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Regulation of Na*-pump activity by dopamine in rat tail arteries *
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Abstract

We investigated the effect of dopamine on the vascular Na*-pump activity in isolated rat tail artery sections. Effect of
dopamine on vascular tone was also assessed using a perfused tail artery preparation. Dopamine inhibited the Na*-pump activity
in isolated rat tail arteries in a dose-dependent manner. Both SKF-38393 HC], a selective dopamine D, receptor agonist, and
quinpirole HC], a selective dopamine D, receptor agonist inhibited the Na*-pump activity. The inhibition of the Na*-pump by
dopamine was accompanied with a transient increase in the vascular tone. SKF-38393, but not quinpirole produced a sustained
increase in the vascular tone. Tissues preincubated simultaneously with SCH-23390 HCI, a selective dopamine D, receptor
antagonist, and sulpiride, a selective dopamine D, receptor antagonist, prevented the dopamine inhibition of the Na*-pump
activity. Pertussis toxin blocked the Na*-pump inhibition produced by the dopamine D, receptor agonist but not by the
dopamine D, agonist. Similarly, the dopamine D, receptor but not dopamine D, agonist increased the rate of phosphoinositide
hydrolysis in rat tail artery sections. Our results indicate that dopamine inhibits rat tail artery Na*-pump activity, and both the
dopamine D, receptor and dopamine D, receptor subtypes mediate this effect. It appears that dopamine D, receptor, but not
dopamine D, receptor agonist-induced inhibition of the Na*-pump is mediated by a pertussis toxin-sensitive mechanism and
may be coupled to the activation of the phospholipase C system in rat tail arteries. The modulation of the Na*-pump by

dopamine may contribute to the vascular tone.
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1. Introduction

The Na*-pump, or the Na* K*-ATPase, plays an
important role in the maintenance of ionic gradients
across the cell membranes (Skou and Esmann, 1992;
De Weer, 1985). These gradients constitute the electri-
cal potential of the plasma membrane, which in turn
regulates intracellular ion concentrations, pH, cell vol-
ume, and contributes to vascular smooth muscle tone
and contractility (Mulvany, 1985; Lang and Blaustein,
1980). Nat K*-ATPase is regulated by several factors
such as intracellular sodium, extracellular potassium
concentrations, adenosine triphosphate and the cardiac
glycosides (Akera and Brody, 1982). The activity of this
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enzyme can also be regulated by hormones (Middleron
et al., 1990) and neurotransmitters (Hernandez, 1992;
Vizi and Oberfrank, 1992). Catecholamines such as
epinephrine and norepinephrine have been shown to
modulate the Na*-pump activity by activating the
adrenoceptors (Hernandez, 1992). Dopamine has been
implicated as an endogenous inhibitor of Na* K*-
ATPase in renal proximal convoluted tubules
(Bertoreilo and Aperia, 1990) and in the isolated stri-
atal neurons (Bertorello et al., 1990).

In the kidney, dopamine binds to its receptors,
dopamine D, and D, (Jose et al., 1991; Goldberg et al.,
1978) and produces natriuresis (Yuasa et al., 1992).
However, in the heart, dopamine acts as an inotropic
agent and is used in certain cases of congestive heart
failure. The mechanism of dopamine to produce in-
otropy is through its adrenergic effect in the heart and
by activation of the adenylate cyclase system (Gold-
berg, 1975; Brodde, 1990)

Different studies demonstrated the involvement of
either adenylate cyclase or phospholipase C (PLC)
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signaling pathways in dopamine D,- and D,-mediated
effects in a variety of tissues. In renal tubules both
systems are activated independently in response to
dopamine D, receptor agonist SKF-38393 (Feider et
al., 1989). In rat renal cortical membranes and the
brain, dopamine and dopamine D, receptor agonists
activate the PLC system (Felder et al., 1989; and Ma-
han, 1990). In proximal tubule segments, stimulation of
the dopamine D, receptors appears to activate the
PLC pathway. However, this process is dependent on
the activation of the adenylate cyclase system by
dopamine D, receptor agonists (Bertorello et al., 1990).

Dopamine receptor subtypes have been character-
ized in rat blood vessels such as the cerebral and
mesenteric arteries (Creese and Sibley, 1979; Amenta
et al., 1990), and human heart (Amenta et al., 1993),
using radioligand binding and autoradiographic tech-
niques. However the functional significance of
dopamine receptors and the signaling pathways in-
volved are not identified in blood vessels. In prelimi-
nary reports we have demonstrated an inhibitory effect
of dopamine on Na™-pump activity in isolated rat tail
arteries and cultured aortic smooth muscle cells
(Rashed and Songu-Mize 1991, 1993a,b). In the pres-
ent study we are reporting the relative participation of
dopamine D, and D, receptors to produce Na*-pump
inhibition in rat tail arteries and the relevant functional
effects on the vascular tone. In addition, we investi-
gated the signaling events involved in Na*-pump inhi-
bition by dopamine and its receptor agonists.

2. Materials and methods

2.1. Measurement of Na *-pump activity in rat tail arter-
ies

Ouabain-sensitive 8"Rb*-uptake technique was used
for measuring the Na™-pump activity in freshly isolated
rat tail arteries as described before (Songu-Mize, 1991)
Male Sprague-Dawley rats (Harlan, Indianapolis, IN)
of 250-300 g were used. Rats were anesthetized with
chloralhydrate (300 mg/kg) supplemented with xyla-
zine (10 mg/kg) in accordance with the institutional
guidelines. Rat tail arteries were isolated and pooled
from seven to ten rats, and then cleaned in Krebs-
Henseleit bicarbonate buffer (pH 7.4, bubbled with
CO,5%-0,95%, composition in mM: NaHCO; 27.2,
NaCl 119, NaH, PO, - H,0 1, MgSO, - H,0 1.2, CaCl,
+2H,0 2.5, dextrose 11, KCI 5). Rat tail arteries were
cut into 1-inch pieces and incubated on ice for 20 min
in K*-free Krebs buffer (six to ten pieces per treat-
ment). This procedure allows sodium accumulation in
the tissue and maximizes the Na™-pump activity
(Songu-Mize, 1991). Tissue pieces were then trans-
ferred to incubation tubes containing Krebs buffer at
37°C containing 5 mM KCI. Drugs were added and

incubated with the tissues for 10 min. "RbCl (= 10°
CPM /tube, 10-50 nM) was added to start the uptake
reaction. **Rb was used as a tracer for K* (Smith et
al., 1986). The uptake of ®*Rb* (and K*) was termi-
nated at the end of 15 min. The rate of ouabain
sensitive 86Rb-uptake (specific uptake) was linear up to
40 min (Songu-Mize, 1991; Songu-Mize et al., 1987).
The ouabain-insensitive **Rb *.uptake was determined
in the presence of 2 mM ouabain. Following the up-
take, tissues were washed of excess radioactivity and
blotted dry. The radioactivity was measured using a
gamma counter. The dry weights of the tail artery
picces were recorded. The Na*-pump activity (ouabain
sensitive 8{’Rbtuptake) was calculated as the total
*Rb *-uptake minus the ouabain-insensitive “'Rb *-up-
take. The activity is expressed as nmol (*Rb*+
K™)/mg tissue dry weight /15 min.

2.2. Measurement of phosphoinositide hydrolysis rate

Rat tail arteries were freshly pooled from three to
five male rats and phosphoinositide hydrolysis rate was
measured (Gonzales and Crews, 1985). In this proce-
dure, rat tail arteries were washed with oxygenated
Krebs-Ringer bicarbonate buffer (KRB, composition in
mM, NaCl 118, KCI 4.7, CaCl, 0.75, KH,PO, 1.18,
MgSO, 1.18, NaHCO, 24.8, glucose 10; pH 7.4, 37°C).
Tissues were sliced using a Macllwain tissue chopper
set at 350 pwm. Sliced tissues were washed twice with
KRB and incubated with 20 uCi of 0.3 uM myo-
[*Hlinositol for 60 min. Labeling was terminated by
removing and washing the tissue slices 3 times with
KRB.

Tissue slices were distributed according to different
treatments and incubated with drugs for 60 min in
KRB containing 10 mM LiCl isotonically substituted
for NaCl. Drug treatments were terminated by adding
1.0 ml of chloroform/methanol (1:2 v/v), 0.35 ml
chloroform, and 0.35 ml deionized water.

Samples were centrifuged for 10 min at 900 X g, and
aliquots of the [*Hlinositol metabolites were collected
from the aqueous phase to be separated by ion ex-
change chromatography. The bound [*HlJinositol phos-
phates were eluted from Dowex 1-X8 (formate form)
using 1.0 M ammonium formate /0.1 M formic acid
and the radioactivity was measured using a scintillation
counter. Another aliquot from the lipid phase was
removed, air dried, and measured for radioactivity.
Data are expressed as the ratio of [*Hlinositol phos-
phate metabolites released (dpm in the aqueous phase)
to the total [*Hlinositol incorporated (dpm in the
aqueous phase + dpm in the lipid phase).

2.3. Pertussis toxin preparation

In experiments where pertussis toxin was used, the
toxin was activated by 1.25 mM ATP and 1.25 mM
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Fig. 1. Effect of dopamine on Na'-pump activity. Isolated rat tail
artery pieces were incubated for 10 min with the indicated concen-
trations of dopamine and the Na "-pump activity was determined as
described in Methods. Values are means + S.E. For each point four
to five tissue pieces were used.

dithiothreitol, at 37°C for 30 min before adding to the
tissues.

2.4. Measurement of the tail artery perfusion pressure

Rats were anesthetized with sodium pentobarbital,
35 mg/kg, i.p., and received 100 U of heparin. A 1-cm
strip of the tail artery was isolated near the base of the
tail and cannulated using stretched PE-50 (0.58 mm)
polyethylene tubing. The tail was severed from the
body and placed in a tissue bath containing oxygenated
(95% 0,-5% CO,) Krebs-Henseleit bicarbonate buffer
with 30 uM EDTA. The tail artery was perfused in situ
with the same buffer by using a peristaltic pump
(Ismatec) at a constant flow of 2.5 ml/min. After a
30-45 min stabilization period the baseline perfusion
pressure was measured by using a pressure transducer
(COBE CDX) attached to the arterial cannula and
recorded on a polygraphic recorder (Grass Model 7D).
Bolus doses of dopamine and the dopamine agonists
were then injected and the developed pressure was
recorded. Baseline or near-baseline pressures were
achieved after each drug before administering the next
drug. Since a constant flow was maintained the changes
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in the perfusion pressure represent the changes in
vascular resistance.

2.5. Statistical analysis

We used an analysis of variance (ANOVA) followed
by Fisher’s least significant difference test to determine
the significant differences among treatments. Student’s
t-test was also used when appropriate and a P value of
< 0.05 was considered significant.

2.6. Chemicals

Dopamine hydrochloride, pertussis toxin, R(+)-
SCH-23390 HCl (R(+)-7-chloro-8-hydroxy-3-methyl-
1-phenyl-2,3,4,5-tetrahydro-1 H-3-benzazepine hydro-
chloride), S8(-)-sulpiride, R(+)-SKF-38393 HCI
(R(+)-1-phenyl-2,3,4,5-tetrahydro-(1 H )-3-benzazepine
7,8-diol hydrochloride), (—)-quinpirole HCl, phento-
lamine, propranolol, haloperidol, U-73122 and phorbol
12-myristate 13-acetate (PMA) were supplied from Re-
search Biochemical, Natick, MA, USA. *RbCl and
[*Hlinositol were obtained from NEN Chemical Com-
pany, Boston MA. Sphingosine and phenylephrine was
obtained from Sigma chemical company. Dopamine,
dopamine agonists and antagonists were dissolved in
Krebs containing ascorbic acid (0.1% w/v) to prevent
oxidation.

3. Results

3.1. Effect of dopamine and dopamine receptor agonists
on Na *-pump activity

Dopamine produced a dose-dependent inhibition of
ouabain-sensitive **Rb* uptake in isolated rat tail ar-
teries (Fig. 1). We selected 10 uM dopamine for our
subsequent experiments at which concentration, a 30%
inhibition of the pump was observed. Quabain-re-
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Fig. 2. Effect of dopamine and dopamine receptor agonists on Na*-pump activity. The bar graph represents the Na *-pump activity (*Rb*-K*)
in rat tail arteries treated with vehicle (control, n = 7), dopamine (n = 8), dopamine D, receptor agonist, SKF-38393 (n = 7), dopamine D,
receptor agonist, quinpirole (n = 7) and a combination of dopamine D, and D, receptor agonists (# = 6) (2a) and vehicle (the same control as 2a,
n = 7), SKF-38393 plus SCH-23390 (n = 7), quinpirole plus sulpiride (n = 7), SKF-38393 and quinpirole plus sulpiride (n = 7), SKF-38393 and
quinpirole plus SCH-23390 (n = 7) and SKF-38393 and quinpirole plus SCH-23390 and sulpiride (n = 7) (2b). All drug concentrations were 10
uM. Values are the least square means + S.E. Data are analyzed by one-way ANOVA, followed by Fisher’s least significant difference test.
* Significant difference between the control and the drug treatments, P < 0.05.
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sistant uptake of (3Rb*+ K*) was not affected at any
of the dopamine concentrations used (16.1 + 1.7
nmol /mg dry weight per 15 min).

To determine whether one or both of the dopamine
receptor subtypes contribute to the inhibition of the
vascular Na*-pump, we tested the effect of different
receptor agonists on Na "-pump activity. Basal (control)
Na “-pump activity (total ** Rb*-uptake minus ouabain-
insensitive * Rb *-uptake) in rat tail arteries was 74.0 +
2.9 nmol /mg dry weight per 15 min (Fig. 2a). Dopamine
(10 wM) inhibited the Na™*-pump activity significantly
by 33%. The dopamine D, receptor agonist, SKF-38393
(10 ©M), and the dopamine D, receptor agonist, quin-
pirole (10 uM), produced a 27% and a 22% inhibition
of the Na*-pump activity, respectively, compared to
the control. The combination of the two dopamine
receptor agonists inhibited the Na™-pump activity by
32%. The ouabain-insensitive Na*-pump activity was
not affected by the drug treatments and the mean
value was 15.7 + 1.8 nmol /mg dry weight per 15 min
(n=17).

To eliminate the possibility that dopamine may be
exerting its effect by acting through adrenoceptors, we
pretreated the tissues with phentolamine, an a-adreno-
ceptor antagonist, or propranolol, a B-adrenoceptor
antagonist. Neither phentolamine (1 wM), nor propra-
nolol (1 wM) had any effect on the inhibitory action of
dopamine on the pump activity (data not shown).

3.2. Effect of dopamine receptor antagonists on
dopamine-inhibition of Na *-pump activity

To confirm the involvement of the specific dopamin-
ergic receptor subtypes, we performed experiments us-
ing the selective receptor agonists with their respective
antagonists. Rat tail arteries were preincubated with
SCH-23390 HCI, a selective dopamine D, receptor
antagonist, and sulpiride, a selective dopamine D, re-
ceptor antagonist 10 uwM each, for 10 min prior to the
addition of SKF-38393 and quinpirole. The results are
shown in (Fig. 2b). SCH-23390 prevented the inhibition
produced by SKF-38393. Similarly, sulpiride prevented
inhibition of the Na*-pump activity by quinpirole (see
Fig. 2a,b). When a combination of dopamine D, and
D, receptor agonists, SKF-38393 and quinpirole, were
used neither sulpiride nor SCH-23390 alone could block
the inhibitory effect of the agonists. However, the
combination of the two antagonists completely blocked
the combined effect of the two agonists (Fig. 2b). The
ouabain-insensitive uptake was not affected by the
drug treatments and the mean value was 16.0 + 1.2
nmol /mg dry weight per 15 min (n = 26).

Additional experiments with receptor antagonists
were performed to confirm the involvement of
dopamine D, and D, receptors in dopamine action
(Fig. 3). Dopamine produced a 29% inhibition of the
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Fig. 3. Effect of dopamine receptor antagonists on dopamine inhibi-
tion of Na*-pump activity. The bar graph represents the Na *-pump
activity in rat tail arteries treated with vehicle (control, n=6),
dopamine (n = 5), dopamine D, receptor antagonist SCH-23390 plus
dopamine (n = 6), dopamine D, receptor antagonist sulpiride plus
dopamine (n=35), and a combination of SCH-23390 and sulpiride
plus dopamine (n = 4). All drug concentrations were 10 uM. Values
are the least square means+S.E. Data are analyzed by one-way
ANOVA, followed by Fisher’s least significant difference test. * Sig-
nificant difference between the control and drug treatments, P <
0.05.

Na*-pump activity. When the tissues were pretreated
with SCH-23390 or sulpiride, dopamine inhibition was
not affected. However, when the tissues were pre-
treated with the combination of the two receptor an-
tagonists dopamine inhibition of Na*-pump activity
was blocked (Fig. 3). These data indicate that each
receptor participates in the effect of dopamine on
Na*-pump. We also used a non-selective dopamine
antagonist, haloperidol, to confirm the participation of
the two receptors in Na*-pump inhibition. Haloperidol
completely prevented the inhibitory action of dopamine
on the pump.

3.3. Effect of pertussis toxin on dopamine and dopamine
receptor agonist-inhibition of Na *-pump activity

Experiments were performed to characterize the
signaling mechanism(s) which may be involved in
dopamine effect on Na*-pump activity in rat tail arter-
ies. We tested the sensitivity of the system to pertussis
toxin. Rat tail artery pieces were pretreated with per-
tussis toxin, 50 ng/ml, for 30 min at 37°C. In the
absence of pertussis toxin, dopamine (10 puM) pro-
duced a 45% inhibition of the Na™-pump activity (Ta-
ble 1). In the presence of pertussis toxin, dopamine did
not affect the Na*-pump activity. Similarly, SKF-39383
produced a 30% inhibition of the Na*-pump activity
and this inhibition was abolished in the presence of
pertussis toxin. In contrast, a 25% inhibition produced
by quinpirole was not affected by the prior treatment
with pertussis toxin. Pertussis toxin alone did not
change the basal Na*-pump activity. The ouabain-in-
sensitive Na*-pump activity was not affected by the
drug treatments and the mean value was 14.3 + 0.4
nmol /mg dry weight per 15 min (n = 31) (Table 1).



S.M.K. Rashed, E. Songu-Mize / European Journal of Pharmacology 284 (1995) 289-297 293

Table 1
Effect of pertussis toxin on dopamine receptor agonist-inhibition of Na *-pump activity

Control DA DA +PT DAl DAl + PT DA2 DA2 + PT
Total 57.6 +£3.2 393+4.1 529+25 448+ 1.2 51.0£2.2 468+ 1.4 454+ 2.0
+ Ouabain 178 + 0.8 165+ 1.8 18.6 + 2.1 157420 140+1.4 157 +0.7 13.6 +1.5
Na*-pump 413 +32 228 +4.1 343+25 291+ 1.2 37.0+22 31.1+14 320+20
n 7 5 5 6 6 6 6
% inhibition 45 16 30 10 25 23
Significance, P < 0.05 n.s. <0.05 n.s. < 0.05 < 0.05

Isolated rat tail arteries were pretreated for 30 min at 37°C with vehicle or pertussis toxin (PT, 50 ng/ml), followed by incubation with dopamine
(DA), dopamine D; (DA1) receptor agonist SKF-38393, or dopamine D, (DA2) receptor agonist quinpirole for 10 min (10 uM each) and the
Na*-pump activity was determined as described in Materials and methods. Values are the least square means + S.E. Units are nmol (**Rb + K)
taken up/mg dry weight /15 min. Total: total (**Rb + K) uptake; + Quabain: uptake in the presence of 2 mM ouabain; Na *-pump: total uptake
minus ‘ + Ouabain’ uptake; % inhibition: Na *-pump inhibition by the drugs; n: number of tissue pieces. Significance: P values were obtained by
one-way ANOVA followed by Fisher’s least significant difference test and indicate differences between the control and treatment values.

3.4. Effect of dopamine receptor agonists on phospho-
inositide hydrolysis

To investigate the involvement of the phospholipase
C system in dopamine signal transduction in mediating
Na *-pump inhibition, tail artery pieces were incubated
with different concentrations of dopamine and
dopamine receptor agonists, SKF-38393 and quinpirole
(Fig. 4). Dopamine and SKF-38393 increased phospho-
inositide hydrolysis rate in a dose-dependent manner,
and maximum increase was observed at 30 uM concen-
tration. Quinpirole did not increase phosphoinositide
hydrolysis significantly at any concentration. Basal
phosphoinositide hydrolysis rate ratio was 0.172 + 0.02
(dpm released /dpm incorporated, n = 6).

To provide evidence for the specific interaction of a
dopamine D1 receptor agonist with a specific vascular
dopamine D, receptor to induce phosphoinositide hy-
drolysis, tissues were preincubated with a dopamine D,
receptor antagonist SCH-23390 (10 uM) for 15 min
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Fig. 4. Effect of dopamine and dopamine receptor agonists on
phosphoinositide hydrolysis. The line graph represents the effect of
increasing concentrations of dopamine, dopamine D, receptor ago-
nist, SKF-38393, and dopamine D, receptor agonist, quinpirole, on
phosphoinositide hydrolysis rate. Rat tail artery slices were incu-
bated with the drugs for 60 min following the labelling period as
described in methods. Values are means+S.E. (n = 3).

prior to the addition of dopamine D, receptor agonist
SKF-38393. SKF-38393-induced phosphoinositide hy-
drolysis was prevented by SCH-23390 at all concentra-
tions (Fig. 5). SCH-23390, at concentrations 0.1, 3, 30
and 100 uM, did not affect the basal phosphoinositide-
hydrolysis rate (data not shown).

To further demonstrate the coupling between
dopamine D, receptors and phospholipase C system,
rat tail artery pieces were preincubated with pertussis
toxin (100 wg/ml) for 1 h prior to the addition of
SKF-38393. SKF-38393 stimulated phosphoinositide
hydrolysis rate in a dose-dependent manner (Fig. 6). At
all concentrations of SKF-38393, pertussis toxin pro-
duced a significant attenuation of phosphoinositide
hydrolysis rate (Fig. 6). The maximal effect of pertussis
toxin on SKF-stimulated phosphoinositide hydrolysis
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*
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SKF-38393 Concentration (LM)

Fig. 5. Effect of dopamine D, receptor antagonist on phosphoinosi-
tide hydrolysis rate stimulated by SKF-38393. The line graph repre-
sents the effect of increasing concentrations of dopamine D, recep-
tor agonist SKF-38393 on phosphoinositide hydrolysis rate in the
absence (white circles) and in the presence (black squares) of
dopamine D, receptor antagonist, SCH-23390. SCH-23390 was added
to tissue slices 15 min before the addition of SKF-38393. Results
were analyzed using one-way ANOVA followed by Fisher’s least
significant difference test. Values are least square means +S.E. (n =
3). " Significant difference between tissues pretreated with and with-
out SCH-23390.
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rate was observed at 0.4 uM SKF-38393 concentration.
Pertussis toxin alone did not change the basal phospho-
inositide hydrolysis rate (Fig. 6). After demonstrating
that phospholipase C system stimulation is coupled to
dopamine D, receptor activation in rat tail arteries, we
preformed experiments to investigate the link between
the phospholipase C activation and dopamine-induced
Na*-pump inhibition. U-73122, a phospholipase C in-
hibitor (10 uM) prevented dopamine induced Na™-
pump inhibition in rat tail arteries (45% inhibition by
dopamine vs. 15% in the presence of U-73122. In
addition, activation of protein kinase C by phorbol
12-myristate 13-acetate, PMA (1 uM) produced 67%
inhibition of the pump activity. Sphingosine (1 uM), a
protein kinase C inhibitor reduced dopamine inhibition
of the Na*-pump activity by a 50% compared with
dopamine alone. In these experiments, U-73122 and
shingosine did not affect the basal levels of the pump
activity (72 +4 and 71 + 35, respectively, vs. control
74 + 3 nmol /mg dry weight per 15 min (n = 5). These
findings support our observation of the involvement of
the phospholipase C system in the events leading to the
arterial pump inhibition.

3.5. Effect of dopamine and dopamine receptor agonists
on vascular tone

To determine the physiological consequence of
dopamine-inhibition of the Na®-pump activity,
dopamine and dopamine receptor agonists were ad-
ministered into the perfused rat tail artery. Bolus injec-
tions of dopamine produced transient increases in the
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Fig. 6. Effect of pertussis toxin on dopamine D, receptor agonist-
stimulated phosphoinositide hydrolysis rate. The bar graph repre-
sents the effect of pertussis toxin (100 ng/mb) on dopamine D,
receptor agonist SKF-38393-induced phosphoinositide hydrolysis.
Tissue slices were exposed to pertussis toxin for 60 min during the
labeling period with [*Hlmyo-inositol. The rate of hydrolysis was
measured after an additional 60 min incubation of the tissues with
different concentrations of SKF-38393. Results were analyzed using
one-way ANOVA followed by Fisher’s least significant difference
test. Values are least square means+S.E. (n =3). " Significant dif-
ference between tissues treated with SKF-38393 (hatched bars) and
SKF-38393 plus pertussis toxin (solid bars).
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Fig. 7. Effect of dopamine and dopamine agonists on rat tail artery
perfusion pressure. Isolated tail arteries were perfused as described
in Methods. A representative pressure tracing demonstrates the
effect of bolus doses of dopamine (A), SKF-38393 (B), quinpirole
and phenylephrine (C) and a constant perfusion of SKF-38393 (0.1
uM) and bolus injections of quinpirole (D) on perfusion pressure. 15
min equilibration period were allowed between drugs administra-
tions. Similar results were obtained in three other experiments.

basal perfusion pressure in a dose-dependent manner;
dopamine doses of 0.2, 0.5, 1.0 and 2.0 png (4, 10, 20
and 40 pM, respectively) produced 50, 70, 110 and 155
mmHg increases above the basal perfusion pressure,
respectively (Fig. 7, panel A). Bolus injections of SKF-
38393 (0.6, 1.5, 3, 6 ug or 1.6, 4, 20, 40 uM, respec-
tively) produced a sustained increase in the perfusion
pressure (Fig. 7, panel B). Quinpirole did not affect the
perfusion pressure at any of the doses used (0.15, 0.3,
0.75, 1.5, 3 ug or 2, 4, 10, 20, 40 M, respectively, Fig.
7, panel C). However, 1.5 ug (2.4 uM) and 30 ng (0.4
wM) bolus doses of quinpirole reversed the sustained
increase in the perfusion pressure produced by SKF-
38393 (0.1 wM) (Fig. 7, panel D). Phenylephrine was
used as a positive control which produced a dose-de-
pendent increase in the perfusion pressure (Fig. 7,
panel C). To eliminate the possibility that dopamine
effect may be due to enhanced release of cate-
cholamines from the nerve terminals (Burke et al.,
1995; Sun and Reis, 1994; Patil et al., 1994; Kirkpatrick
and Burnstock, 1994), two bolus injections of 100 uM
tyramine was applied before dopamine administration.
Tyramine by itself did not change the perfusion pres-
sure in these preparations. Moreover, tyramine treat-
ment did not alter the effect of dopamine or the
agonists.
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4. Discussion

The regulation of Na',K*-ATPase activity by
dopamine in a variety of tissues implicated the impor-
tance of this neurotransmitter in balancing the ionic
gradients across plasma membranes. In the renal and
the central nervous systems dopamine inhibits the
Na* K*-ATPase through the activation of the
dopamine D, and D, receptor subtypes (Bertorello
and Aperia 1988, 1990; Bertorello et al., 1990). Our
study was conducted to evaluate the effect of dopamine
on vascular Na™-pump activity and identify the signal-
ing mechanisms involved in dopamine action in blood
vessels. As has been demonstrated in the rat kidney
proximal tubules Bertorello and Aperia (1990) and the
striatal neurons (Bertorello et al., 1990) dopamine in-
hibited the Na*-pump activity significantly in the iso-
lated rat tail arteries. This is the first demonstration of
the regulation of the functional aspect of the Na™ K*-
ATPase, the Na"-pump, by dopamine in the vascula-
ture.

Our results demonstrate that dopamine inhibits the
vascular Na*-pump through the activation of both the
dopamine D, and D, receptors. The simultaneous
application of the two receptor agonists did not pro-
duce an additive effect in this system (Fig. 2a). Experi-
ments with selective antagonists, SCH-23390 and
sulpiride, confirmed the non-additive effects of
dopamine D, and D, receptor activation on Na*-pump
inhibition (Fig. 3). This is unlike the findings in the
neurons of the neurostriatum where the inhibition of
Na ", K*-ATPase in response to dopamine D, and D,
receptor activation was additive (Bertorello et al., 1990).
Moreover, in the renal proximal tubules, prior activa-
tion of dopamine D, receptor appears to play a per-
missive role in D,-inhibition of the Na*,K*-ATPase
(Bertorello and Aperia, 1990) suggesting the depen-
dency of D, receptor subtypes on the activation of
dopamine D, receptor to produce Na®,K*-ATPase
inhibition. In our hands, both the dopamine D, and D,
receptor activation appeared to inhibit the Na™-pump
in a non-additive manner. The non-additive nature of
the Na*-pump inhibition through these receptors may
be explained by an interaction between the dopamine
receptors, a possibility which is not addressed in this
study.

There is considerable variability in the second mes-
senger systems linked to dopamine receptors in differ-
ent tissues (Jose et al., 1991). Even within the same
tissue, different laboratories reported alternate signal
transduction pathways linked to dopamine receptors.
For example, in rat proximal tubules, Bertorello and
Aperia 1990, reported that dopamine D, receptors are
linked to the adenylate cyclase activation, whereas
dopamine D, receptors are linked to the phospholi-
pase C system. They also suggest that activation of the

phospholipase C system by dopamine D, is dependent
on dopamine D, receptor activation (Bertorello and
Aperia, 1990). In contrast, Felder et al. (1989), re-
ported that dopamine D, receptor activation is linked
to the stimulation of both the phospholipase C and
adenylate cyclase systems independently in renal tubu-
lar membranes. However, in the vasculature the details
of the signal transduction pathways linked to dopamine
receptors have not been worked out.

Our results in rat tail arteries showed that dopamine
D, receptor stimulation is linked to the phospholipase
C system demonstrated by the elevation of phospho-
inositide hydrolysis rate (Fig. 4). This effect on phos-
phoinositide hydrolysis was reversed by a selective
dopamine D, receptor antagonist and was a pertussis
toxin-sensitive event (Figs. 5 and 6). In addition, inhibi-
tion of the Na*-pump activity mediated by dopamine
D, receptors was also a pertussis toxin-sensitive event
(Table 1). Therefore, it is likely that Na*-pump inhibi-
tion by dopamine D, receptor activation is coupled to
the phospholipase C system. The involvement or the
interaction of other signaling system(s) such as adeny-
late cyclase is a possibility.

Additional evidence for the involvement of phos-
pholipase C system in dopamine-induced Na*-pump
inhibition was provided by using U-73122, a phospholi-
pase C inhibitor, PMA a protein kinase C activator and
sphingosine, a protein kinase C inhibitor. Both U-73122
and sphingosine attenuated dopamine-inhibition of the
Na*-pump. PMA produced a significant inhibition of
the Na"-pump activity. Therefore, it is possible that
protein kinase C, directly through the phosphorylation
of the Na™-pump or indirectly through its effect on
Na *-influx, may produce Na*-pump inhibition. Inter-
estingly, the degree of reversal of dopamine inhibition
of the pump by U-73122 was greater than the one
observed by sphingosine. This difference may be due to
the fact that U-73122, which uncouples G-protein from
phospholipase C, is also an inhibitor of phospholipase
C and phospholipase A,. This compound can also
decrease cytosolic free Ca’~ by lowering IP; level.
Therefore, the U-73122 affects more than one compo-
nent in the phospholipase C signaling system cascade.
However, sphingosine inhibits the phospholipase C sys-
tem at the level of protein kinase C only. The differ-
ences of the effects of these compounds suggest the
participation of phospholipase A, activation and/or
cellular free Ca®" increase in dopamine actions in the
vasculature.

The possible involvement of a GTP-binding protein
in the process of Na*-pump inhibition is addressed in a
study utilizing cultured aortic smooth muscle cells
(Rashed and Songu-Mize, 1993). In that study a non-
hydrolyzable analog of GTP, GTP-y-S, inhibited the
Na* K*-ATPase activity. Since the inhibition of Na*-
pump activity by dopamine in rat tail arteries was also
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found to be sensitive to pertussis toxin, the presence of
a G-protein in the signaling cascade is implicated in
this artery.

The functional role of dopamine in the kidney ap-
pears to be the regulation of natriuresis and diuresis by
inhibiting Na™,K*-ATPase and Na”-H™ antiport and
thus contribution to Na* retention (Aperia et al.,
1991). In hypertension, dopamine-regulation of renal
Na*t K*-ATPase appears to be altered. In both SHR
and the Dahl salt-sensitive strain of hypertensive rats
dopamine fails to inhibit renal Na* K*-ATPase (Chen
et al., 1993; Nishi et al., 1993). In the SHR the defect is
likely to involve dopamine D,-phospholipase C cou-
pling (Chen et al., 1993). whereas in Dahl salt-sensitive
rats, dopamine D,-adenylate cyclase coupling appears
to be involved (Nishi et al., 1993). In concert with this
finding Dahl salt sensitive rats displayed attenuated
natriuretic response to dopamine (Nishi et al., 1993).

In vascular smooth muscle cells contraction-relaxa-
tion is regulated by the level of intracellular free Ca®*
concentration (Bevan, 1993). Na "-pump contributes to
the maintenance of the cellular membrane potential
(Thomas, 1972; Fleming, 1980). Therefore, the pump
may play a role in the mechanisms affecting vascular
tone and contractility. Inhibition of the Na*-pump in
the vascularture causes depolarization and contraction
and/or increased sensitivity to endogenous vasocon-
strictor agents (Blaustein; 1977; Hamlyn et al., 1991).
Very small changes in cellular membrane potential of
only a few mV may result in prominent contraction or
relaxation of the vascular smooth muscle (Hermsmeyer,
1976). We have shown in a tail artery constant-flow
perfusion system that dopamine increases the perfu-
sion pressure which is an indicator of vascular resis-
tance (Fig. 7). This is in accord with the observed
inhibition of the Na™-pump by dopamine in the iso-
lated tail artery sections. Interestingly, a dopamine D,
receptor agonist produced a sustained increase in per-
fusion pressure, whereas the dopamine D, receptor
agonist had no effect when administered alone. How-
ever, the dopamine D, receptor agonist reversed the
sustained elevation obtained by the dopamine D, re-
ceptor agonist, suggesting differential but interactive
effects of the two receptor subtypes on the functional
consequence of dopamine action in the vasculature.
We interpret the net transient effect of dopamine to be
a summation of the activation of the two receptor
subtypes with opposing effect with different second
messenger. signaling systems.

Although, the inhibition of the vascular Na*-pump
by dopamine, and contraction of the vasculature are
associated events, they do not necessarily constitute a
cause-effect relationship. It is possible that the D,
receptor agonist produces a sustained contraction of
the tail artery though a mechanism independent of
Na "-pump inhibition.

In conclusion, our data demonstrated that dopamine
inhibits the Na™-pump activity in rat tail arteries
through the activation of dopamine D, and D, recep-
tor subtypes. This inhibition of the enzyme may con-
tribute to the observed increase in the tail artery perfu-
sion pressure. The Na*-pump inhibition produced by
dopamine D, receptor activation is mediated by a
pertussis toxin-sensitive mechanism, and the stimula-
tion of the phospholipase C system may be involved in
this process.
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