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Abstract

There isincreased awareness of the role of dopamine in cardiovascular function, renal function and
systemic blood pressure regulation. Growing evidence indicates that each of the five dopamine recep-
tor subtypes participates in the regulation of blood pressure by mechanisms distinct for that particular
subtype. Some dopamine receptors regulate blood pressure by influencing the central and periphera
nervous system, while others influence renal function and release of renin, aldosterone and vaso-
pressin. This review summarizes the physiology and pathophysiology of the peripheral dopaminergic
system and our current understanding of the role of individua dopamine receptorsin the pathophysiol-

ogy of human essential hypertension.

Key Words: Hypertension, dopamine, dopamine receptor, sodium transport, transgenic mice.

DOPAMINE IS NOW RECOGNIZED as an important
regulator of systemic blood pressure (1). In the
periphery, this blood pressure regulation is
achieved by direct action on the heart, arterial
and venous vessels, to alter renal hemodynam-
ics, and on fluid and electrolyte balance via ef-
fects on renal epithelial transport, and gastroin-
testinal sodium uptake (2—6). Dopamine can
indirectly regulate blood pressure via rel ease of
hormones and humoral agents such as aldos-
terone, catecholamines, endothelin, prolactin,
pro-opiomelanocortin, renin, and vasopressin
(2-5). Centrally, dopamine modulates sys-
temic blood pressure through the regulation of
fluid and sodium intake via “appetite” centers
in the brain (7). In addition, it controls blood
pressure by direct action on neuronal cardiovas-
cular centers.
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Dopamine Receptors

Dopamine exerts its actions via the D;-like
and D,-like family of cell-surface G protein-cou-
pled receptors (GPCR) (Tables 1 and 2). The D;-
like receptors cloned in mammals (D, and D) are
linked to the stimulatory G-protein, Gs, and stim-
ulate adenylyl cyclases. The cloned D,-like re-
ceptors (D,, D5, and D,) are linked to inhibitory
G-proteins, Gi/Go, and inhibit adenylyl cyclases.
The affinity of dopamine to its receptors ranges
from low nanomolar to low micromolar range.
At higher concentrations, a- and b-adrenergic
and serotonin receptors are occupied. Circulating
concentrations of dopamine (picomolar range)
are not sufficiently high to activate dopamine re-
ceptors, while in dopamine-producing tissues
concentrations in the high nanomolar to micro-
molar range can be attained (1). Dopamine is
synthesized not only in noradrenergic and
dopaminergic nerves, but also in non-neural tis-
sues (e.g., kidney, gastrointestinal tract) (8).

Autocrine/Paracrine Regulation of Fluid
and Electrolyte Balance by Dopamine

Renal Sodium Transporters

Dopamine regulates water and electrolyte
excretion indirectly by actions on renal hemo-
dynamics and by modulation of the action of
other vasoactive and renoactive hormones (1).
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TABLE 1
Summary of the Physiologic and Pathophysiologic Effects of D,-like Receptors in Blood Pressure Regulation.

Characteristics of
Transgenic Animals

Dopamine Receptors Signal Transduction Physiologic Responses Implicationsin Human

Essential Hypertension

D;-like receptor family G stimulation of
Adenylyl cyclase (1,75,76)
Phospholipase A, and

eicosanoid formation

Vasorelaxation (1, 2, 45)
Decrease sodium and
phosphate transport (kidney
and intestine) (1, 2, 6, 9—15,

Uncoupling of rena D4
receptors from effector
enzyme complex (52)

(22, 24) 20— 25, 27-33, 43, 48, 77).
Phosphatidyl-inositol 3
kinase (77)
D, receptor Stimulation of D, knockout mice (48)  Stimulation of renin D, receptor non-coding
Phospholipase C* (78, 79) Hypertension secretion (67) region associated with
Sodium retention? Natriuresis (49) hypertension (53)
D receptor D5 knockout mice ? D receptor locus linked
(58, 59) to hypertension (60)
Inhibition of Hypertension
Phospholipase C (80) Increased centra

oxytocin/V y/non-
NMDA/a-adrenergic
receptor activity

*Needs the adaptor protein calcyon (81).

TABLE 2
Summary of the Physiologic and Pathophysiologic Effects of D,-like Receptorsin Blood Pressure Regulation.

Characteristics of
Transgenic Animals

Dopamine Receptors Signal Transduction Physiologic Responses Implicationsin Human

Essential Hypertension

Gai/QO inhibition of
Adenylyl cyclase
(1, 75, 76)

D,-like receptor family Vasorelaxation (when basal  Central D,-like function
toneis high) (2, 82, 83) decreased in hypertension
Vasoconstriction (61)

(when basal toneis low)

(2, 84, 85)

Inhibition of neural catechol

and renin release (2)

Increase sodium transport*

(kidney and intestine)

(34, 35, 84)
D, receptor D, knockout mice (66) D, receptor polymorphism
Increased activity of associated with
a-adrenergic and hypertension (64)
ETB receptors
D, receptor D3 knockout mice (70)  Inhibition of renin
Phosphatidyl inositol 3~ Hypertension secretion (70, 73) ?
kinase (86) Renin-dependence Increase in GFR (87)
Sodium retention?
D, receptor D, knockout mice Inhibition of V, receptor

Unknown actionin cortical collecting ?

duct (18)

*In concert with D;-like receptors, sodium transport is decreased when extracellular fluid volume is moderately expanded (33, 88).

Direct actions of dopamine on renal tubules are
mediated by multiple mechanisms. In proximal
tubules, D,-like receptors inhibit Na*/H*-ex-

changer 3 activity (NHE3) and Na/phosphate
(Pi)-co-transporter activity in the luminal mem-
brane, and Na*/HCOgs—-cotransporter activity in
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the basolateral membrane (1, 9—13). In addi-
tion, D,-like receptors inhibit Na*/K+-ATPase
activity in the proximal tubule, medullary
thick ascending limb of Henle (mTAL), and
cortical collecting duct (CCD) (14—16). D,-
like receptors can also regulate sodium chan-
nels, although this action has not been shown
in the kidney so far. The ability of dopamine
to inhibit tubular transport in multiple
nephron segments may explain the marked na-
triuretic effect of dopamine in spite of its lim-
ited inhibitory effect on individual sodium
transporters.

In renal proximal tubules, D,-like receptors
stimulate sodium transport through an increase
in NHE3- and Nat/K*-ATPase activity, an ef-
fect which is mediated mainly by a decrease in
CAMP production (1, 9, 17). In the CCD and
the medullary collecting duct (MCD), D,-like
receptors antagonize the actions of aldosterone
and vasopressin (18, 19).

Signal Transduction Pathways

The inhibitory action of D;-like receptors
on NHE3- and Na*/HCO3;-cotransporter activi-
tiesin renal proximal tubulesis mainly due to
activation of the cAMP/protein kinase A (PKA)
and eicosanoid pathways (1, 9, 20). The contri-
bution of D; and/or Dg receptorsin these ac-
tions remains to be determined. Dopamine can
also inhibit NHE3- and Na/Pi-cotransporter ac-
tivity by activating a G protein-linked pathway
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independent of PKA, protein kinase C (PKC),
eicosanoids, and protein tyrosine kinase (11,
12, 21). The signal transduction pathways of
dopamine-mediated inhibition of Na*/K+-AT-
Pase activity are complex. It is nephron seg-
ment specific, time dependent, and intracellu-
larly calcium modulated (1). Thus, only PKA
may be needed to transduce the D;-like signal
in the mTAL and CCD while PKA, PKC, and
eicosanoids [20-HETE] are involved in the
proximal tubule (22-25). Furthermore, phos-
phatidyl-inositol 3 kinase may be involved in
the dopamine-mediated inhibition of Nat/K+-
ATPase and NHE3 (26, 27) (Table 1).

D;- and D,-like Effects on Fluid and
Electrolyte Balance

Some actions of dopamine appear to be
counterregulatory (e.g., D;-like inhibition of
sodium transport and D,-like stimulation of
sodium transport, D;-like receptor stimulation
of renin and vasopressin secretion, D,-like re-
ceptor inhibition of renin and aldosterone se-
cretion). Increasing evidence suggests that the
state of overall sodium balance determines
which dopamine receptor subtype function pre-
dominates. The natriuretic effect of dopamine
can be seen under conditions of “normal”
sodium intake; it is magnified under conditions
of “moderate” sodium excess (1). In sodium-
replete states, endogenous renal dopamineisre-
sponsible for more than 50% of sodium excre-
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Figure. Effect of the D;-like antagonist, SCH 23390, the D,-like antagonist (domperidone), or vehicle on urinary frac-
tional sodium excretion (FENa) in pentobarbital -anesthetized normotensive Wistar Kyoto (WKY) rats. WKY rats were
given asaline load (5% of body weight). After a baseline period, the vehicle alone, or with the indicated antagonist, was
given intravenously (SCH 23390, 400 ng/kg/min; domperidone, 1 g/kg/min) for four periods followed by three periods of

recovery. Each period lasted 40 minutes.

*P<0.05 vs baseline period, repeated measures analysis of variance, Scheffe's test.
*P<0.05 vs others, analysis of variance, Scheffe's test (adapted from 33).
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tion (28-32) (Figure). D;-like receptors, inde-
pendent of D,-like receptors, can inhibit
NHE3- and Na*/HCOs;—-cotransporter activi-
ties. However, in sodium-replete states, D;-
and D.,-like receptors, rather than acting in op-
posing directions, synergistically inhibit
Na*/K+-ATPase activity and increase sodium
excretion (23, 33). The mechanism by which
this occurs is unknown. An increased renal
production of dopamine as well as an increased
inhibitory effect of dopamine on sodium trans-
porters might be involved (1). Alterationsin
dopamine receptor expression and effector pro-
tein functions (adenylyl cyclase, phospholipase
C, sodium transporter/pump) do not explain the
synergism between D;- and D,-like receptors
in sodium-replete states (1). However,
sodium-induced decreases in the concentra-
tions of humoral factors that oppose D,-like re-
ceptor action (e.g., angiotensin Il, adenosine,
serotonin) may play arole in sodium reabsorp-
tion and in renal hemodynamics (1). Sodium
loading, for instance, attenuates the stimula-
tory effect of D4-like receptors on renin release
and enhances the D,-like inhibitory effect on
aldosterone secretion (and possibly renin).
Moreover, during volume expansion, D, recep-
tors may facilitate diuresis and natriuresis by
antagonizing the hydro-osmotic and sodium re-
taining effect of vasopressin and aldosterone in
the CCD (18, 19). Under conditions of positive
sodium balance, dopamine not only increases
renal water and electrolyte excretion but also
decreases gastrointestinal water and electrolyte
absorption.

When sodium loading is excessive, the na-
triuretic effect of dopamine is no longer evi-
dent, presumably because other natriuretic fac-
tors predominate (1, 29, 32). In addition, the
inhibitory effect of endogenous dopamine on
renal and gastrointestinal sodium transport is
lost during hydropenia and sodium-deplete
states (1, 28). Under conditions of negative
sodium balance, D,-like receptors may actually
increase sodium reabsorption in the renal
tubule and gastrointestinal tract and stimulate
sodium appetite (7, 34, 35). When endogenous
renal tubular dopamine subserves a
paracrine/autocrine function, its natriuretic ef-
fect is mainly due to tubular rather than
glomerular or renal hemodynamic action (1).
However, dopamine produced by renal nerves
may participate, via D5 receptors, in the regu-
lation of glomerular filtration rate, especially
with the hyperfiltration that occurs during
amino acid infusion (36).
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Regulation of Blood Pressure by Dopamine

Dopamine regul ates blood pressure by sev-
eral mechanisms (2). In addition to dopaminer-
gic regulation of fluid and electrolyte balance,
dopamine regulates central cardiovascular cen-
ters and catecholamine release by sympathetic
nerves and adrenal medulla (1). Direct and in-
direct actions of dopamine receptors can cause
vasorelaxation (D, and Ds) or vasoconstriction
(D3) (2). At higher concentrations (high micro-
molar range), dopamine produces vasoconstric-
tion by occupation of a,-adrenergic receptors.
These apparently counterregulatory actions are
influenced by the basal tone of the vascular
smooth muscles. When basal arterial tone is
high, D,-like receptors promote relaxation; the
opposite action occurs when basal tone is low.
Dopamine increases cardiac output by stimulat-
ing myocardial b-adrenergic receptors. The
heart also expresses D, and D, receptors, but
their role, if any, on heart rate or myocardial
contraction remains to be determined (37, 38).

Dopamine and Hypertension

Abnormalities in dopamine production and
receptor function have been described in ge-
netic hypertension, and there is abundant evi-
dence that, in the absence of a normally func-
tioning dopaminergic system, hypertension de-
velops (1-3, 13-15, 24, 25, 31, 39). Inhibition
of dopamine synthesis outside the central ner-
vous system accel erates the development of hy-
pertension in the spontaneously hypertensive
rat (SHR) (40). Moreover, dopamine receptor
blockade is associated with the development of
hypertension in saline-loaded Wistar rats and
potentiates the renal effects of nitric oxide inhi-
bition in humans (41, 42). Finally, disruption
of dopamine receptor genes in mice produces
hypertension (see below) (Tables 1 and 2).

D;-like Receptors

The renal autocrine/paracrine natriuretic
function of dopamine via D;-like receptors is
impaired in genetic hypertension of rodents
(SHR and Dahl salt-sensitive rat) (1, 2). This
impairment is not caused by a decreased renal
dopamine production but by a diminished D,-
like inhibition of NHE3, Na*/HCO4-, and
Nat/K+-ATPase activity in proxima tubules
and the mTAL (1, 2, 13-15, 24, 25, 43). Re-
cent data indicate that the failure of D;-like re-
ceptors to inhibit sodium transport in genetic
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hypertension is not caused by abnormalitiesin
G-proteins or effector proteins (adenylyl cy-
clases, NHE3, Nat/K+*ATPase), or the expres-
sion of D4-like receptors. Rather, the D;-like
receptor is uncoupled from its G protein/effec-
tor protein complex (1, 2, 13-15, 24, 25,
43-45). The reason for the uncoupling of the
D,-like receptor from its G protein/ effector
protein complex is currently unknown, but ab-
normalities in the desensitization process of D;-
like receptors might be involved (see below).
There is evidence that the uncoupling of D;-like
receptors in hypertension is genetically deter-
mined, and receptor-, organ-, and nephron-seg-
ment specific (1, 2). This explains why the va-
sodilatory and “distal” renal tubular responses
to D ;-like agonists are preserved even in hyper-
tensive subjects (46, 47).

D, receptor. Because the major receptor in-
volved in the dopamine-mediated natriuresisis
the D, receptor (1, 26, 48, 49), we have sug-
gested that the renal dopaminergic defect in ge-
netic hypertension probably involves the D,
rather than the Dg receptor. The D, receptor
locus is linked to variations in systolic blood
pressure levels in Caucasians (50) and cardiac
hypertrophy in rats (51). Disruption of the D, re-
ceptor in mice leads to the development of hy-
pertension (48). However, no mutations have
been found in the coding region of the D, recep-
tor in patients with essential hypertension or in
genetically hypertensive rats (1, 52). A poly-
morphism in the noncoding region of the D; re-
ceptor has been reported to be associated with
human essential hypertension; however, the
mechanism by which this polymorphism induces
hypertension remains to be determined (53).

We have suggested that the uncoupling of
D, receptor from its effector complex in renal
proximal tubules is due to a ligand-independent
serine phosphorylation and subsequent desensi-
tization of the D, receptor (52). Because G pro-
tein-coupled receptor kinases (GRK'S) phospho-
rylate GPCRs, resulting in their desensitization,
it is of interest that total GRK activity and
GRK?2 expression are increased in lymphocytes
of patients with essential hypertension and in
lymphocytes and aortic smooth muscle cells of
rats with genetic hypertension (54, 55). How-
ever, it isunlikely that GRK?2 is the proximate
cause of the D, receptor desensitization, be-
cause the parathyroid hormone receptor, a sub-
strate of GRK2, functions normally in hyper-
tension (1, 2, 52). Thus, the desensitization of
the D ; receptor in hypertension may be due to a
kinase other than GRK2. A kinase related to
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GRK that interacts with genes controlling the
renin-angiotensin system may be involved in
the hypertensive process (56). The uncoupling
of the D ;-like receptor in renal proximal tubules
in hypertension may also be a consequence of a
defective resensitization process (57).

D5 receptor. The other D;-like receptor,
the Dg receptor, may also play a role in the
pathogenesis of genetic hypertension. Disrup-
tion of the D receptor gene in mice resultsin
the development of hypertension without an im-
pairment in the ability to excrete an acute saline
load (58). We have suggested that the hyper-
tension in Dg receptor mutant mice is caused, in
part, by interactions of the Dy receptor with
other GPCRs utilizing a common pathway in
the central nervous system. The high blood
pressure in the Dg receptor knockout mouse was
normalized by blockade of V ;-vasopressin, and
a-adrenergic receptors (59). Furthermore, the
hypertension in Ds-receptor mutant mice was
antagonized by a non-NMDA receptor antago-
nist that crosses the blood-brain barrier, while a
non-NMDA receptor antagonist that does not
cross the blood-brain barrier had no effect on
blood pressure (59). This indicates that non-
NMDA receptors are involved in the signal
transduction pathway of D5 dopamine receptors
in the brain. Although mutations of the Dg re-
ceptor are not found in the SHR (unpublished
data), alocus in human chromosome 4 contain-
ing the D5 receptor gene has been linked to hy-
pertension in some populations with essential
hypertension (60).

D,-like Receptor s

D, receptor. Abnormalities of D,-like re-
ceptor function have been reported in hyperten-
sion (3, 61-63). Several D, receptor polymor-
phisms have been reported, one of which is as-
sociated with hypertension (64). Transfer of a
segment of chromosome 8, containing the D,
receptor gene, from the normotensive Brown-
Norway rat onto SHR background decreases
blood pressure (65). Disruption of the D, re-
ceptor gene in mice produces hypertension that
is not associated with a decreased ability to ex-
crete a sodium load. Rather, the hypertension
in D, receptor knockout mice is caused by in-
creased activity of the adrenergic nervous sys-
tem (66). An unexpected finding in D, knock-
out mice was the ability of an endothelin B
(ETB) antagonist (BQ788) to normalize the
blood pressure in the D, mutant mice without
affecting blood pressure in D, wild type mice.
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Dopamine, dopamine receptors, endothelin, and
ETB receptors have been found in brain and
spinal regions known to control cardiovascular
function (3).

D3 receptor. Renin secretion in rats is
stimulated by D;-like receptors and inhibited by
D,-like receptors (1, 67). Both D,- and D,-like
receptors downregulate AT, receptor expression
and function (68, 69). Disruption of the D5 re-
ceptor gene in mice is associated with renin-de-
pendent hypertension and a decreased ability to
excrete an acute saline load (70). Aberrant
dopaminergic regulation of aldosterone secre-
tion (via D4 receptors) may beinvolved in some
forms of hyperaldosteronism and hypertension
(71, 72).

D, receptor. D, receptors are expressed in
rat juxtaglomerular cells and cortical and
medullary collecting ducts (73). However, the
consequence of disruption of the D, receptor
gene on blood pressure has not been reported.

Conclusions

Dopamine regulates fluid and electrolyte
balance by direct and indirect actions in the kid-
ney, blood vessels, gastrointestinal tract,
adrenal glands, sympathetic nervous system,
hypothalamus and other “brain centers.”
Dopaminergic regulation of the secretion of an-
giotensin and aldosterone, catecholamines, and
vasopressin contributes to this process. Fur-
thermore, dopamine can also regulate the ex-
pression of receptors other than its own (e.g.,
ETB, AT,). Abnormalities of dopamine recep-
tors (or their regulation) may be important in
the pathogenesis of essential hypertension. The
pathogenetic pathway of hypertension is spe-
cific for each type of dopamine receptor abnor-
mality (Tables 1 and 2). The dopaminergic sys-
tem is, phylogenetically, an old system (74),
which may serve to regulate blood pressure.
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