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INTRODUCTION

The dopamine (DA) receptor has had an interesting history. Unusual actions were
attributed to the catecholamine for many years, but these effects were generally
considered to be manifestations of activation of a- and [B-adrenergic receptors
rather than results of action of DA on a specific receptor (1). The pendulum now
has swung the other way. The literature is replete with papers reporting the existence
of DA receptors subserving specialized functions in a wide variety of organs and
species (2—4). A pertinent question which must be answered is whether the same DA
receptor subserves all reported functions or whether there is a family of specific, but
different, DA receptors (5). In this review we are concerned primarily with similari-
ties and differences in the effects of agonists and antagonists acting on the DA
receptor in the canine renal vascular bed and on selected DA receptors described
in other organs and species. The actions of DA on a specific vascular receptor and
on other receptors in the cardiovascular system have been the subject of previous
reviews (1, 6, 7).

VASCULAR DA RECEPTOR
Methods

The experimental procedures for investigating putative DA agonists and antagonists
in the canine renal vascular bed have been used with minor modifications for the
past 15 years (8, 9). Specific details are presented because variations in technique
have, on occasion, resulted in contrary data (1, 10, 11). Mongrel dogs are anesthe-
tized with pentobarbital, 30 mg/kg intravenously, or a combination of pentobarbi-
tal, 15 mg/kg, and barbital, 20 mg/kg. Supplemental anesthetic is administered as
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needed to maintain light anesthesia. The kidney is exposed by flank incision and
retroperitoneal dissection and an electromagnetic flow probe is placed on the renal
artery. A 23-gauge hypodermic needle, bent to an angle of approximately 80° and
connected to a constant infusion system, is inserted into the artery, proximal to the
flow probe. The system is arranged for injection of drugs through appropriate
stopcocks. Arterial blood pressure is measured from a femoral or carotid artery, and
blood flow and blood pressure are simultaneously recorded on an appropriate poly-
graph, the pens of which are carefully aligned to produce synchronized recordings.
Simultaneous measurement of blood pressure and blood flow is essential to distin-
guish effects due to drugs on the renal vasculature from possible changes in flow
resulting from alterations in arterial blood pressure. When DA is injected into the
renal artery, a biphasic effect is usually observed. With smaller doses initial transient
vasoconstriction is seen and then more prolonged vasodilation. With larger doses,
vasoconstriction predominates. The vasoconstrictor effect can be eliminated by
phenoxybenzamine (POB). Accordingly, in our studies of the vasodilating actions
of DA and potential DA agonists, POB is administered intraarterially in a dose of
5 mg/kg over a 15-30 min period. If the vasoconstrictor effect of /-norepinephrine
(1 pg) injected intraarterially is not reversed, an additional Smg/kg of POB is
administered. After POB, a complete dose-response curve of DA can be recorded
without interference from opposing vasoconstriction.

Figure 1 illustrates tracings of renal blood flow recordings obtained from two
experiments to demonstrate how a new chemical entity, X, is characterized as a DA
vascular receptor agonist and how vasodilating actions by other mechanisms are
ruled out. After administration of POB, DA, isoproterenol, bradykinin, compound
X, and acetylcholine produced approximately equivalent incréments in renal blood
flow. After administration of propranolol, 2.5 mg/kg intraarterially, only the effects
of isoproterenol are antagonized. After administration of atropine, only the effects
of acetylcholine are blocked. Simultaneous administration of haloperidol, 1.4 X
107 M, selectively attenuates only DA and compound X. Effects of histamine can
be ruled out in a similar manner by using antihistaminic agents. Serotonin does not
produce DA-like renal vasodilation.

DA and other agonists active on the renal vascular receptor exhibit the same
order of potency as vasodilators of the mesenteric bed, indicating that the same
receptor is present in both vascular areas (9, 12). In contrast, DA is an extremely
weak vasodilator when injected into the POB-treated femoral vascular bed, provided
that care has been taken to eliminate effects of cutaneous shunts by occluding the
paw circulation and to minimize neurogenic effects by cutting the femoral and
sciatic nerves.

An estimate of relative vasoconstrictor activity can be obtained by administering
the compounds into the femoral vascular bed without prior administration of POB.
Relative 3,-adrenergic activity can be determined by injecting the compounds into
the femoral vascular bed after administration of POB (8, 13). For estimation of
relative B,-adrenergic activity, the drugs are administered intravenously to an anes-
thetized dog prepared for measurement of right ventricular contractile force with
a Walton-Brodie strain gauge arch (14).
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Figure 1 Effects of dopamine (DA), isoproterenol (ISO), bradykinin (BRADY), a dopamine-
like drug (X), and acetylcholine (AcCh) on renal blood flow in phenoxybenzamine-treated
dogs (5 mg/kg intraarterially). For details see text.

Agonists

The chemical requirements for agonists active on vascular DA receptors have been
investigated by the procedures described above. Active compounds and their rela-
tive potencies are shown in Table 1. Selected inactive compounds are also shown
in Table 1. A compound was considered as inactive if in at least two experiments
it did not cause DA-like renal vasodilation in doses 1000 times the threshold dose
of DA.

In the first structure-activity investigation, 44 phenylethylamines were studied
(15). Only epinine (N-methyl dopamine) was active. Benzene ring substitutions,
other than OH groups at the 3 and 4 positions, and substitutions at the a- or 8-
carbon resulted in inactive compounds. Mono substitution of the amino group with
hydrocarbons larger than methyl (ethyl, #-propyl, isopropyl) yielded inactive com-
pounds. N,N-dimethyl DA was inactive, as was N,N,N-trimethyl DA. We recently
reported that N,N-di-~-propyl DA was an active agonist with an ED;, approxi-
mately 30-fold higher than that of DA (16). Interestingly, this analogue differs from
DA and epinine in lacking [3;-adrenergic activity. Finally, analogues of DA with
either 1, 3, or 4 carbon atoms on the side chain are inactive (J. D. Kohli, P. H.
Volkman, L. I. Goldberg, and R. M. Pinder, unpublished data).
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The results demonstrate that only a few substitutions on the phenylethylamine
molecule result in active DA vascular receptor agonists. However, they provide little
insight into the conformational requirements of the receptor, since the side chain
of DA possesses unlimited flexibility and unrestricted rotation around the 8-carbon-
phenyl bond. Accurate estimation of the conformation at the vascular DA receptor
could be obtained by investigating a series of analogues in which the side chain is
fixed into a particular conformation.

The apomorphine molecule contains the structure of N-methyl DA with the side
chain fully extended and the amino group trans to the catechol moiety, in an a-
rotameric conformation (Figure 2). Apomorphine is active on vascular DA recep-
tors, although it is much weaker than DA and appears to be a partial agonist (15,
17, 18). 6-N-n-propylnorapomorphine is more potent than apomorphine and ap-
pears to be a full agonist at vascular DA receptors with one thirtieth to one fiftieth
the potency of DA (12). Isoapomorphine contains the structure of N-methyl DA
in a B-rotameric conformation (Figure 2); this compound was inactive as a vascular
DA agonist (18).

On the basis of the above results alone, it would appear that the preferred
conformation for activation of the vascular DA receptor is the a-rotamer. However,
a recent investigation (13) of a series of 2-aminotetralins demonstrated that the
B-rotamer is the active conformation. 2-Amino-6,7-dihydroxy-1,2,3,4-tetrahy-
dronaphthalene (A-6,7-DTN) (Figure 2) produces renal and mesenteric vasodila-
tion with a potency equivalent to DA (12). This compound does not act on
Ba-adrenergic receptors. The semi-rigid analogue of the a-rotamer, 2-amino-5,6-
dihydroxy-1 ,2,3,4,-tetrahydronaphthalené (A-5,6 DTN) (Figure 2) is inactive on the
DA vascular receptor, but is active as a 3,-adrenergic agonist. As demonstrated
with the phenylethylamine molecule, N-methyl-A-6,7-DTN is also active at the
vascular dopamine receptor while N,N-dimethyl-A-6,7-DTN is inactive. These data
indicate that the preferred conformation for activation of the vascular DA receptor,
at least with respect to the aminotetralin series, is the 8-rotamer, while the preferred
conformation for activation of 3;-adrenergic receptors is the a-rotamer.

Obviously, the above generalization does not apply to the apomorphines. As
already mentioned, the -rotamer, isoapomorphine, is inactive while the a.-rotamer,
apomorphine, is at least partially active. Other factors may be involved in the

Table 1 Agonists acting on the vascular dopamine receptor and their relative potency and
selected inactive compounds?®

Agonists Potency

Inactive compounds

Dopamine 1.0 (15)  Norepinephrine (15) Bromocryptine (133)
Epinine (n-methyldopamine) 1.0 (15)  Epinephrine (15) Lergotrile (133)
A-6,7-DTN 1.0 (12,13) a-Methyl dopamine (15) Piribedil (133)
N-methyl-A-6,7-DTN 0.5-1 (13) N,N-dimethyl dopamine (15) S-584 (133)
N,N-di-n-propyl dopamine 0.03 (16) A-5,6-DTN a13)
6-N-n-propylnorapomorphine 0.02 (12)  N-methyl-A-5,6-DTN (13)
Apomoiphine 0.01 (12, 18) N,N-dimethyl-A-5,6-DTN (13)

(partial agonist) Amphetamine (15)

aReference numbers are listed in parentheses.
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Figure 2 Conformations of dopamine and their structural relationships with 2-amino-dihy-
droxytetralins, apomorphine, and isoapomorphine.

inactivity of isoapomorphine, such as steric hindrance to interaction with the amino
group, or inability of the unshared pair of electrons on the nitrogen moiety to rotate
to the proper orientation for interaction with the receptor. Further studies with
other rigid DA analogues will be required to elucidate this point.

Antagonists

Study of antagonists is more difficult than agonists because of the necessity of
proving that attenuation of DA-induced renal vasodilation is due to antagonism of
DA receptors and not to other actions of the drug. The first antagonist investigated,
haloperidol, was found to be a specific antagonist, but its specificity was limited to
a relatively narrow range (9). When a dose of haloperidol, 2 X 10-7 M, was injected
immediately prior to the injection of the vasodilator, the renal vasodilation produced
by DA was attenuated (not completely blocked) without affecting the vasodilation
produced by isoproterenol or bradykinin. If a larger dose of haloperidol was used,
a greater attenuation of the DA-induced renal vasodilation occurred, but the effect
of the other vasodilators was also reduced. In these initial studies it was found that
haloperidol produced a transient effect and, thus, subsequent experiments were
carried out with simultaneous injections of haloperidol and the vasodilators. With
this procedure, the maximum dose of haloperidol that could be used was 1.4 X
107 M because larger doses also attenuated the effects of bradykinin and iso-
proterenol. In the same study, haloperidol was found to attenuate selectively the
effects of DA-induced superior mesenteric vasodilation and to attenuate selectively
the vasodilation produced by epinine to the same extent as DA.
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The above discussion should make it apparent that two parameters are important
in the consideration of antagonists: potency and specificity. In an attempt to deal
with this point, we have defined the range of specificity of an antagonist as the
minimum dose needed to block isoproterenol or bradykinin divided by the minimum
dose needed to block responses to DA. Table 2 lists antagonists studied, relative
potency, and limits of specificity. It should be noted that haloperidol is approxi-
mately twice as potent as chlorpromazine (19). Both agents have a narrow range
of specificity. Bulbocapnine is an active vascular DA antagonist (20, 21) with a range
of specificity greater than haloperidol. Day & Blower (22) reported that intravenous
administration of metoclopramide antagonized DA-induced renal vasodilation. We
have confirmed the efficacy of metoclopramide with intraarterial administration and
have shown that this antagonist and the structurally related sulpiride have a greater
range of specificity than haloperidol (23). Bell et al (17) reported that ergometrine,
administered into the aorta, produced a specific and long-lasting blockade of re-
sponses to intraaortic administration of DA. We have been unable to confirm these
data utilizing our techniques with injections into the renal artery. Setler et al (21)
and Imbs et al (24) reported that the butyrophenone, pimozide, was inactive as a
vascular DA antagonist. Because pimozide is insoluble in aqueous solutions and
solutions used to dissolve the drug affect renal blood flow, we could not perform
adequate experiments with intrarenal injections of this agent.

DA RECEPTORS IN THE GASTROINTESTINAL TRACT,
PANCREAS, AND SUBMANDIBULAR GLAND

The preceding section defines the responses of the renal vascular DA receptor which
is clearly in a postsynaptic location (1). Several recent studies have suggested the
presence of postsynaptic DA receptors in the gastrointestinal tract and exocrine
glands. DeCarle & Christensen (25), in a study of isolated smooth muscle strips
taken from the distal esophagus and the cardioesophageal junction of opossum,
found that DA and epinine caused a dose-related inhibition of lower esophageal
sphincter (LES) tone and dose-related inhibition of the esophageal body *‘off”
response (the contraction occurring at the end of electrical field stimulation). The
above effects of DA and epinine were inhibited by bulbocapnine and haloperidol,
but not by propranolol or POB. In two in vivo studies of the esophageal body and
LES of opossum (26, 27), DA, isoproterenol, and phenylephrine produced dose-
related relaxations of the LES, but the responses to isoproterenol and phenylephrine
were blocked by propranolol and phentolamine, respectively, while the responses to
DA were unaffected by the a and B antagonists or by atropine or tetrodotoxin. The
responses to DA were attenuated by haloperidol and bulbocapnine. Valenzuela (28),
in an in vivo study of the effect of DA on canine intragastric pressure, found that
both DA and norepinephrine produced dose-related decreases in intragastric pres-
sure, but the effects of norepinephrine were blocked by propranolol plus POB, which
did not affect responses to DA. Pimozide and metoclopramide completely antago-
nized the effects of DA (28). In two recent studies of the pharmacology of metoclo-
pramide on isolated strips of guinea pig ileum (29) or stomach (30), the authors
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Table 2 Antagonists of the dopamine vascular receptor with relative potency and ranges
of specificity?

Relative Range of

Antagonist potency® (mol) specificity©
Haloperidol 1.4 x 1077 <2 (9
Chlorpromazine 2.5 x 10~7 < 2(19)
Prochlorperazine 2.5 x 1077 <2019
Trifluoperazine 2.5 x 10~7 < 2(19)
Fluphenazine 2.5 x 1077 <219
Thioridazine 5.0x 107 < 2(19)
Bulbocapnine 4.7 x 10~8 ~ 8(20)
Metoclopramide 1.5 x 10~6 >10 (23)
Sulpiride 2.9 x 10~8 >10 (23)

3 Reference numbers are listed in parentheses.
bpose to produce 3-4X shift in DA dose-response curves,
€(minimal dose attenuating vasodilating responses of bradykinin or isoproterenol),

minimal dose attenuating vasodilating responses of DA

pointed out that metoclopramide enhances responses to various agonists such as
acetylcholine, substance P, histamine, and barium chloride, and seems to enhance
acetylcholine release. The authors expressed doubt that blockade of DA receptors
was involved in the effects of metoclopramide on the gastrointestinal tract, but in
neither paper were the effects of DA examined. Despite some apparent controversy
with respect to the effects of metoclopramide, the available evidence indicates that
there are specific DA inhibitory receptors in the gut and that activation of these
receptors decreases intestinal motility; blockade by metoclopramide stimulates gas-
tric emptying and intestinal motility in man (31-33) and in the rat (34). The putative
gut DA receptor is similar to the vascular DA receptor in terms of an equal response
to DA and epinine and antagonism by haloperidol, bulbocapnine, and metoclopra-
mide. Antagonism of the gut receptor by pimozide is a possible discrepancy. A
detailed structure-activity study of DA agonists on the gut has not been reported.

An early report of the effects of sympathomimetic amines on canine pancreatic
secretion (35) showed that DA and epinine, as well as metatyramine stimulated
pancreatic secretion. Hashimoto et al (36) reported that /-dopa or DA, injected
intraarterially, increased secretion from the isolated, blood-perfused, canine pan-
creas, an effect not blocked by atropine, phentolamine, propranolol, guanethidine,
or tetrodotoxin. Isoproterenol and norepinephrine did not increase pancreatic secre-
tion. The secretory response to DA was attenuated by haloperidol in dogs pretreated
with phentolamine and propranolol (37). Apomorphine apparently acted as a partial
DA agonist in this system (38). A recent report by Bastie et al (39) confirmed the
above results. Thus, there is some support for stimulatory DA receptors on pan-
creatic exocrine cells, in terms of equal responsiveness to DA and epinine, the partial
agonist character of apomorphine, and block by haloperidol. Apparently, further
work needs to be done before this DA receptor may be compared to the receptors



Annu. Rev. Pharmacol. Toxicol. 1978.18:57-79. Downloaded from www.annualreviews.org

by Central College on 12/14/11. For personal use only.

64 GOLDBERG, VOLKMAN & KOHLI

in other systems. The possibility of a specific DA receptor influencing guinea pig
submandibular gland amylase secretion has been proposed on the basis of the
secretory response to DA, but not to norepinephrine and its inhibition by apomor-
phine, haloperidol, pimozide, and fluspirilene (40). The presence of such a receptor
would be consistent with a DA receptor stimulating pancreatic amylase secretion,
but again, the characterization of this receptor is, as yet, fragmentary.

In summary, there are indications for the presence of specific, apparently post-
synaptic, receptors for DA in the esophagus, stomach, and small intestine, as well
as the pancreas and submandibular glands. To the limited extent that structure-
activity studies have been done, these DA receptors appear similar to the renal
vascular DA receptors, in responsiveness to DA, epinine, apomorphine, haloperidol,
bulbocapnine, and metoclopramide. These tissues may represent useful systems on
which to study potential new DA agonists or antagonists.

PERIPHERAL NERVOUS SYSTEM DA RECEPTORS

Postganglionic Sympathetic Nerve

Norepinephrine and other a-adrenergic agonists have been shown repeatedly to
inhibit release of tritiated norepinephrine from postganglionic sympathetic nerve
preparations made from a variety of organs in different species, leading to the view
that perineuronal norepinephrine (exogenous or released from the neurons) acts on
the presynaptic inhibitory a-adrenergic receptor to inhibit the release of norepi-
nephrine following nerve stimulation (41-44). Comparisons of the relative activities
of a-receptor agonists demonstrated differences in activity at the presynaptic versus
postsynaptic sites (45—47). Based on these observations, Langer (46) proposed that
a-receptors at the two sites may be different and may be subclassified as a; at the
postsynaptic and a, at the presynaptic sites. Other investigators provided support
for this hypothesis (48-53).

Using similar techniques, Langer and his colleagues postulated (46, 47) that the
postganglionic sympathetic nerve also contained DA receptors. First, DA and
norepinephrine were found to be equipotent at presynaptic sites, whereas, DA is one
fiftieth to one one-hundredth as potent as norepinephrine at postsynaptic sites.
Second, apomorphine was at least as potent as DA at the presynaptic sites. Third,
phentolamine antagonized the presynaptic effects of norepinephrine in concentra-
tions that did not affect DA and apomorphine; in contrast, chlorpromazine and
pimozide antagonized DA and apomorphine in concentrations that did not affect
norepinephrine (54).

There is, however, considerable controversy concerning the existence of separate
DA and a-presynaptic receptors and concerning the possible physiological role of
DA at this site. In support of their concept, Enero & Langer (54) reported that
chlorpromazine and pimozide, unlike phentolamine and POB, did not increase
transmitter release and on this basis concluded that DA presynaptic receptor had
a different location and function than the presynaptic a-receptor. However, results
in other species are not consistent with such an assumption (55-57).
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Of importance to the present review, the equivalent potency of apomorphine and
DA in many of the above studies suggests that the vascular DA receptor and the
presynaptic receptor are different. Furthermore, Long and his colleagues demon-
strated that DA analogues, inactive as vascular DA receptor agonists, acted at the
presynaptic nerve to inhibit the effect of nerve stimulation on several effector organs
(58-61). Ilhan et al reported that N,N-dimethyl DA (60), apomorphine, and 5,6-
dihydroxy-2-dimethylaminotetralin (59, 61) were similar to DA in inhibiting the
increase in heart rate resulting from stimulation of the postganglionic cardioacceler-
ator nerve in the cat. Comparison of the effects of a-adrenergic antagonists (phen-
tolamine and POB) and DA antagonists (bulbocapnine, pimozide, and chlorpro-
mazine) suggested to these authors that the analogues were acting on a specific DA
presynaptic receptor (58-62). More recently, however, Kitzen et al (63) were unable
to confirm this hypothesis in similar experiments utilizing N,N-dimethyl DA in the
dog and concluded that N,N-dimethyl DA may inhibit the sympathetic postgang-
lionic nerve by acting on either a- or DA-presynaptic receptors.

Sympathetic Ganglia

DA, epinephrine, and norepinephrine inhibit transmission in the sympathetic
ganglia (64, 65). Two mechanisms may be involved. First, presynaptic stimulation
may release a catecholamine (DA or NE, depending on the species) (66-67a) from
the small intensely fluorescent (SIF) cells, mediating the slow inhibitory postsynap-
tic potential (S-IPSP) (68, 68a). Second, the catecholamine may block the presynap-
tic release of acetylcholine, thus effectively blocking ganglionic transmission (68b).
However, neither the catecholamine involved endogenously nor the type of receptor
subserving this function in the ganglia has been clearly identified.

Although the release of DA or its metabolites was not demonstrated, Libet (68,
68c) and Libet & Tosaka (69) concluded in electrophysiological studies that DA was
involved in the mediation of the slow inhibitory postsynaptic potential (S-IPSP) and
was by far the most, if not the only, effective catecholamine involved in facilitation
of the slow excitatory postsynaptic (S-EPSP). Based on the relative activities of DA,
norepinephrine, epinephrine, bulbocapnine, and phenoxybenzamine, the authors
suggested that in the rabbit superior cervical ganglion (SCG) “the a-type adrenergic
receptor for the facilitatory effect (on S-EPSP) is apparently more specialized for
DA and is presumably different from the receptors that mediate the S-IPSP.”
Measuring adenosine 3',5'-monophosphate (cAMP) levels in response to exogenous
catecholamines, Kababian & Greengard found DA to be equipotent to or more
potent than norepinephrine in activating adenylate cyclase in the bovine SCG (70),
providing support for a DA receptor in the rabbit SCG (71). However, their findings
with antagonists were not consistent with this hypothesis. Haloperidol and chlor-
promazine were weaker antagonists than phentolamine and POB (72). Furthermore,
Greengard & Kababian (72a) suggested that the S-IPSP is actually generated by an
effect of DA on cAMP and resultant effect on the membrane protein kinase; this
view has been challenged recently (72b).

In view of the indirect evidence advanced in support of DA as the transmitter in
the rabbit SCG in the above investigations, it is important to note that Noon et al
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(73) failed to detect the release of DA or its metabolites from the rabbit SCG
following stimulation of the cervical sympathetic nerve.
Another independent line of investigation that lent support to the hypothesis of

DA receptors in the sympathetic ganglia came from experiments directed toward

explaining DA-induced neurogenic vasodilation in the isolated canine hind limb
(14). Bogaert & De Schaepdryver (74) suggested that inhibition of ganglionic trans-
mission by DA may be the basis of the DA-induced femoral vasodilation. This was
confirmed by Willems (75) by recording the postganglionic activity in response to
preganglionic stimulation of the lumbar sympathetic trunk of the dog before and
after intraaortic administration of DA and DA agonists and antagonists. It was
found that DA, norepinephrine, epinine, and apomorphine were equipotent in this
preparation. Moreover, it was noted that phentolamine preferentially blocked the
effects of norepinephrine while haloperidol, pimozide, and chlorpromazine were
more effective against DA than against norepinephrine. These results have since
been confirmed by measurements of perfusion pressure changes in isolated vascular
beds (76) and, thus, provide evidence that there are specific DA receptors in the dog
sympathetic ganglia.

To summarize this section on sympathetic ganglia, the available evidence sup-
ports the presence of specific DA receptors. However, in view of the observation that
apomorphine is equipotent to DA and that DA effects are antagonized by pimozide
suggest that the receptor in ganglia may be different from the renal vascular DA
receptor. Additional studies with agonists and antagonists would provide further
clarification.

CENTRAL NERVOUS SYSTEM DA RECEPTORS
DA-Sensitive Adenylate Cyclase

Stimulation of cAMP production in response to DA and putative DA agonists, and
the blockade of this response in brain homogenates is widely used as a model system
for testing agonist and antagonist interactions with DA receptor sites (3,77). Most
structure-activity investigations have utilized homogenates of rat basal ganglia.
Kebabian, Petzold & Greengard (78) reported that DA and apomorphine stimu-
lated cAMP formation in these homogenates and that the stimulation was blocked
by haloperidol and chlorpromazine, as well as by high doses of phentolamine.
Several lines of evidence indicated that the striatal DA sensitive adenylate cyclase
is in a postsynaptic location. First, the cyclase is apparently enriched in subcellular
fractions containing synaptic membranes, an appropriate location for the postulated
synaptic function (79). Second, the response to DA is maintained after administra-
tion of 6-hydroxydopamine or surgical lesion of the substantia nigra (80). Denerva-
tion supersensitivity in terms of increased response to DA was observed by Mishra
et al (81), but not by Von Voigtlander et al (80). Intrastriatal injection of kainic acid,
which destroys striatal neurons while leaving intact dopaminergic terminals (81a,
81b), destroys the DA-sensitive adenylate cyclase (81c).

There are marked similarities in the potencies of DA agonists to increase adeny-
late cyclase activity and to produce renal vasodilation. DA, epinine, and A-6,7-DTN
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are approximately equipotent in these two systems. In both systems the catechol
group and a 2-carbon side chain in an extended position are required for activation.
Increase in nitrogen substitution and a- or 8-carbon substitution decreases activity.
The semi-rigid analogue of the B-rotameric conformation of DA, A-6,7-DTN, was
active in both systems, whereas, the analogue of the a-rotameric form, A-5,6-DTN,
was essentially inactive (13, 82, 82a). The requirements for stimulation of the renal
vascular DA receptor seem to be more specific, in that N,N-dimethyl DA, N,N,N-
trimethyl DA, /-norepinephrine, a-methyl DA, 6,7-dihydroxytetrahydroisoquino-
line, and S-584 [/-(3,4-dihydroxybenzyl)-4-(2-pyrimidinyl) piperizine] all produce
increases in striatal adenylate cyclase activity, but they are inactive in the renal
artery. Many of the compounds that stimulate striatal cyclase activity but not renal
vasodilation have significant a-adrenergic activity (83, 84). As mentioned, norepi-
nephrine produces some stimulation of the striatal adenylate cyclase, and phentola-
mine attenuates this response, as well as the response to DA. It is thus possible that
discrepancies noted may be related to action on a-adrenergic receptors. This diffi-
culty is virtually eliminated in the DA vascular receptor model by the administra-
tion of a large dose of POB, but as noted, this could not be done with striatal cyclase
because of effects on the DA response. Interestingly, it has been found (85) that
A-6,7-DTN has greater a-adrenergic potency than A-5,6-DTN, suggesting that a
similar conformation of the DA molecule is required for stimulation of both DA
and a-receptors. This factor further underscores the importance of eliminating
a-adrenergic influences in studies of the potency of DA agonists and antagonists.

Discrepancies have also been noted in relative antagonist potencies in the two
systems. Haloperidol and several phenothiazines are active antagonists of both
systems, but the order of potency is considerably different. The fluorinated pheno-
thiazines, fluphenazine and trifluoperazine, are more active than haloperidol in
inhibiting the effects of DA on striatal adenylate cyclase (86), but these agents are
only 50% as active as haloperidol in antagonizing renal vasodilation (19). A more
striking difference involves the effects of metoclopramide and sulpiride, which are
active as antagonists of DA-induced renal vasodilation, but do not inhibit DA-
induced stimulation of striatal adenylate cyclase (87-89). Also, as mentioned, pimo-
zide blocks the DA-induced stimulation of striatal cyclase, but is apparently inactive
as an antagonist of DA-induced vasodilation (21, 24).

In summary, striatal DA-sensitive adenylate cyclase and the renal vascular bed
exhibit considerable similarity in their response to agonists and antagonists. The
discrepancies between the two systems may involve the inherent difficulties in ob-
taining a relatively pure receptor preparation from brain homogenates. When allow-
ances are made for possible interference of the effects of a-adrenergic receptors, the
responses of the striatal cyclase to DA agonists appear quite similar to those of the
renal artery. However, the complete inactivity of sulpiride and metoclopramide in
the striatum, in contrast to their ability to antagonize DA-induced renal vasodila-
tion, indicates that there may be fundamental differences in these receptors. Addi-
tional studies comparing the effects of DA agonists and antagonists on adenylate
cyclase homogenates prepared from brain and renal arteries could be helpful in
resolving this problem (90).
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Receptor Binding Assays

In the past few years numerous reporss have appeared in which the displacement
of tritiated DA and tritiated apomorphine from striatal homogenates has been
correlated with agonist potency on the central nervous system DA receptors (91—
93). In comparing the results obtained with the receptor binding assays to those
obtained with agonists in the renal artery system, the major points of similarity
involve the equipotency of DA, epinine, and A-6,7-DTN. The discrepancies, how-
ever, are quite marked. Apomorphine appears to be somewhat more potent than DA
in the displacement of tritiated DA, but in the production of renal vasodilation
apomorphine is a partial agonist. Apomorphine is several times more potent in its
ability to displace tritiated DA than 6-n-propyl norapomorphine, which is more
potent than apomorphine in producing renal vasodilation. Several other compounds
can displace tritiated DA, but are inactive in the renal artery, including N,N-
dimethyl DA, N-ethyl DA, N-methyl-A-5,6-DTN, N,N-dimethyl-A-5,6-DTN, and
N,N-dimethyl-A-6,7-DTN (94). Interestingly, most of the above compounds are
potent agonists at peripheral presynaptic sites (see section on postganglionic sympa-
thetic nerve), and it is possible that they are binding at presynaptic sites in the
central nervous system.

The ability of neuroleptic agents to displace tritiated haloperidol from striatal
homogenates has been reported to correlate with clinical antipsychotic potency and,
presumably, with potency in blocking central nervous system DA receptors (95),
although this assertion has been challenged (96, 97). The greater potency of agonists
to displace tritiated DA than tritiated haloperidol and the greater potency of neuro-
leptics to displace tritiated haloperidol than tritiated DA was considered to involve
the interconversion of the DA receptor between agonist and antagonist states (92).
However, Seeman et al (93) have detected no difference between the DA and
haloperidol binding sites. In comparing the ability of neuroleptics to displace tri-
tiated haloperidol with their ability to block DA-induced renal vasodilation, pimo-
zide is again seen to be a major discrepancy, being quite potent in the binding assay,
but apparently inactive in the renal artery. Fluphenazine is somewhat more potent
than haloperidol in the binding assay, but about 50% as potent as haloperidol in
the renal artery as is chlorpromazine. The latter drug, however, is about sevenfold
weaker than haloperidol in the displacement of tritiated haloperidol (94).

In summary, the results obtained with the various receptor binding assays do not
correlate well with the characteristics of the vascular DA receptor with respect to
either agonist or antagonist potency. There has, however, been serious question
concerning the identity of binding sites with the pharmacological receptors, as
summarized by Rocha e Silva (98): “In the absence of information that a labelled
agonist or antagonist has produced or blocked a biological effect, there is no guaran-
tee that the observed site of fixation actually is the specific receptor.” With regard
to the DA receptor, it has been pointed out (99) that the DA agonist A-6,7-DTN
would be expected to bind to catechol-o-methyltransferase, which can exist in a
membrane-bound form (100), and possibly also to combine with synaptosomal
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transport sites for DA (101). The relatively nonspecific binding of various physiolog-
ically inactive catechols to COMT could explain the above-noted discrepancies in
agonist potency.

Behavioral Responses As Central Nervous System DA-Receptor Models

Various behavioral parameters have been monitored in laboratory animals as indica-
tions of the stimulation of central nervous system DA receptors, including apo-
morphine or amphetamine-induced hyperactivity, apomorphine or amphetamine-
induced stereotyped behavior, or asymmetric rotatory behavior after unilateral
lesions of the substantia nigra (77, 102). Very few systematic structure-activity
relationship studies have been performed with any of these behavioral models, but
a few points of comparison with the vascular DA receptor may be made. A-6,7-
DTN stimulated locomotor activity upon intraventricular injection in conscious rats
(103) and produced contralateral turning in unilaterally nigral lesioned rats (104),
effects similar to DA and apomorphine. 6-Propylnorapomorphine is a more potent
vasodilator than apomorphine (12) and is more effective than apomorphine in
eliciting stereotyped behavior in rats (105, 106), although the two derivatives are
apparently equipotent in ability to stimulate locomotor activity (107).

In a study of the ability of various phenylethylamines to produce asymmetric
body posturing and hyperactivity or stereotyped behavior (108), it was found that
DA and epinine were active while any of the following alterations in the molecule
markedly reduced or abolished activity: alteration of length of the ethylamine side
chain, a-methylation (a-methyl DA), B-hydroxylation (norepinephrine), either 3-
or 4-hydroxylation instead of the catechol moiety (tyramine or metatyramine).
Apomorphine was active but isoapomorphine was found inactive. These results are
consistent with the requirements for the production of renal vasodilation by
phenylethylamines (15). However, many compounds inactive in the production of
renal vasodilation have been found active in various behavioral models including
various 2-amino-5,6-dihydroxytetralins (109, 110, 110a); piribedil and S-584 (111);
lergotrile, bromocryptine, ergometrine, and LSD (111); and d-amphetamine. 3,4-
Dihydroxyphenylamino-2-imidazoline (DPI), a compound reported to specifically
activate inhibitory DA receptors (112), is inactive in the renal artery (H. Struyker
Boudier, personal communication).

The agonist potency of many of the above compounds could be explained if the
relevant DA receptors within the caudate and mesolimbic system were of distinct
types (113) with characteristics different from the vascular DA receptor. However,
these compounds could affect noradrenergic, serotonergic, or cholinergic neurons
or receptors to produce behaviors indistinguishable from “classic” DA responses.
For example, unilateral lesions of the locus coeruleus decreased cortical norepineph-
rine levels with minimal effects on striatal DA; these rats showed contralateral
rotation after injection of apomorphine, a phenomenon thought to be a manifesta-
tion of supersensitive DA receptors (114). The central a-adrenergic agonist cloni-
dine potentiated the locomotor and contralateral turning behaviors induced by
apomorphine (115). Furthermore, effects on serotonin neurons influence DA func-



Annu. Rev. Pharmacol. Toxicol. 1978.18:57-79. Downloaded from www.annualreviews.org

by Central College on 12/14/11. For personal use only.

70 GOLDBERG, VOLKMAN & KOHLI

tion (115-118), and it is well known that the functional state of the striatum depends
on the balance of cholinergic and DA influences (102, 119-124). Thus, the use of
the various behavioral models may provide useful insights into the central effects
of known DA agonists, but use of these methods does not appear to be a reliable
way to define agonist potencies at specific receptors.

Emesis and DA Receptors

The induction of emesis by /-dopa and apomorphine and its inhibition by DA
antagonists have suggested to many investigators that a specific DA receptor me-
diating emesis is located in the chemoreceptor trigger zone of the medulla (125).

Cannon and colleagues carried out a systematic study to determine the emetic
pharmacophore of apomorphine and reported that N,N-dimethyl derivative of A-
5,6-DTN (Figure 2) was an extremely potent emetic drug (126). Cannon (127)
proposed that “the biologically significant rotamer of the DA molecule for central
emetic effects . . . is represented by structure a, rather than the other possibility,
structure 8” (Figure 2). As discussed previously, this conformation is diametrically
opposed to the structure-activity relationship required for activation of the vascular
DA receptor. Furthermore, the N,N-dimethyl derivatives of either conformation
are totally inactive in the renal system while the N,N-dimethyl A-5,6-DTN is the
most potent emetic reported by Cannon et al (126). Accordingly, emesis by these
compounds is either related to a different DA receptor (perhaps a type of apomor-
phine receptor) or to some other mechanism.

DA RECEPTORS INVOLVED IN PROLACTIN RELEASE

The release of prolactin from the anterior pituitary is considered to be regulated by
an inhibitory DA receptor (128-130). Since the anterior pituitary is not protected
by the blood-brain barrier, and since effects of DA are demonstrable on anterior
pituitary explants, this receptor appears to be a peripheral, postsynaptic receptor.
This section compares the characteristics of the anterior pituitary DA receptor with
the vascular DA receptor.

Considering first the potency of DA agonists, DA has been found to inhibit
prolactin release in vitro in concentrations of 10-°M (131). Norepinephrine and
epinephrine were also found to be active, at somewhat higher concentrations, and
the effects of all three catecholamines on prolactin release could be blocked by the
combination of phentolamine and propranolol (130). The above findings differ from
the renal artery, in which norepinephrine and epinephrine are inactive, and the
effects of DA are unaffected by combined a- and B-adrenergic blockade. Apomor-
phine is approximately equipotent to DA in prolactin release inhibition (132),
although much weaker than DA at vascular receptors (15, 12). A-6,7-DTN is active
in the renal vascular bed and is a potent inhibitor of prolactin release (132a). In
contrast, A-5,6-DTN, N,N-dimethyl-A-5,6-DTN, and N,N-dimethyl-A-5,8-DTN
are inactive as DA vascular agonists (133), but are active in inhibiting prolactin
release (134). Piribedil (135) and various ergot derivatives such as lergotrile (136)
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and bromocryptine (137) inhibit prolactin release by apparently direct actions on
the pituitary, but these compounds are inactive in the renal artery (133).

With respect to antagonists in the two systems, haloperidol, chlorpromazine,
fluphenazine, metoclopramide (138, 139), and sulpiride (140, 141) raise prolactin
levels, presumably by blocking the effects of DA, and block DA-induced renal
vasodilation. However, the order of potency of the antagonists in the two systems
does not correspond (96).

In summary, there appears to be a DA receptor in the anterior pituitary which
regulates prolactin release, in terms of responses to DA, A-6,7-DTN, and apomor-
phine, and blockade of these responses by neuroleptic drugs. However, the anterior
pituitary receptor is much less specific than the vascular DA receptor in structural
requirements for agonist activity. As mentioned, the influence of a-adrenergic
receptors cannot be eliminated without appreciably blocking responses to DA, a
factor that complicates interpretation of the agonist experiments. Furthermore,
serotonin stimulates prolactin release, and serotonin antagonists decrease prolactin
release (128, 129). Thus, serotonin antagonists act like DA agonists in this system.
It, therefore, seems likely that difficulty in obtaining a pharmacologically pure
receptor preparation has contributed to the lack of specificity of the prolactin
response.

CONCLUSIONS

Characterization of receptors by classical physiological techniques requires demon-
stration of certain criteria established by many years of research (142). In brief, the
responses observed must not be influenced by opposite or identical responses due
to action on other receptors or by neurogenic, hormonal, or other extraneous
influences. Specific antagonism must be demonstrated, and the order of potency of
a series of agonists and antagonists must be the same in all tissues or organs
considered to have the same receptor. For precise quantitation, the responses being
measured must reach a steady state and the concentration of the agent at the active
site must be in equilibrium with the bathing medium. It is clear that all these
conditions have not been fulfilled in studies of the DA receptor, primarily because
they require a suitable isolated organ system. Canine renal, coronary, mesenteric,
and cerebral arteries (143, 144); aortic strips from young rats (145); and strips
containing gastrointestinal smooth muscle (25) respond to DA agonists, but quanti-
tative studies with specific antagonists have not yet been accomplished.

Although precise quantitation of agonist and antagonist ratios can only be ob-
tained in vitro, in vivo experiments can provide valid evidence for differentiation of
receptors. This conclusion is especially true for intraarterial injections since, as
stated by Furchgott (142), “Ifinjections are made into the arteries directly supplying
blood to a responding tissue, control of the doses of agonists reaching the tissues
can be fairly accurate.” On this basis, we have restricted our studies to rapid
intraarterial injections of agonists dissolved in small volumes, even though this mode
of administration precludes investigation of poorly soluble drugs.
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Through use of renal artery vasodilation following intraarterial injections of DA
and a series of agonists, the following criteria have been met: (a) opposing vasocon-
stricting actions of DA and most DA agonists can be blocked by POB; (&) specific
antagonism can be demonstrated with a dose of antagonist that does not affect other
vasodilators; (¢) B-adrenergic, cholinergic, histaminergic, serotonergic, and neuro-
genic influences can be eliminated; (d) the same order of potency of agonists and
antagonists has been demonstrated in both the renal and mesenteric vascular beds.

If structural requirements for action on the vascular DA receptor are accepted
as valid, an explanation must be found for the marked qualitative and quantitative
discrepancies found when comparing results obtained with the canine renal artery
to other organs and tissues. One possibility is that different DA receptors with
distinct characteristics exist, as recently demonstrated with S-adrenergic and hista-
mine receptors. However, the chemical heterogeneity of agonists reported to be
active and the quality of evidence presented in many of the studies reviewed makes
it equally possible that many responses described were due to mechanisms other
than action on DA receptors. Certainly, similarity of a response to that produced
by DA or apomorphine and antagonism of this response by “specific”’ antagonists
does not prove the existence of a DA receptor since DA, apomorphine, and the
antagonists exert many other actions.

This review delineates the many problems involved in attributing diverse physio-
logical, biochemical, and behavioral responses to actions on DA receptors. Despite
these difficulties, additional studies using more rigid pharmacological criteria to
compare the same agonists and antagonists in the various preparations could be of
great importance. More precise characterization of DA receptors would not only
help determine the role of DA in a variety of pathological processes, but could also
lead to the development of more specific drugs.
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