 

,

 

 0.005)

and decreased 

 

125

 

I-angiotensin II binding by 41

 

6

 

7% (

 

n

 

 

 

5

 

 4;

 

P

 

 

 

,

 

 0.05). The DA

 

1

 

-specific agonist, SKF38393 decreased

basal AT

 

1

 

 receptor mRNA levels (65

 

6

 

5% inhibition; 

 

n

 

 

 

5 

 

5;

 

P

 

 

 

, 

 

0.025), and the DA

 

1

 

-specific antagonist, SCH23390 re-

versed dopamine’s inhibition of AT

 

1

 

 receptor mRNA ex-

pression (24

 

6

 

10% inhibition; 

 

n 

 

5 

 

8; NS) and angiotensin II

binding (5

 

6

 

15%; 

 

n 

 

5 

 

4; NS). DA

 

2

 

-specific antagonists were

ineffective. In rats given L-DOPA in the drinking water for

5 d, there were decreases in both proximal tubule AT

 

1

 

 recep-

tor mRNA expression (80

 

6

 

5%; 

 

n 

 

5 

 

6; 

 

P

 

 

 

, 

 

0.005) and spe-

cific [

 

125

 

I] Ang II binding (control: 0.74

 

6

 

0.13 fmol/mg pro

vs. 0.40

 

6

 

0.63 fmol/mg pro; 

 

n 

 

5 

 

5; 

 

P 

 

,

 

 0.05).

In summary, dopamine, acting through DA

 

1

 

 receptors,

decreased AT

 

1

 

 receptor expression in proximal tubule, an

effect likely mediated by increased intracellular cAMP lev-

els. Local dopamine production also led to decreased AT

 

1

 

 re-

ceptor expression, suggesting dopamine may reset sensitiv-

ity of the proximal tubule to angiotensin II. (

 

J

 

.

 

 Clin

 

.

 

 Invest

 

.

1996. 97:2745–2752.) Key words: angiotensin II 
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Introduction

 

The proximal tubule is a major site of salt and water reabsorp-
tion in the mammalian nephron, with up to 60% of the filtrate
reabsorbed in this segment. Proximal tubule function is under
hormonal control, with the vasoconstrictor angiotensin II stim-
ulating reabsorption and the vasodilator dopamine inhibiting
reabsorption (1, 2).

Proximal tubule angiotensin II (Ang II)

 

1

 

 binding sites are

present on both apical and basolateral membranes (3, 4). Ang
II exerts direct effects on proximal tubule transport, indepen-
dent of alterations in renal or systemic hemodynamics (5–7).
We have previously demonstrated that 

 

125

 

I-Ang II binding to
both basolateral and brush border membranes from either rat
or rabbit is inhibited by losartan, indicating the presence of
type 1 angiotensin II receptors (AT

 

1

 

 receptors) on both mem-
branes (8). Other studies have indicated that AT

 

1

 

 receptors
mediate Ang II-mediated increases in proximal tubule volume
reabsorption (9).

Previous studies have indicated that dopamine and Ang II
serve counteracting functions in the proximal tubule (2, 10,
11). Ang II stimulates net reabsorption via activation of apical
Na

 

1

 

/H

 

1

 

 exchange and basolateral [Na

 

1

 

]/[K

 

1

 

]ATPase, while
dopamine inhibits the activity of these two transporters (12,
13). Furthermore, dopamine inhibits the Ang II-mediated acti-
vation of these transporters and Ang II-mediated proximal tu-
bule reabsorption (2, 12). Since alterations in the balance of
responsiveness of proximal tubule to angiotensin II and dopa-
mine have important implications for net sodium and water re-
absorption and have been implicated in genetic models of hy-
pertension (14), the present studies examined the possibility
dopamine may chronically regulate proximal tubule responsive-
ness to angiotensin II by decreasing AT

 

1

 

 receptor expression.

 

Methods

 

Materials.

 

125

 

I-Ang II, 

 

125

 

I-SCH23390 and 

 

125

 

I-cAMP radioassay kit

were from New England Nuclear (Boston, MA). 

 

32

 

P-CTP (3,000 Ci/

mmol) was from Amersham (Arlington Heights, IL). SCH23390,

SKF38393, L-DOPA, dopamine, carbidopa, spiperone, and octo-

clothepin were from Research Biochemicals International (Natick,

MA). Dideoxyadenosine and dibutyrl cAMP were from Calbiochem

(La Jolla, CA).

 

Animals.

 

Male Sprague-Dawley rats, weighing 150–250 grams

were given L-3,4 Dihydroxyphenylalanine (L-DOPA) (2 mg/kg per

day) in the drinking water for 5 d (15). Age and weight matched rats

were used as controls. The tail-cuff microphonic manometer method

was used to measure blood pressures (16).

 

Isolation of proximal tubules.

 

Modification of the methods of Vi-

nay et al. were used (17, 18). Briefly, renal cortices were gently

minced and suspended in a solution containing 115 mM NaCl, 24 mM

NaHCO

 

3

 

, 5 mM KCl, 1.5 mM CaCl

 

2

 

, 10 mM MgSO

 

4

 

, 2.0 mM

NaH

 

2

 

PO

 

4

 

, 10 mM Hepes, pH 7.4 (Buffer A), with the following addi-

tions: 5 mM glucose, 1 mM alanine, 0.03% collagenase (Sigma type I),

and 0.01% soy bean trypsin inhibitor (Sigma Chemical Co., St. Louis,

MO), gassed with 95% O

 

2

 

/5% CO

 

2

 

 and maintained at 37

 

8

 

C. The cor-

tical suspension was incubated for 45 min and gently agitated on a

rocking platform. The suspension was strained through a large sieve,

centrifuged, and resuspended in oxygenated Buffer A, then washed

and recentrifuged three times. The resulting pellet was mixed with

100 ml of a 40% Percoll solution with the identical ionic composition

as Buffer A and which had been previously gassed with 95% O

 

2

 

/5%

CO

 

2

 

 and chilled to 4

 

8

 

C. The Percoll solution was centrifuged at 15,000

RPM for 30 min at 4

 

8

 

C in a Beckman J 2-21 high-speed preparative

centrifuge using a JA 17 rotor. After centrifugation, the tissue was
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separated into four distinct bands, as described by Vinay et al. (17).

The lowermost band, which was enriched in proximal tubule seg-

ments, was collected.

 

Cell culture.

 

A previously described line of SV-40 immortalized

rabbit proximal tubule cells (RPTC) was used for the present studies

(19). Cells were cultured and maintained in DME/F12 supplemented

with 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin

(100 

 

m

 

g/ml) at 37

 

8

 

C in 95% air/5% CO

 

2

 

 atmosphere. Cells were made

quiescent by incubation for 48 h in media without fetal bovine serum

before administration of agonists. Experiments were performed on

confluent cell monolayers of passages 20–30. Primary cultures of rab-

bit proximal tubule cells were prepared as previously described (20).

 

Quantitation of AT

 

1

 

 receptor by polymerase chain reaction.

 

Total

RNA was isolated by the acid guanidinium thiocyanate-phenol-chlo-

roform method (21). Quantitative PCR was performed as previously

described for SV40 rabbit proximal tubule cells (19) and isolated rat

proximal tubules (22). For PCR, total RNA (10 

 

m

 

g) and cRNA of an

AT

 

1

 

 receptor Msc1-Msc-1 deletion mutant (100 pg) were mixed and

reverse transcribed using murine reverse transcriptase (Pharmacia,

First Strand cDNA Synthesis kit, Piscataway, NJ) and a primer spe-

cific for the AT

 

1

 

 receptor in a final reaction volume of 33 

 

m

 

l. The re-

sultant single strand cDNA mixture was then amplified in a Perkin

Elmer GeneAMP 9600 PCR System using Taq polymerase (Perkin

Elmer/Cetus). The used primers were upstream sense primer (5

 

9

 

-

TACATATTTGTCATGATTCCT-3

 

9

 

) and downstream anti-sense

primer (3

 

9

 

-GTGAATATTTGGTGGGGAAC-5

 

9

 

). PCR was per-

formed for 35 cycles at 95

 

8

 

C for 20 s, 55

 

8

 

C for 30 s and 72

 

8

 

C for 90 s,

followed by a 10-min extension at 72

 

8

 

C. Amplification of intact and

mutant AT

 

1

 

 receptor mRNA by these primers gave 703- and 415-bp

fragments, respectively. No amplification occurred in the absence of

reverse transcription, indicating that genomic DNA was not being

amplified. Preliminary studies indicated linearity of response for at

least 40 cycles. Samples were routinely amplified in the presence of

 

a

 

-[

 

32

 

P] CTP (NEN, Boston, MA; 3,000 Ci/mmol; 2 

 

m

 

Ci/sample). For

normalization, parallel samples measured amplification of 

 

b

 

-actin,

using the primers (5

 

9

 

:AACCGCGAGAAGATGACCCAGATCAT-

GTTT; and 3

 

9

 

:AGCAGCCGTGGCCATCTCTTGCTCGAAGTC)

(23). After gel chromatography on 4% agarose gels, the bands corre-

sponding to the AT

 

1

 

 receptor, deletion fragment and 

 

b

 

-actin were ex-

cised and counted by scintillation spectrometry. Results are repre-

sented as the ratio of intact and deletion fragment AT

 

1

 

 receptor

mRNA amplified, normalized to the amount of amplified 

 

b

 

-actin

mRNA. This method provides a relative comparison of the amount of

AT

 

1

 

 receptor mRNA present among the different experimental

groups (19, 24).

 

125

 

I-Angiotensin II binding.

 

Binding studies were performed us-

ing 

 

125

 

I-labeled angiotensin II and unlabeled angiotensin II. Cells

were made serum-free 12–16 h before study and exposed to the indi-

cated agent every 8 h in the presence of ascorbic acid (1 

 

m

 

M). Cells

were washed in a solution of PBS supplemented with 0.1% bovine se-

rum albumin three times, then exposed to 

 

125

 

I-Ang II in PBS-0.1% al-

bumin at 4

 

8

 

C for 4 h, with or without the indicated concentration of

unlabeled angiotensin II. After the appropriate incubation, cells were

washed three times with PBS-0.1% albumin and cell-associated ra-

dioactivity was determined after digestion with 0.05 M NaOH. Bind-

ing studies on rat proximal tubule suspensions prepared by Percoll

gradient centrifugation as described above were performed using pre-

viously described methods for 

 

125

 

I-Ang II to membrane preparations

(19). Radioactivity was measured in a gamma counter (Beckman

5500B). Specific binding was determined by subtracting the non-spe-

cific binding component measured in the presence of 1 

 

m

 

M unlabeled

Ang II from total 

 

125

 

I-Ang II binding.

 

DA

 

1

 

 receptor expression in SV40 RPTC.

 

125

 

I-SCH23390 binding

studies were performed upon RPTC incubated in serum-free media

for 24–48 h. The cells were washed three times with PBS-0.1% albu-

min and incubated with 

 

125

 

I-SCH23390 (0.1 nM) and increasing con-

centrations of unlabeled SCH23390 for 40 min at 23

 

8

 

C, then washed

three times with ice-cold PBS-0.1% albumin and lysed with 0.05 M

NaOH. For determination of DA

 

1

 

 mRNA expression, PCR primers

were used that represented the third and seventh transmembrane re-

gions of the rat DA

 

1

 

 receptor: upstream primer- 5

 

9

 

ATGTGCTCT-

ACGGCGTCCATT3

 

9

 

; downstream primer- 5

 

9

 

CCACACAAACAC-

ATCGAAGGT3

 

9

 

. Samples of total RNA from rat renal cortex,

rabbit renal cortex and RPTC were subjected to reverse transcription

and then cDNA was amplified for 30 cycles in the presence of the

above primers at 94

 

8

 

C for 45 s, 58

 

8

 

C for 45 s, and 72

 

8

 

C for 60 s.

 

cAMP production.

 

cAMP production was measured by radioim-

munoassay as previously described (25).

 

Statistics.

 

Results are presented as the means6SEM. Results of

PCR experiments and 125I-Ang II binding to cultured proximal tubule

cells were normalized as percentage of control. Statistical compari-

sons utilized ANOVA and the Bonferoni modification of Student’s t

test, with P , 0.05 indicating significance. For analysis of 125I-Ang II

binding and 125I-SCH23390 binding, results were fit with the ligand

binding program, Graph Pad Prism (San Diego, CA).

Results

To determine whether SV40 immortalized RPTC expressed a
type 1 dopamine receptor (DA1), specific 125I-SCH23390 bind-
ing was determined. SCH23390 is a competitive antagonist
that binds specifically to DA1 receptors (26). As Fig. 1 A indi-
cates, SV40 RPTC exhibited specific 125I-SCH23390 binding,
with an apparent Kd of 7.5260.06 3 1027 M and an apparent
Bmax of 228.4643.2 fmol/mg protein. Spiperone, the DA2-spe-
cific antagonist, did not displace bound 125I-SCH23390. RT-

Figure 1. (A) Specific 125I-

SCH23390 binding. Binding of 

0.1 nM 125I-SCH23390 in the 

presence of varying concentra-

tions of unlabeled SCH23390 was 

determined as described in Meth-

ods. (Kd: 7.5260.06 3 1027 M; 

Bmax: 228.4643.2 fmol/mg pro-

tein; n 5 6) (B) RT-PCR amplifi-

cation of DA1R mRNA. Primers 

and PCR protocol were as de-

scribed in Methods. Lane 1, rat 

renal cortex; lane 2, rabbit renal 

cortex; lane 3, SV40 immortal-

ized rabbit proximal tubule cells.
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PCR further indicated the presence of DA1 receptor expres-
sion in RPTC using primers corresponding to third and seventh
transmembrane regions of the rat DA1 receptor. As indicated,
PCR amplification from total rat renal cortex RNA produced
the expected 645-bp fragment and sequencing indicated its
identity (Fig. 1 B). Amplification of RNA from either rabbit
kidney or RPTC produced DNA fragments of identical size,
strongly suggesting the presence of a closely homologous DA1

receptor subtype.
Fig. 2 A provides a representative experiment indicating al-

terations in steady state AT1 receptor mRNA levels in re-
sponse to agonist pretreatment. When RPTC were incubated
with 1025 M dopamine for 4 h, steady state AT1 receptor
mRNA levels significantly decreased to 3367 of control levels
(6969 vs. 2064 cpm/cpm of mutant AT1R/cpm b-actin 3 106;

n 5 10; P , 0.005). AT1 receptor mRNA expression was de-
creased in a concentration dependent manner, with significant
decreases seen at $ 1026 M and maximum inhibition noted at
1025 M (Fig. 2 B). Similar decreases in AT1 receptor mRNA
were noted in primary cultures of rabbit proximal tubule cells
treated with dopamine (4969 vs. 1563 cpm/cpm of mutant
AT1R/cpm b-actin 3 106; n 5 4; P , 0.05).

In RPTC 125I-Ang II binding was similarly decreased in a
concentration dependent manner (Fig. 2 C). Simultaneous in-
cubation of angiotensin II (1029 M) prevented the decreases in
AT1 receptor mRNA seen with incubation with 1025 M
dopamine (145643% of control; n 5 8; NS) (Fig. 2 D).

When proximal tubule cells were incubated for varying pe-
riods with dopamine (1025 M), significant decreases in AT1 re-
ceptor mRNA expression were noted by 4 h, and receptor ex-

Figure 2. (A) Effect of dopamine on RT-PCR amplification of AT1R mRNA in SV40 immortalized rabbit proximal tubule cells. Agents were 

administered to quiescent cells for 4 h and then RNA was harvested. 100 pg of cRNA of an MscI/MscI deletion fragment of rabbit AT1R was 

added to 10 mg of total RNA and reversed transcribed. After reverse transcription, PCR was carried out for 35 cycles at 958C for 20 s, 558C for 30 s, 

and 728C for 90 s using primers as described in Methods. The amplified fragment of intact AT1R is 703 bp and the MscI/MscI deletion is 415 bp. 

b-actin was amplified in parallel tubes and its amplified fragment is 354 bp. Lane 1, control; lane 2, dopamine (1025 M); lane 3, dopamine (1025 

M) 1SCH23390 (1025 M); lane 4, SKF38393 (1025 M); lane 5, dopamine (1025 M) 1Ang II (1029 M); lane 6, L-DOPA (1024 M); lane 7, size 

markers. (B) Quantitative PCR of AT1R mRNA in RPTC after 4 h incubation with the indicated concentration of dopamine. Results are ex-

pressed as percent of control values of cpm AT1R/cpm deletion fragment/cpm b-actin 3 106. (n 5 5; *P , 0.05) (C) Specific 125I-Ang II binding 

in RPTC after dopamine incubation. Cells were incubated for 16 h with the indicated concentration of dopamine and specific binding of 0.1 nM 
125I-Ang II was determined as described in Methods. Also indicated is specific 125I-Ang II after preincubation with dopamine (1025) 1SCH23390 

(1025). (n 5 5–8; *P , 0.01 compared to control) (D) Effect of angiotensin II upon dopamine-mediated decrease in AT1R mRNA in RPTC. 

Cells were incubated for 4 h with 1025 M dopamine (n 5 10; P , 0.005 compared with control) or with 1025 M dopamine 1 1029 M angiotensin 

II (n 5 8; NS compared with control).
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pression was inhibited for at least 48 h in response to
continuous incubation with dopamine (Fig. 3).

Further experiments were designed to determine which
dopamine receptor subtype(s) mediated the decrease in AT1

receptor expression in RPTC. When cells were incubated with
the DA1 subtype agonist SKF38393 (1025 M), AT1 receptor
mRNA levels significantly decreased (3565% of control; n 5
5; P , 0.005) (Figs. 2 A and 4 A). Similarly, simultaneous incu-
bation with the DA1 specific antagonist, SCH23390 (1025 M),
in the presence of dopamine, reversed dopamine’s decrease in
receptor mRNA levels (3367 vs. 76610% of control; P ,

0.025) and 125I-Ang II binding (Figs. 2 C and 4 A). However,
no reversal of dopamine inhibition of AT1 receptor mRNA ex-
pression was seen with the DA2-specific antagonist spiperone
(1267% of control; n 5 8; NS compared with dopamine) or
octoclothepin (2567% of control; n 5 8; NS compared with
dopamine) (Fig. 4 B).

To determine if endogenously produced dopamine would
also inhibit AT1 receptor expression, RPTC were incubated
with the dopamine precursor, L-DOPA. Incubation with
L-DOPA (1024 M) for 4 h decreased AT1 receptor mRNA lev-
els by 5968% (2966 cpm/cpm of mutant AT1R/cpm of b-actin
3106; n 5 8; P , 0.01) (Figs. 2 A and 5). This inhibition ap-
peared to be mediated by endogenously produced dopamine
since simultaneous incubation with the L aromatic amino acid
decarboxylase inhibitor, carbidopa, prevented the L-DOPA
inhibition (216612% inhibition; n 5 7; NS compared to con-
trol). Similarly, simultaneous incubation with the DA1 recep-
tor antagonist SCH23390 prevented the inhibition of AT1 re-
ceptor mRNA expression (18611% inhibition; n 5 8; NS
compared with control), indicating that, as with exogenously
administered dopamine, this inhibitory effect was mediated by
DA1 receptors.

In the proximal tubule DA1 receptors stimulate adenylate
cyclase via coupling to Gs. In the cultured proximal tubule
cells, addition of dopamine increased cAMP levels from 1564
pmol/ml to 4466 pmol/ml (n 5 4; P , 0.025), which was inhib-

ited by simultaneous administration of SCH23390 (562 pmol/
ml) (Fig. 6). Similarly, L-DOPA increased cAMP levels to
2862 pmol/ml (P , 0.05).

To investigate whether dopamine-stimulated cAMP pro-
duction was involved in decreased AT1 receptor expression,
cultured proximal tubule cells were incubated with dopamine
(1025 M) with or without the adenylate cyclase inhibitor,
dideoxyadenosine (1024 M) (27) and AT1 receptor mRNA lev-
els were assayed (Fig. 7). Dideoxyadenosine alone did not sig-
nificantly alter receptor expression (64610% of control; n 5 6;
NS). Dopamine alone decreased receptor expression to 2766%
of control (P , 0.0025); however, simultaneous administration
of dideoxyadenosine reversed the dopamine-mediated inhibi-
tion of AT1 receptor expression (80624% of control; NS com-
pared with control). Similar to our previous report (19),
administration of the nonhydrolyzable analog of cAMP, dibu-
tyrl-cAMP, decreased steady state levels of AT1 receptor
mRNA levels to 3266% of control (n 5 6; P , 0.005 com-

Figure 3. Time course of AT1R mRNA expression in RPTC in re-

sponse to dopamine. Cells were incubated for the indicated time with 

1025 M dopamine and quantitative PCR performed as described in 

Methods (n 5 6; P , 0.05).

Figure 4. Effect of dopamine agonists and antagonists on AT1R 

mRNA expression in RPTC Cells were incubated with the indicated 

agents (1025 M) for 4 h and quantitative PCR of AT1R mRNA deter-

mined. (A) DA1 agonist (SKF38393) or antagonist (SCH23390) (n 5 

5; *P , 0.005 compared to control). (B) DA2 antagonists (n 5 8;

*P , 0.01 compared with control).
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pared with control); simultaneous administration of dideoxy-
adenosine did not affect dibutyrl-cAMP-mediated receptor in-
hibition (2865% of control; P , 0.0025).

To determine whether the observed decrease in proximal
tubule AT1 receptor expression also occurred in vivo, rats
were treated with L-DOPA for 5 days. L-DOPA treatment did
not affect body weight (control: 22767 grams; L-DOPA:
22665 grams; n 5 9; NS) or blood pressure (MAP: control:
7863 mmHg; L-DOPA: 8062 mmHg; n 5 9; NS). The animals

were killed and proximal tubule RNA was extracted. As indi-
cated in Fig. 8, compared with age matched controls, adminis-
tration of L-DOPA decreased proximal tubule AT1 receptor
mRNA levels by 8065% (4968 vs. 962 cpm/cpm of mutant
AT1R/cpm of b-actin 3106; n 5 6; P , 0.005). In separate ani-
mals, proximal tubule suspensions were prepared and 125I-Ang
II binding was determined. L-DOPA treatment significantly
decreased specific 125I-Ang II binding (control: 0.7460.13
fmol/mg pro. vs. 0.4060.63 fmol/mg pro; n 5 5; P , 0.05).

Discussion

The major finding of this study is that dopamine decreased
AT1 receptor mRNA expression and 125I-angiotensin II bind-
ing in cultured proximal tubule cells and in rat proximal tu-
bules in vivo. The studies in the SV40 immortalized cultured
rabbit proximal tubule cells indicated that the inhibition of
AT1 receptor mRNA expression and 125I-angiotensin II bind-
ing was mediated by DA1 receptors. Dopamine stimulated in-
creased cAMP production; furthermore, the adenylate cyclase
inhibitor, dideoxyadenosine, prevented dopamine-mediated
inhibition of AT1 receptor expression but did not prevent the
inhibition induced by a cell permeant, nonhydrolyzable cAMP
analog. Dopamine may inhibit AT1 receptor mRNA expres-
sion by increasing cAMP levels, in contradistinction to Ang II,
which upregulates AT1 receptor expression in this nephron
segment by decreasing cAMP levels (19).

In addition to the present investigations, studies in mesan-
gial cells, vascular smooth muscle cells and adrenocortical cells
have also noted that increasing intracellular cAMP levels de-
creases steady state AT1 receptor expression (24, 28, 29). Since
the 59 promoter region of rat AT1 receptor expression is
known to contain a cAMP response element, further studies
will be required to determine whether cAMP decreases recep-
tor expression by transcriptional and/or posttranscriptional
mechanisms. In this regard, studies suggest that angiotensin II,
which decreases AT1 receptor mRNA levels in vascular
smooth muscle cells, appears to act through both transcrip-
tional and post-transcriptional mechanisms (28).

Although both DA1 and DA2 receptors have been noted in
kidney, DA1 receptors have been localized primarily to proxi-
mal tubules (30–32). DA1 receptor mRNA has been identified
in microdissected rat proximal convoluted tubules (33) and in
two cell lines with proximal tubule characteristics, OK cells
and LLCPK-1 cells (34, 35). DA1 receptors in each cell type
coupled to Gs, with activation of adenylate cyclase (34–36).

Ang II stimulates Na1/H1 exchange in the proximal tubule
at least in part by activation of Gi, leading to an inhibition of
adenylate cyclase and a decrease in cAMP levels (4). Con-
versely, dopamine inhibits proximal tubule Na1/H1 exchange
at least in part by activation of Gs, leading to an increase in
adenylate cyclase activity and cAMP levels (2, 12, 13, 35–38).

Ang II has also been shown to stimulate and dopamine to
inhibit [Na1]/[K1]ATPase directly in proximal tubule. Sodium
pump activation may require simultaneous activation of both
DA1 and DA2 receptors in the proximal tubule (13). However,
our studies with specific DA2 antagonists failed to indicate a
role for a DA2 receptor mediated inhibition of AT1 receptor
expression (12).

The presence of components of the renin–angiotensin sys-
tem in proximal tubule suggests that locally produced angio-
tensin II may modulate proximal tubule function (39, 40). In

Figure 5. Effect of L-DOPA on AT1R mRNA expression in RPTC. 

Cells were incubated for 4 h with L-DOPA (1024 M) with or without 

simultaneous incubation with the DA1 antagonist SCH23390 (1025 M) 

or the aromatic L-amino acid decarboxylase inhibitor, carbidopa 

(1024 M). (n 5 8; *P , 0.01 compared with control).

Figure 6. Effect of dopamine on cAMP production in RPTC. Cells 

were incubated for 10 min with the indicated agent (1025 M dopa-

mine, 1025 M SCH23390, 1024 M L-DOPA) in the presence of the 

phosphodiesterase inhibitor, isobutyl-methylxanthine (1024 M) and 

cAMP was measured by RIA as described in Methods. n 5 4; *P , 

0.05 compared to control.
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the kidney, angiotensinogen mRNA has been localized to the
proximal tubule (41). In addition, renin and angiotensin con-
verting enzyme have also been identified in the proximal tu-
bule (4). Angiotensin II concentrations in rat proximal tubule
lumen have been determined by free flow micropuncture and
found to be in the range of 1028 M, compared to concentra-
tions in the range of 10210 M in systemic plasma (39, 42).

The proximal tubule is also the site of local dopamine pro-
duction. Proximal tubules produce dopamine by uptake of
L-DOPA ([2]-3-2[3,4-dihydroxyphenyl]-L-alanine) from tu-
bular filtrate via a sodium dependent cotransport, followed by
decarboxylation to dopamine by AADC (L-aromatic amino
acid decarboxylase) (43). AADC is found in high concentra-
tions in the proximal tubule (13, 44, 45). Urinary dopamine
concentrations exceed circulating levels, and the major source
of urinary dopamine is thought to be from proximal tubule
synthesis rather than from plasma or renal nerves, since inhibi-
tion of AADC decreases urinary excretion of dopamine.
LLCPK-1 cells increase cAMP production in response to
L-DOPA, which can be inhibited by either the DA1 antago-
nist, SCH23390 or the AADC inhibitor, carbidopa, suggesting

that intracellular dopamine synthesis can contribute to DA1-
mediated increases in cAMP (35).

In the present studies, the effect of dopamine or DA1 ago-
nists upon AT1 receptor mRNA levels was mimicked by ad-
ministration of L-DOPA and was blocked by simultaneous ad-
ministration of either carbidopa or SCH23390. Furthermore,
administration of L-DOPA to animals also decreased AT1 re-
ceptor mRNA levels in the proximal tubule, indicating a role
for local dopamine production in regulating AT1 receptor
mRNA expression.

Our previous studies indicated that salt depletion increased
AT1 receptor mRNA and receptor density in proximal tubule
(19). In rats, salt depletion also increased proximal tubule an-
giotensinogen mRNA levels (41), and a sodium deficient diet
for 7 d increased renal angiotensin I and angiotensin II levels
(41). Conversely, sodium loading increases urinary dopamine
levels (31). The mechanism for this increased dopamine excre-
tion has been attributed to increased DOPA concentrations in
plasma and tubular lumen (46) and increased proximal tubule
DOPA uptake via a sodium-dependent cotransport process
(44). Therefore, volume expansion may serve to decrease

Figure 7. Effect of dideoxyade-

nosine on dopamine inhibition 

of AT1R mRNA expression in 

RPTC. Cells were incubated for 

4 h with dopamine (1025 M) or 

dibutryl cAMP (1024 M) in the 

presence or absence of the ade-

nylate cyclase inhibitor, dideoxy-

adenosine (1024 M). (n 5 6; 

*P , 0.005 compared to con-

trol).

Figure 8. Effect of L-DOPA treat-

ment on AT1R mRNA expression in 

rat proximal tubules. Sprague-Dawley 

rats were administered L-DOPA (2 

mg/kg per day) in the drinking water 

for 5 d, proximal tubule RNA was har-

vested and RT-PCR was performed as 

described in Fig. 2. (A) Representative 

PCR reaction. Lane 1, control; lane 2, 

L-DOPA. (B) Results of six experi-

ments. *P , 0.005 compared with con-

trol.
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proximal tubule AT1 receptor expression by decreasing local
and/or systemic angiotensin II production and increasing prox-
imal tubule dopamine production.

It is of interest that dopamine also interferes with angio-
tensin II-mediated aldosterone secretion in the adrenal, since
it is known that sodium depletion and angiotensin II also up-
regulate adrenal angiotensin II receptors (47). Dopamine’s ef-
fects have been attributed to hormonal regulation of the
sodium-dependent modulation of adrenal angiotensin respon-
siveness (48). Although the question of whether dopamine al-
ters adrenal angiotensin II receptor density has not yet been
studied, these observations suggest that a mechanism by which
dopamine may chronically modulate salt and water balance is
by altering responsiveness to angiotensin II in the adrenal
gland and the proximal tubule.

In two experimental models of hypertension, spontane-
ously hypertensive rats (SHR) and Dahl salt sensitive rats, de-
fective coupling of dopamine to adenylate cyclase activation
has been noted (49–53). In hypertensive humans, both defec-
tive renal dopamine production in response to salt loading and
decreased proximal tubule responsiveness to dopamine have
also been reported (54). Prehypertensive SHR express in-
creased angiotensin II receptor density in proximal tubule and
have increased proximal tubule reabsorption in response to
angiotensin II infusion (55, 56). These findings suggest the pos-
sibility that in salt sensitive hypertension, defects in the proxi-
mal tubule dopaminergic system may prevent normal modula-
tion of proximal tubule angiotensin II receptor density.

In summary, the present findings suggest that in addition to
acute inhibition of proximal tubule volume reabsorption,
dopamine may also serve to inhibit tonically AT1 receptor
RNA expression and angiotensin II receptor density in the
proximal tubule. Therefore, the balance between locally pro-
duced angiotensin II and dopamine may be important not only
in the acute regulation of proximal reabsorption but also in the
chronic resetting of proximal tubule responsiveness to angio-
tensin II stimulation.
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