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Abstract

The natriuretic effect of dopamine-1 (DA-1) agonists is reduced
in spontaneously hypertensive rat (SHR), partly because of de-
fective DA-1 receptor-adenylate cyclase (AC) coupling in renal
proximal convoluted tubules. To investigate this defective cou-
pling, DA-1 dopamine receptors from renal proximal tubules
were solubilized and reconstituted into phospholipid vesicles.
The binding of DA-1-selective ligand 1125I1SCH 23982 was spe-
cific and saturable, with no differences in receptor density or Kd
between SHR and normotensive rats (Wistar-Kyoto rats;
WKY). Competition experiments of the reconstituted DA-1 do-
pamine receptors in WKYwith a DA-1-selective agonist, SKF
R-38393, revealed the presence of high- (Kh = 350±209 nM)
and low-affinity (K, = 70,500±39,500 nM) binding sites. 100
AMGpp(NH)p abolished the agonist high-affinity sites, con-
verting them to a low-affinity state (Ki = 33,650±10,850 nM).
In SHR, one affinity site was noted (Ki = 13,800±500) and was
not modulated by Gpp(NH)p (Ki = 11,505±2,295). The ab-
sence of guanine nucleotide-sensitive agonist high-affinity sites
may explain the defective DA-1/AC coupling mechanism in the
SHR. (J. Clin. Invest. 1992. 89:789-793.) Key words: radioli-
gand binding * Wistar-Kyoto rats * dopamine-l receptors * hy-
pertension

Introduction

Dopamine exerts its biological effects through occupation of
specific receptor subtypes. In the central nervous system and
certain endocrine organs, the dopamine receptors are classified
into the D-l or D-2 subtypes on the basis of their ability to
either stimulate or inhibit adenylate cyclase (AC),' respectively
(1). These receptors have been cloned, including novel D-3,
D-4, and D-5 dopamine receptors (2-10). In peripheral tissues,
these receptors have been designated as DA-l and DA-2 (11).
The receptors in both the central nervous system and in periph-
eral tissues have marked similarities and some differences, the
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1. Abbreviations used in this paper: AC, adenylate cyclase; DA- 1, dopa-
mine receptor subtype 1; DPBS, Dulbecco's PBS; PCT, proximal con-
voluted tubules; SHR, spontaneously hypertensive rat; WKY, Wistar-
Kyoto rat (normotensive controls).
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most notable of which is the lower affinity of the renal dopa-
mine receptor than of the brain dopamine receptor for dopami-
nergic drugs (12, 13). Indeed, the RNAfor the cloned brain
dopamine receptors has not been detected in the kidney, except
(maybe) for the D-3 dopamine receptor (8).

The molecular mechanisms of dopamine action on DA- 1
dopamine receptors in the kidney and the series of events that
leads to physiological responses are beginning to be elucidated.
In the kidney, there is evidence that dopamine, which is pro-
duced in the proximal tubule, increases sodium excretion by
inhibition of Na+/H' antiport activity via cAMP(14). Dopa-
mine also inhibits Na+/K' ATPase activity (15) and this effect
is apparently mediated by protein kinase C (16). In renal tissue,
DA-l agonists stimulate phospholipase C (17, 18).

Werecently reported the existence of abnormalities in the
renal dopaminergic system in the genetically hypertensive rat
(spontaneously hypertensive rat; SHR) of the Okamoto Aoki
strain (19). Wealso demonstrated that the natriuretic and the
antinatriuretic effects of DA-1 agonists and antagonists, respec-
tively, were reduced in the SHRbut not in normotensive rat
controls (Wistar-Kyoto rat; WKY)(20). In the SHR, both the
potency of DA- I -selective agonists to compete for binding sites
on the receptor and the ability of these agonists to stimulate AC
were vastly diminished. The decreased ability of DA- 1 agonists
to stimulate ACactivity was not due to a defective ACenzyme
per se but rather to a defective DA-l receptor-AC coupling
mechanism (19). To investigate the mechanism for the defec-
tive DA-l dopamine receptor in the SHRand to develop a
cell-free system (21, 22) in which these mechanisms can be
studied, we decided to analyze the guanine nucleotide-sensi-
tive agonist high-affinity state of the receptor, which represents
the activated receptor. Wereport that coupling of solubilized
and reconstituted DA- 1 dopamine receptors to G proteins is
deficient in SHR, but not in WKY,as evidenced by a complete
lack of agonist high-affinity sites.

Methods

Materials. The DA-l-selective agonist SKFR-38393 and the DA-l-se-
lective antagonist SCH23390 were from Research Biochemicals Inc.
(Natick, MA), Gpp(NH)p was from Boehringer Mannheim Corp. (In-
dianapolis, IN), and [1251]SCH 23982 was from NewEngland Nuclear
(Boston, MA). Sodium cholate, collagenase (type IV), crude phospho-
lipids (type VII), and polyethyleneimine were purchased from Sigma
Chemical Co. (St. Louis, MO), whereas SM-2 Bio-Beads were from
Bio-Rad Laboratories (Richmond, CA). Dulbecco's PBS (DPBS) was
purchased from Gibco Laboratories (Grand Island, NY). All other re-
agents were of the highest purity commercially available. 20-wk-old
WKYand SHR(Okamoto-Aoki strain) were purchased from Taconic
Farms, Inc., (Germantown, NY).

Membrane preparation. Renal cortical tubules enriched with proxi-
mal tubules were prepared as previously described, with modifications
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(23). In brief, the rats were anesthetized with pentobarbital (50 mg/kg
i.p.) and the kidneys exposed via a midline abdominal incision. A poly-
ethylene catheter was inserted into the abdominal aorta just above the
bifurcation into the iliac arteries. A direct blood pressure recording was
obtained to verify the elevated systolic arterial pressure in the SHR
(185-2 10 mmHg)and normal pressure in the WKY(135-145 mmHg).
The kidneys were perfused with 25 ml of Ca2'-free PBS, pH 7.4, with
collagenase (30 mg, Sigma type IV). The kidneys were then excised and
the cortex isolated from the medulla. The cortical tissue, which was
minced to a fine paste, was passed successively through a series of
stainless steel sieves (Newark Wire Cloth Co., Newark, NJ) (in order:
212, 85, and 75 jim). The tubules (from the 85-jim sieve) were resus-
pended in ice-cold DPBSand allowed to settle by gravity for 30 min.
The resulting pellet contained mainly proximal tubular cells, as ascer-
tained by AC activation by DA-I agonists and parathyroid hormone
(19), alkaline and acid phosphatase determinations, and light micro-
scopic examination (23). The tubules were free of glomeruli, as deter-
mined by acid phosphatase determinations and by light microscopic
examination (23). In addition, most of the tubules took up fluorescein,
which is characteristic of proximal but not distal tubular cells (24).
Moreover, these tissues behaved in a fashion consistent with proximal
convoluted tubules (PCT) obtained from WKYand SHR(19). The
only other cortical tubule with AC-linked DA-l dopamine receptor is
present in the cortical collecting duct (12). However, the coupling of
DA-I dopamine receptors in the cortical collecting duct to AC is simi-
lar in WKYand SHR(25). Viability was determined by the failure of
cells to take up 1%trypan blue (23).

The proximal tubules were homogenized at a protein concentration
of 1 mg/ml in 10 mMTris-HCl, pH 7.4, containing protease inhibitors
(1 mMPMSF, 1 mMEDTA, and 5 jg/ml each of leupeptin and pep-
statin). Cellular debris and nuclei were pelleted at 270 g for 5 min, and
the resulting supernatant was centrifuged at 18,000 g for 20 min to
pellet membranes. The crude membranes were washed once and were
either used immediately or stored frozen in small aliquots at -80'C in
10 mMTris HC1, pH 7.4, 5 mMMgCI2, and 250 mMsucrose (26).

Solubilization and reconstitution. Proximal tubular membranes
were solubilized by 1%sodium cholate, after pretreatment with 10 jM
SKFR-38393, essentially as described before for rat striatal D-1 dopa-
mine receptors (21, 22). Briefly, membranes were suspended at 1-2
mg/ml in buffer A (50 mMTris-HCI, pH 7.4, 120 mMNaCl, 5 mM
KCI, 2 mMCaC12, and 1 mMMgCI2) in the presence of 10 jM SKF
R-38393, a D-l selective agonist. After 20 min at 37°C, the membranes
were centrifuged and suspended in solubilizing buffer (50 mMTris-
HCI, pH 7.4,5 mMKCI, 2 mMCaCI2, 1 mMMgCI2, 250 mMsucrose,
1 mMEDTA, 1.5 mMPMSF, and 1 mMDTT). In some studies, as
noted in the legends to figures, 1 MNaCl was included in the solubiliz-
ing buffer. Sonicated phospholipids were added to a final concentration
of 1.2 mg/ml and sodium cholate was added to a final concentration of
1%. After a 15-20-min incubation on ice, the mixture was centrifuged
at 31,300 g for 45 min. The clear supernatant obtained after high-speed
centrifugation was stored frozen in small aliquots at -80°C (22, 27).

For reconstitution of soluble DA- I dopamine receptors into phos-
pholipid vesicles, sonicated phospholipids (20 mg/ml) were readded to
the soluble extract to a final concentration of 1.2 mg/ml. Protease inhib-
itors (1 mMPMSFand 5 jg/ml each of leupeptin and pepstatin) were
added directly to the soluble extracts before addition of phospholipids
(26). Cholate was removed by the addition of moist SM-2 Bio-Beads
(1.2 g/ml of extract), and the mixture was shaken gently for 1 h at 4°C.
After the beads were allowed to settle, the turbid supernatant contain-
ing the proteoliposomes was aspirated and used directly in binding
studies.

Radioligand binding assays. For saturation studies, it was essential
to first reduce the specific activity of ['25I]SCH 23982 to 220 Ci/mmol
(dried before use) by diluting the stock radioligand 1:10 with its unla-
beled isomer, SKF 103108-A. This permitted us to use concentrations
of the ligand up to 50 nM(final) in our incubation mixture. For compe-
tition studies, 1 nM of the undiluted radioligand ['25I]SCH 23982 (sp
act 2,200 Ci/mmol) was routinely used. The ['251]SCH 23982 binding

to reconstituted receptors was assayed by filtration onto glass fiber
filters (28, 29) pretreated with 200 jl of ice-cold 0.3% polyethylenei-
mine solution. The binding assay was performed by using 25-50 j1 of
protein extract, 1 nM [1251I]SCH 23982, and varying concentrations of
D-1 dopamine-specific compounds. Nonspecific binding was deter-
mined with 10 jM SCH23390; all dilutions were done using buffer B
(50 mMTris-HCl, pH 7.4,250 mMsucrose, 5 mMKCI, 2 mMCaC12,
1 mMMgCl2, 1 mMPMSF, and 5 jg/ml each of leupeptin and pepsta-
tin) (26). After incubation at room temperature for 90 min, binding
was terminated by filtering the assay system onto glass fiber filters.

Other procedures. Protein was determined by the method of Lowry
et al. (30). The computer-fitted program LIGAND (31) was used to
analyze the binding data. In each case, a two-site model was considered
to be a better fit according to the F test at P < 0.05. All values are
summarized as means±SEMfrom two to six separate experiments.

Results

['25I]SCH 23982 binding to solubilized and reconstituted re-
ceptor preparations. Wehad earlier demonstrated that, on solu-
bilization and reconstitution of brain D-1 dopamine receptors
into phospholipid vesicles, the agonist high-affinity sites were
potentiated and comprised 40-50% ofthe total receptor popula-
tion (21, 22). These potentiated sites were due to increased
coupling of receptor to Gprotein and were abolished by gua-
nine nucleotide analogues. Wedecided to use a similar ap-
proach to study the guanine nucleotide-sensitive agonist high-
affinity DA-1 sites in proximal tubules of normotensive WKY
and hypertensive SHRrats.

DA-1 dopamine receptors from proximal tubules of WKY
rats were extracted in the presence of 1 MNaCl and reconsti-
tuted into phospholipid vesicles, as described under Methods.
The binding of the DA-1 dopamine-selective ligand ['251]SCH
23982 to the reconstituted DA- 1 dopamine receptors was spe-
cific and saturable (Fig. 1). Specific binding represented the
bulk of total binding; nonspecific binding, defined as binding
in the presence of 10 uMofthe DA- 1 receptor-selective antago-
nist SCH23390, was between 25 and 40% of total binding.
Scatchard analysis (Fig. 1, inset) of the saturation data revealed
that the ligand bound to a single site with an apparent Kd of
15.3±8.5 nM and a maximum specific binding (B..) of
663.0±142.3 fmol/mg of protein, which represents a slight en-
richment over the PCTmembranes of WKYrats (479.1±22.2
fmol/mg protein) (19). This increase in specific activity sug-
gests a partial purification of the DA-1 dopamine receptors on
solubilization, possibly because of loss of cellular proteins. The
results also suggest that this method of solubilization and re-
constitution is well suited for extracting DA- 1 dopamine recep-
tors from PCT.

Similar results were also obtained with DA- 1 dopamine re-
ceptors extracted from proximal tubular membranes of the
SHR(Fig. 2). Accordingly, after solubilization and reconstitu-
tion of SHRreceptors, the Scatchard analysis (Fig. 2, inset) of
the saturation data revealed a Kd of binding of 22.0±6.7 nM
and B,, of 730±95 fmol/mg protein, representing a slight in-
crease in specific activity over the membrane-bound receptor
(601.0±91.3 fmol/mg protein) (19). The Kd values of [12511SCH
23982 binding to reconstituted DA-l dopamine receptors was
only 0.4-2-fold increased compared with the membrane-
bound receptors in both WKYand SHR, where values of
10.9±1.3 and 10.7±0.9 nM, respectively, were reported (19).
These decreases in ['231]SCH 23982 binding affinity may be
reflective of specific environmental requirements that have
been disrupted on solubilization (21, 22).
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Figure 1. Concentration dependence of ['25I]SCH 23982 binding to
reconstituted DA- 1 dopamine receptors extracted from the proximal
tubules of WKYrats, in the presence of 1 MNaCl. Proteoliposomes
containing the reconstituted DA-l receptors (25 gg of protein/assay)
were incubated in triplicate with increasing concentrations of the ra-

dioligand (sp act 220 Ci/mmol) for 90 min at room temperature.
Specific binding was obtained by subtracting nonspecific binding
from the total binding, and the data were analyzed by a Scatchard
plot (inset). The amount of bound and free ligand was calculated in
femtomoles and nanomolar, respectively. The data are from a repre-
sentative experiment.

Agonist competition ofreconstituted DA-J dopamine recep-

tors of WKY. DA- 1 dopamine receptors of WKYwere ex-

tracted with sodium cholate and reconstituted into phospho-
lipid vesicles; competition curves were obtained with SKF
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Figure 2. Concentration dependence of ['25IJSCH 23982 binding to
reconstituted DA- 1 dopamine receptors extracted from proximal tu-
bules of SHR, in the presence of 1 MNaCl. DA- dopamine receptors
were extracted from proximal tubules of SHRand were assayed as

described in the legend to Fig. 1. The data are from a representative
experiment.

R-38393, the DA-l receptor selective agonist. NaCi was omit-
ted from the solubilizing buffers in these studies, since the pres-
ence of the salt mayadversely affect the agonist-binding proper-
ties of the receptor (unpublished observations). As seen in Fig.
3, the curves were shallow and fit best to a two-site model with a
high-affinity site (Kh) of 350±209 nM and a low-affinity site
(K,) of 70,500±39,500 nM. Approximately 40±5.6% of the re-
ceptors were in the high-affinity state. These high-affinity sites
of the receptors were due to coupling to Gproteins. Thus, in
the presence of 100 uMGpp(NH)p, the high-affinity sites were
abolished and a single site corresponding to the low-affinity
state of the receptor was obtained with a Ki of 33,650+10,850
nM (Fig. 3 and Table I). Competition curves with the DA-1
dopamine-selective antagonist SCH23390 were monophasic,
with a Ki value of 731 ± 130 nM (Table I).

Absence of guanine nucleotide-sensitive agonist high-affin-
ity sites in reconstituted DA-J dopamine receptors from SHR.
DA-l dopamine receptors from proximal tubules of SHRwere
solubilized and reconstituted into phospholipid vesicles in the
absence of sodium chloride. Agonist competition curves of
these reconstituted receptors from SHRwere monophasic, and
the Ki of binding of SKFR-38393 was 13,800±500 nM, corre-
sponding to the low-affinity state of the receptor (Fig. 4). Fur-
ther, this affinity state was not due to coupling to Gproteins,
since in the presence of 100,gM Gpp(NH)p, the Ki was virtually
unaffected (Table I). These data suggest that the SHRDA- 1
dopamine receptor is unable to couple to Gproteins under the
present experimental conditions. This aberrant coupling be-
tween receptor and G protein occurs in conditions that pro-

aw...
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U - 20 K1=70,OO0nM
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0 10-7 104l9Cn10t41a3
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Figure 3. Effect of Gpp(NH)p on agonist competition for [1'25I]SCH
23982 binding to reconstituted DA-l dopamine receptors from prox-

imal tubules of WKYrats. DA- dopamine receptors from proximal
tubules of WKYrats were solubilized in the absence of any NaCl.
After reconstitution into phospholipid vesicles, the receptors were in-
cubated at room temperature for 90 min with 1 nM ['25I]SCH 23982
(sp act 2,200 Ci/mmol) and increasing concentrations of the agonist
SKF R-38393, in the absence (o o) or presence (. .) of
100 MMGpp(NH)p. Total binding was determined in the absence of
any drug, whereas nonspecific binding was in the presence of 10 ,M
SCH23390. After accounting for nonspecific binding, the specific
counts at each drug concentration were expressed as percentage of
total specific binding. The data are from a representative experiment.
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Agonist and Antagonist Kis for Reconstituted DA-I molecular weights or subunit composition of the labeled recep-
ne Receptors from Proximal Tubules of WKYand SHR tors (19). To further investigate the molecular mechanisms un-

derlying the properties of DA-l receptors in SHRrats, we de-
Competing drug Without Gpp(NH)p With Gpp(NH)p cided to undertake the current study, using a model system that

nM promotes receptor-G protein couplings (21, 22). We found
SKF R-38393 350n209(Kh) that renal receptors from the proximal tubules of WKYrats in

70,500±39,500 (K1) 33,650±10,850 a cell-free system existed in both high- and low-affinity states.

SCH23390 731±130 ND The high-affinity sites were fully modulated by guanine nucleo-
SKF R-38393 13,800±500 11,505N2,295 tides, suggesting that under the experimental conditions these
SCH23390 620±142.0 ND sites were due to coupling between receptors and Gproteins.

Under similar experimental conditions, however, the DA-l do-

amine receptors from proximal tubules of either WKYor
pamine receptors from proximal tubules of SHRwere unable

e solubilized in the absence of NaCl, reconstituted into to couple to Gproteins; instead, there was only a single low-af-
ipid vesicles, and incubated with 1 nM ['25I]SCH 23982 and finity, guanine nucleotide-insensitive site.
g concentrations of the drugs. After 90 min at room temper- This inability of the receptor to couple to G proteins in

incubation was terminated by filtering onto glass fiber SHRmay be due to defective receptor, defective Gprotein, or
lues (nanomolar) represent the mean±SEMof two to four both. Since we found earlier that the potency of DA-1 dopa-
ent experiments. mine selective agonists to compete for binding sites on the re-
ition constant for the high-affinity site; KI, inhibition ceptor is diminished in SHRrelative to WKY(19), it is possible
for the low-affinity site; ND, not done. that alterations in the molecular structure also exist at the ago-

nist-binding site of the receptor. Further, the inability of recep-
tor to couple to G proteins in SHRsuggests that alterations

tes ofSCH 23390 binding to reconstituted DA-I recep- may exist in the third cytoplasmic loop of the receptor, the
esofSCH23390wbindingetore constwith itvaluted D- rec0 domain through which coupling to G proteins occurs. While

)1Ssu our data suggest that the defect may be at the receptor level, the)le I). possibility that the G proteins themselves are defective cannot
be ruled out, since receptor and cyclase coupling sites on the G

Bilfl proteins are represented by distinct domains (33).
earlier shown that DA-lI dopamninergic receptors from The inability of SHRDA-l receptors to couple to G pro-

SHRare unable to stimulate AC (19). Furthermore, teins may be of significance in understanding the mechanisms
,

appeartohavealoweunderlying certain types of hypertension. Interestingly, from
radioligand binding studies, defects in D- 1 dopamine receptorsd with receptors from WKYrats. Photoaffinity label- of the central nervous system have been associated with other~-l receptors from WKYand SHR, using the photoaf-an [r25IcApdir o revealan y difn thep pathophysiological conditions (34). It has been shown in post-
mortem Huntington's diseased putamen and amygdala that
D- 1 receptors are unable to couple to Gproteins, as evidenced
by a complete lack of agonist high-affinity binding sites. From
indirect evidence, others have also suggested that similar cou-
pling defects may exist in schizophrenia and Huntington's dis-
ease, but not in Parkinson's or Alzheimer's disease (35). Al-

* a\ though these studies warrant further investigation, it is tempt-
ing to speculate that defective D-1/DA-1 receptor-G protein
couplings exist in certain D-l dopaminergic-linked diseases.

*O\ On the basis of the presence of the DA-l dopamine receptor
defect in specific organs, and, indeed, in a specific nephron

* segment in spontaneous hypertension, it is possible that defects
1 \ in discrete areas of certain organs may lead to different clinical

manifestations.
Wehave recently demonstrated (36) that solubilized and

o Ki 14,000 n\ reconstituted brain D- 1 dopamine receptors were able to cou-
K1=14,000nMple to exogenously added Gproteins after inactivation of endog-

enous G proteins. A similar approach with DA-l receptors0 10-7 10-6 i5 104 1w3 from SHR rats may be useful to elucidate whether defective
couplings are due to defective receptor, defective Gproteins, orConcentration (M) both.

Figure 4. Ability of SKF R-38393 to compete for ['25I]SCH 23982
binding to reconstituted DA-1 dopamine receptors from proximal
tubules of SHR. DA-I dopamine receptors from proximal tubules of
SHRwere solubilized in the absence of any NaCl and reconstituted
into phospholipid vesicles. The binding assay was conducted as de-
scribed in the legend to Fig. 3. The data are from a representative
experiment.
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