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SUMMARY

The R(-) and the S(+) enantiomers of apomorphine (APO) and N-n-propyl norapomor-
phine (NPA) interact with both the D-1 and the D-2 dopamine receptors. R(—)-APO, as
well as R(-)- and S(+)-NPA, stimulates the D-1 dopamine receptor in carp retina; S(+)-
APO blocks this dopamine receptor. Similarly, R(—)-APO, as well as R(—)- and S(+)-
NPA, stimulates the D-2 dopamine receptor in the intermediate lobe of the rat pituitary
gland; S(+)-APO blocks the intermediate lobe D-2 receptor. The interactions between
these aporphine enantiomers and the D-1 and the D-2 dopamine receptors exemplify
several manifestations of the previously described “n-propyl phenomenon.” Because
S(+)-APO is distinguished from the other tested aporphines by its ability to antagonize
either the D-1 or the D-2 dopamine receptors, it is hypothesized that the presence of an
N-methylated tertiary amine in a molecule of appropriate configuration can confer

dopamine receptor antagonist activity to the molecule.

INTRODUCTION

Both the D-1 and D-2 dopamine receptors possess the
property of stereoselectivity (1-4). The synthesis of the
R(-) and S(+) enantiomers of the aporphines APO? and
NPA has provided stereoselective probes for either cat-
egory of dopamine receptor (5, 6) (Fig. 1). However, a
systematic investigation of the pharmacological effects
of these aporphines upon the D-1 and the D-2 dopamine
receptors has not been reported prevously. Such a sys-
tematic investigation seemed worthwhile, since these
aporphine enantiomers display a range of pharmacolog-
ical activities. Both R(—)-APO and R(—)-NPA are ago-
nists in behavioral and biochemical tests (5, 7, 8). S(+)-
NPA is, at best, a weak dopamine receptor agonist in-
behavioral assays but is a partial agonist in a biochemical
assay for D-1 agonist activity; S(+)-NPA is also active
in dopamine receptor binding assays (6). In contrast,
some (but not all) investigators report S(+)-APO to be
a dopamine receptor antagonist in behavioral and bio-
chemical assays (5, 7, 8).

The present study determines the ability of the S(+)

! Recipient of National Research Service Award 5F32MH08724 from
the National Institute of Mental Health.

2 The abbreviations used are: APO, apomorphine; NPA, N-n-propyl
norapomorphine; aMSH, a-melanocyte-stimulating hormone; IR-
aMSH, immunoreactive «MSH-like peptides; LY 171555, trans-(—)-
4aR-4-44,5,6,7,8,8a,9-octahydro-5-propyl-1H (or 2H)-pyrazolo[3,4-g]-
quinolone; YM-09151-2, cis-N-(1-benzyl-2-methylpyrrolidin-3-yl)-5-
chloro-2-methoxy-4-methylaminobenzamide.
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and R(—) enantiomers of APO and NPA to stimulate or
to block the D-1 and the D-2 dopamine receptors. The
dopamine-sensitive adenylate cyclase activity of teleost
retina is used as a biochemical model of the D-1 receptor
(9, 10). If an aporphine enantiomer mimics the ability of
dopamine to stimulate enzyme activity, then it is desig-
nated a D-1 agonist. Conversely, if a compound antago-
nizes the stimulatory effect of dopamine, then it is des-
ignated a D-1 antagonist. The dopaminergic inhibition
of the release of IR-aMSH from the melanotroph of the
intermediate lobe of the rat pituitary gland is used as a
physological model of the D-2 dopamine receptor (11,
12). The release of IR-aMSH is enhanced with (—)-
isoproterenol, a beta-adrenergic agonist. If an aporphine
mimics the ability of LY 171555, the active isomer of the
selective D-2 agonist LY 141865 (3), to attenuate the
isoproterenol-enhanced release of IR-aMSH, then the
compound is a D-2 agonist (11). Conversely, if the com-
pound abolishes the inhibitory effect of LY 171555, then
it is a D-2 antagonist.

EXPERIMENTAL PROCEDURES

Materials. Drugs were obtained from the following sources: R(—)-
APO, S(+)-APO, R(—)-NPA, S(+)-NPA, and S(+)-bulbocapnine, Re-
search Biochemicals, Inc. (Wayland, Mass.); LY-171555, Eli Lily Lab-
oratories (Indianapolis, Ind.); dopamine and (—)-isoproterenol, Sigma
Chemical Company (St. Louis, Mo.); and YM-09151-2, Yamanouchi
Pharamceutical Company (Tokyo, Japan). Carp (Carrasius auratus, 3
inches in length) were purchased from Three Springs Fishery (Lilypons,
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F1G. 1. Structure of S(+)-bulbocapnine, lergotrile, lisuride, and the
enantiomers of APO and NPA

Md.). Male Sprague-Dawley rats (weighing between 300 and 350 g)
were obtained from Taconic Farms (Germantown, N. Y.).

Data provided by Research Biochemicals Inc. state that the enan-
tiomeric purity of R(—)- and S(+)-NPA was greater than 99.9%; the
material used in the present study was the same as that used to generate
the data presented in figure 1 of Neumeyer et al. (6). Data provided by
Research Biochemicals Inc. states that the enantiomeric purity of R(—)-
and S(+)-APO was greater than 98%.

Carp retinal adenylate cyclase activity. Adenylate cyclase activity was
determined in a cell-free homogenate of carp retina using procedures
previously described (9, 10).

Release of IR-aMSH from dispersed rat intermediate lobe cells. Dis-
persed intermediate lobe cells were isolated from rat neurointermediate
lobes using the method of Goldman et al (12) with the following
modifications. Neurointermediate lobes were digested for two succes-
sive 45-min periods in 10 ml of 0.35% collagenase, 0.1% hyaluronidase,
and 3% bovine serum albumin in 4-(2-hydroxyethyl)-1-piperazineeth-
anesulfonic acid buffer at 37°. The resulting intermediate lobe tissue
was then dissociated into single cells in 10 ml of 0.125% pancreatin in
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer for 15 min
at 37°. Following the hyaluronidase incubation, the cells were washed
twice with Eagle’s minimal essential medium with Earle’s salts supple-

/L.

ya
V7 T 77T T
A. B

a0 + ‘<%
ET )N )\‘ BT
g€ ‘A\ \ 2E
Q= A e
wl \ w !
ng \ ng
38 \ <8
5 ENr T \ s 5 €
wa wa
it v | &8
> © ) >.$
ZzZo \* 2>
4] 4]
<s b <8

vy
07 105 K R T = —

R(-)APO (M) S(+)APO (M)

F1G. 2. D-1 receptor: stimulation by R(—)-APO and blockade by S(+)-
APO

A. Using a cell-free homogenate of carp retina, adenylate cyclase
activity was determined in the absence of added drugs (V) or in the
presence of either the indicated concentrations of R(—)-APO
(A——A) or a combination of 10 uM dopamine and the indicated
concentrations of R(—)-APO (A- - -A).

B. In a separate experiment, adenylate cyclase activity in a cell-free
homogenate of carp retina was determined in the absence of added
drugs (V) or in the presence of either the indicated concentrations of
S(+)-APO alone (A——A) or a combination of 10 uM dopamine and
the indicated concentrations of S(+)-APO (A- - -A).

Data represent means + standard error of four replicate samples.

mented with 0.25% bovine serum albumin and placed in an incubator
(37°, 95% air/5% carbon dioxide) for 2 hr.

All experimental incubations were carried out in a final volume of
1.0 ml Eagle’s minimal essential medium with Earle’s salts supple-
mented with 0.25% bovine serum albumin. Drugs were added in a
volume of 10 ul immediately before the cells were added to the incu-
bation tubes. The experimental incubations were terminated by cen-
trifugation in a Microfuge (Beckman Instruments, Palo Alto, Calif.).
IR-aMSH was quantified using a COOH-terminally directed anti-
aMSH antibody (a-1, final dilution 1:75,000) which cross-reacted on
an equimolar basis with desacetyl «sMSH, aMSH, and N,O-diacetyl
aMSH.?

RESULTS

Interactions between aporphines and the D-1 receptor
in carp retina. R(—)-APO stimulated the D-1 receptor.
R(—)-APO mimicked the ability of dopamine to enhance
adenylate cyclase activity in a cell-free homogenate of
carp retina (Fig. 2A). On a molar basis, R(—)-APO was
equipotent with dopamine; half-maximal activation of
adenylate cyclase activity was achieved with 2.3 uM
R(-)-APO and 2 uM dopamine (Fig. 3; Table 1). How-
ever, R(~)-APO was a partial agonist, eliciting only 55%
of the maximal response to dopamine (Fig. 3; Table 1).
R(-)-APO displayed minimal activity as a D-1 antago-
nist; at a concentration of 100 uM, R(—)-APO attenuated

3 M. Beaulieu, M. E. Goldman, K. Myazaki, E. A. Frey, R. L. Eskay,
J. W. Kebabian, and T. E. Cote, unpublished observations.
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F1G. 3. D-1 receptor: stimulation by R(—) enantiomers of APO or
NPA

Utilizing a cell-free homogenate of carp retina, adenylate cyclase
activity was determined in the absence of added drugs (V) or in the
presence of the indicated concentrations of dopamine (0——{J) R(-)-
NPA (0——O0) or R(-)-APO (A——A). Data represent means =+
standard error of four replicate samples obtained in a single experiment.

the response to 10 uM dopamine by less than 30% (Fig.
2A).

S(+4)-APO blocked the D-1 receptor. S(+)-APO atten-
uated, in a dose-dependent manner, the stimulatory ef-
fect of dopamine upon the carp retinal adenylate cyclase
activity (Fig. 2B). Assuming a kinetic competition be-
tween S(+)-APO and dopamine for the D-1 receptor, the
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F1G. 4. D-1 receptor: stimulation by either R(-)- or S(+)-NPA

A. In an experiment similar to those shown in Fig. 2, adenylate
cyclase activity in a cell-free homogenate of carp retina was determined
in the absence of added drugs (V) or in the presence of either the
indicated concentrations of R(—)-NPA (O——O) or a combination of
10 uM dopamine and the indicated concentrations of R(—)-NPA
(O---0).

B. In an experiment separate from that shown in A, adenylate
cyclase activity was determined in the absence of added drugs (V) or
in the presence of either the indicated concentrations of S(+)-NPA
(@——@) or a combination of 10 uM dopamine and the indicated
concentrations of S(+)-NPA (@- - -@). Enzyme activity in the pres-
ence of 100 uM dopamine.

Data represent means + standard error of four replicate samples
obtained in a single experiment.

0

affinity of S(+)-APO for this receptor was calculated to
be 11.0 uM (Table 1). S(+)-APO did not stimulate the
D-1 receptor (Fig. 2B, Table 1).

TABLE 1
Efficacy of aporphine enantiomers upon the D-1 and the D-2 receptors

Data for the D-1 receptor were obtained in experiments determining adenylate cyclase activity in cell-free homogenates of carp retina. For D-
1 agonists, the value in parentheses is the maximal response to the indicated agent expressed as a percentage of the maximal response to
dopamine (100 uM); affinity is the concentration of the indicated agent causing a half-maximal enhancement of enzyme activity. For S(+)-APO,
affinity is the inhibitory constant (K;) calculated from data obtained in experiments similar to that shown in Fig. 2B; the procedures used for
this calculation have been described previously (13, 14).

Data for the D-2 receptor were obtained in experiments determining the release of IR-aMSH from ezymatically dispersed intermediate lobe
cells. For the D-2 agonists, the value in parentheses is the maximal agonist-induced inhibition of (—)-isoproterenol-stimulated release of IR-
aMSH expressed as a percentage of the inhibition due to 1 uM LY 171555; affinity is the concentration of the indicated agent causing half-
maximal inhibition of (—)-isoproterenol-stimulated release of IR-aMSH. For S(+)-APO, affinity is the inhibition constant (K;) calculated from
experiments similar to that shown in Fig. 5B. The procedure used for this calculation has been described previously (13); in this calculation, the
affinity of LY 171555 for the D-2 dopamine receptor was 27 nM (Y. Itoh, M. E. Goldman, and J. W. Kebabian, unpublished data).

All values are means * standard error of data obtained in at least three separate experiments.

Compound D-1 receptor D-2 receptor
Action Affinity Action Affinity
uM nM
R(-)-APO Partial agonist (55%) 23+ 0.6 Agonist (100%) 14.0 £ 6.0
S(+)-APO Antagonist 128 £ 25 Antagonist 495 £+ 99
R(-)-NPA Agonist (100%) 50+ 1.7 Agonist (100%) 03+0.1
S(+)-NPA Partial agonist (34%) 6.7+ 2.0 Agonist (100%) 16.7 £ 6.7
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TABLE 2
D-2 agonist activity of aporphine enantiomers: antagonism by
YM-09151-2, a selective D-2 antagonist
Dispersed intermediate lobe cells (4.5 X 10*) were incubated in the
presence of (—)-isoproterenol (1 uM), R(=)-APO (100 nM), R(-)-NPA
(100 nM), S(+)-NPA (100 nM), and YM-09151-2 (100 nM) as indicated.
At the end of the experimental incubation, the amount of IR-«aMSH
released during the experimental incubation was determined by ra-
dioimmunoassay. Data represent means + standard error (n = 3) for
samples obtained in a single experiment.

Addition IR-aMSH released in the presence
of

No D-2 YM-09151-2
antagonist (100 nMm)

ng/4.5 X 10* cells/20 min
None 0.74 £ 0.11 0.83 + 0.11°¢
(—)-Isoproterenol 2.83 + 0.88° ND*
(=)-Isoproterenol + R(—)-APO 0.59 + 0.04° 2.76 + 0.22¢
(~)-Isoproterenol + R(—)-NPA 0.68 + 0.06° 2.75 + 0.20*
(=)-Isoproterenol + S(+)-NPA 0.89 + 0.07° 2.79 * 0.10¢

° No significant difference versus no D-2 antagonist.

b p < 0.001 versus no addition.

¢ND, Not determined in the present experiment; however, in two
separate experiments, YM-09151-2 (100 nM) did not affect the (—)-
isoproterenol-stimulated (1 uM) release of IR-aMSH.

¢p < 0.001 versus YM-09151-2 (100 nM).

Both enantiomers of NPA were D-1 agonists. R(—)-
NPA was equipotent with dopamine on the basis of either
maximal response or molar potency (Fig. 3; Table 1). In
contrast, S(+)-NPA produced only 34% of the maximal
response to dopamine (Fig. 4B; Table 1). Neither R(-)-
nor S(+)-NPA blocked the D-1 receptor (Fig. 4A and B).

Interactions between aporphines and the D-2 receptor
in rat intermediate lobe. In the present experiments, (—)-
isoproterenol (1 uM) increased the release of IR-aMSH
between 2.5- and 4.0-fold (Table 2; Figs. 5 and 6). This
effect of (—)-isoproterenol was attenuated by 0.3 uMm LY
171555 (Fig. 5, inset; Figs. 5 and 6); YM-09151-2, a
selective antagonist of the D-2 receptor, prevented this
effect of LY 171555 (F'ig. 5, inset) (3, 10, 15).

R(-)-APO stimulated the D-2 receptor. This com-
pound mimicked the ability of LY 171555 to attenuate
the (—)-isoproterenol-stimulated release of IR-«MSH
from dispersed rat intermediate lobe cells (Fig. 5A). Half-
maximal inhibition of the (—)-isoproterenol-stimulated
release of IR-aMSH was achieved with 14 nM R(-)-APO
(Table 1). This effect of R(—)-APO could be abolished
by YM-09151-2 (Table 2). R(—)-APO displayed no activ-
ity as an antagonist of the D-2 receptor; it did not reverse
the inhibitory activity of LY 171555 upon (—)-isoproter-
enol-stimulated release of IR-aMSH (Fig. 5A).

T7A T T 7A T
121, A-—H/-—A—HﬂB' 2.0
24F/T

g A

21 /

/ _

= £ £
o.g ‘3 4 A €
w ) 7]
ng , , / 58
5 ) 010" 10-"° 10°° 10°* W
a2 YM-091612 (M) / oo
o i £8
5 0.6 + J10 52
wo / g x
2 4{ i
L e A A — xS
E?c’ b’ - * ﬁ\\ﬁ /l g
< y S
< v :
A 1 1 /A 1 0
°"6"’%—9 10-7 10-5 0710-7 10-5

R(-)APO (M)

S(+)APO (M)

F1G. 5. D-2 receptor: stimulation by R(—)-APO and blockade by S(+)-APO

A. Dispersed intermediate lobe cells (4.5 X 10* cells/incubation tube) were incubated for 20 min in a volume of 1.0 ml in the absence of added
drugs (V) or in the presence of a combination of either (—)-isoproterenol (1 uM) and the indicated concentrations of R(—)-APO (A——A) or (—)-
isoproterenol (1 uM), LY 171555 (300 nM), and the indicated concentrations of R(=)-APO (A- - -A). The experimental incubation with drugs
was terminated by centrifugation, and the amount of IR-aMSH released by the cells into the incubation medium was determined by
radioimmunoassay. Inset. Dispersed intermediate lobe cells were incubated for 20 min in the absence of added drugs (V) or in the presence of

either (—)-isoproterenol (1 uM, A) or (—)-isoproterenol and LY 171555 (1

uM and 0.3 uM, respectively) and the indicated concentrations of YM-

09151-2 (O). Data represent means + standard error (n = 3) of observations in a single experiment; similar observations were made in three
additional experiments. Alone, YM-09151-2 does not diminish the (—)-isoproterenol-stimulated release of IR-aMSH (data not shown).

B. In an experiment similar to that shown in A, dispersed intemediate lobe cells were incubated in the absence of added drugs (V) or in the
presence of a combination of either (—)-isoproterenol (1 uM) and the indicated concentrations of S(+)-APO (A——A) or (—)-isoproterenol (1
uM), LY 171565 (300 nM), and the indicated concentrations of S(+)-APO (A— — —A).

Data in each panel represent means + standard error of data obtained from three replicate samples. Each panel represents a separate

experiment.
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F1G. 6. D-2 receptor: stimulation by R(=)- or S(+)-NPA
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A. In an experiment similar to those shown in Fig. 5, dispersed intermediate lobe cells were incubated in the absence of added drugs (V) or in
the presence of a combination of either (~)-isoproterenol (1 uM) and the indicated concentrations of R(~)-NPA (O——O) or (—)-isoproterenol
(1 uM), LY 171555 (300 nM), and the indicated concentrations of R(=)-NPA (O- - -O). Data represent means + standard error (n = 3) of the

amount of IR-aMSH released during the experimental incubations.

B. In a separate experiment, dispersed intermediate lobe cells were incubated in the absence of added drugs (V) or in the presence of a
combination of either (—)-isoproterenol (1 uM) and the indicated concentrations of S(+)-NPA (@——@) or (—)-isoproterenol (1 uM), LY 171555
(300 nM), and the indicated concentrations of S(+)-NPA (@- — -@). Data represent means + standard error (n = 3) of the amount of IR-aMSH

released during the experimental incubations.

S(+)-APO blocked the D-2 receptor. S(+)-APO antag-
onized the inhibitory effect of LY 171555 on the (=)-
isoproterenol-stimulated release of IR-aMSH (Fig. 5B).
Assuming a kinetic competition between S(+)-APO and
LY 171566 for the D-2 dopamine receptor, the affinity
of S(+)-APO for the D-2 dopamine receptor was calcu-
lated to be 495 nM (Table 1). S(+)-APO did not stimulate
the D-2 receptor; this aporphine did not mimic the
inhibitory effect of LY 1715565 upon (—)-isoproterenol-
stimulated release of IR-«aMSH (Fig. 5B).*

Both enantiomers of NPA were agonists upon the D-
2 receptor. Either R(=)- of S(+)-NPA mimicked the
ability of LY 171555 to attenuate (—)-isoproterenol-stim-
ulated release of IR-aMSH (Fig. 6A and B). R(-)-NPA
was approximately 45-fold more potent than S(+)-NPA
as a D-2 agonist (Fig. 6; Table 1). Neither R(-)- nor
S(+)-NPA displayed any activity as an antagonist of the
D-2 receptor (Fig. 6A and B).

¢ Additional experiments determining adenylate cyclase activity in
cell-free homogenates of cholera toxin-treated intermediate lobe tissue
(10) demonstrated that R(—)-APO is a dopaminergic agonist with an
apparent affinity toward the D-2 receptor of 360 + 50 nM (mean *
standard error, n = 3); in this cell-free assay system, S(+)-APO is a D-
2 antagonist with an apparent K; toward the D-2 receptor of 8.5 + 3.1
uM (mean * standard error, n = 4) (Y. Itoh, and J. W. Kebabian,
unpublished observations). Difference between the potencies of D-2
agonists and antagonists upon intact intermediate lobe cells and cell-
free homogenates of intermediate lobe tissue have been observed pre-
viously (16, 17).

DISCUSSION

The present data provide insight into the structural
and stereochemical requirements for dopaminergic an-
tagonists. S(+)-APO is distinguished from the other
aporphines tested by its ability to block either the D-1
or the D-2 dopamine receptor. Some (but not all) previ-
ously published behavioral studies suggest that S(+)-
APO is a dopamine antagonist (5, 7); however, these
behavioral studies do not identify the type of dopamine
receptor blocked by S(+)-APO. The ability of S(+)-APO
to block the D-1 dopamine receptor of teleost retina (or
other tissues) has not been previously reported. The
ability of S(+)-APO to block the intermediate lobe D-2
dopamine receptor is in accord with the previous dem-
onstration that S(+)-APO blocks striatal dopamine re-
ceptors modulating the depolarization-evoked release of
[*H)acetylcholine or [*H]dopamine (8). Both of these
striatal dopamine receptors are D-2 receptors (18).

It is worthwhile to consider the structural features of
S(+)-APO contributing to its ability to block dopamine
receptors (Fig. 1). Since R(—)-APO is an agonist upon
either the D-1 or the D-2 receptor and S(+)-APO blocks
these receptors, one or more of the structural changes
accompanying the stereochemical inversion of carbon
atom 6a must cause the loss of dopamine agonist activity.
The supposition that the S(+) configuration of APO
causes it to possess dopamine receptor antagonist activ-
ity is in accord with the observation that S(+)-bulbocap-
nine, which possesses both an N-methyl group at position
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6 and S(+) stereochemistry at position 6a (Fig. 1), blocks
the D-1 receptor in mammalian neostriatum and carp
retina as well as the D-2 receptor in the rat intermediate
lobe (19).> When tested upon the DA-1 and the DA-2
dopamine receptors in the vascular system, S(+)-bulbo-
capnine also blocks these dopamine receptors (20).

The “N-methyl antagonist phenomenon” described
above may account for the ability of lergotrile and lisur-
ide to block the D-1 receptor (21-23). Since S(+)-NPA
does not block either the D-1 or the D-2 dopamine
receptors, it appears that the methyl substitution upon
the tertiary amine at position 6 confers dopamine antag-
onist activity of S(+)-APO. Both lisuride and lergotrile
possess an N-methylated tertiary amine (Fig. 1) and can
be oriented so as to resemble S(+)-APO or S(+)-bulbo-
capnine. Since each of these ergots stimulates the D-2
receptor (11), it is obvious that the structural require-
ments for antagonists of the D-1 and the D-2 dopamine
receptors are dissimilar.

The ability of N-n-propyl substitution to increase the
dopamine agonist activity of apomorphine is well known
(see ref. 24 for a summary). Likewise di-N-n-propyl
dopamine is a dopamine agonist (25). Recently, this
effect of N-propyl substitution was designated as the “N-
propyl phenomenon” (26). The effects of R(—)-NPA and
R(—)-APO demonstrated in the present study show that
the D-1 and the D-2 dopamine receptors can be distin-
guished by their manifestation of the “n-propyl phenom-
enon.” At the D-1 receptor, R(—)-NPA displays greater
intrinsic activity than does R(—)-APO; however, the
affinities toward the D-1 receptor of these two apor-
phines are similar (Table 1). At the D-2 receptor, the
intrinsic activities of R(—)-NPA and R(—)-APO are sim-
ilar; both compounds are full agonists. However, the
affinity toward the D-2 receptor of R(—)-NPA is 45-fold
greater than the affinity of R(—)-APO. These differences
in the intrinsic activity and apparent affinity of the N-
n-propylated and the N-methylated aporphines is in
accord with the hypothesis that the D-1 and the D-2
dopamine receptors are distinct pharmacological entities
1).

8Y. Itoh, M. E. Goldman, and J. W. Kebabian, unpublished obser-
vations.
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