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SUMMARY

Presynaptic autoreceptor-mediated modulation of dopamine (DA)
synthesis was evaluated as the inhibition of tyrosine hydroxylase
activity by enantiomeric mono- and dihydroxyaporphines with
minced striatal tissue from rat brain. The isomers of N-n-propyl-
norapomorphine (NPA) both inhibited tyrosine hydroxylase activ-
ity [ICso = 0.3 and 1.0 um for (R)H—)- and (SH+)-NPA, respec-
tively; R/S potency = 3.6]. Their effects were fully blocked by
the nonselective DA receptor antagonist fluphenazine, as well as
by the D_-selective antagonist spiperone, but not by the D,
antagonist SCH-23390. These results suggest a D.-type auto-
receptor-mediated inhibition of DA synthesis, with limited enan-
tiomeric selectivity of this catechol-aporphine. The corresponding
monohydroxy analogs, (R)-—) and (S{+)-11-hydroxy-N-n-pro-
pyinoraporphine (11-OH-NPa) were about 100 times less potent
(ICso = 42 and 87 um, respectively) than the NPA isomers in fully
inhibiting the enzyme activity in normal tissue but, after depletion
of endogenous DA by acute in vivo pretreatment with reserpine
(which did not alter the number of D, or D, specific binding sites),

(RH—)11-OH-NPa was a highly potent but partial agonist
(IC2s = 7 nm). Fluphenazine and spiperone fully antagonized the
inhibition of tyrosine hydroxylase by (R){—)-11-OH-NPa in reser-
pinized tissue, but SCH-23390 was ineffective. Actions mediated
by endogenous DA probably contribute to the effect of high
concentrations of (R){—)-11-OH-NPa to evoke a full inhibition of
DA synthesis, but its high potency partial agonist effects appear
to be mediated by D.-autoreceptors. (S{+)-11-OH-NPa was a
very weak partial agonist in reserpinized tissue, with an ICps =
30 um (essentially the same as normal tissue); thus, (R)H—)-11-
OH-NPa was >4,000 times more potent than its S-(+)-enan-
tiomer in the absence of endogenous DA. These results dem-
onstrate that NPA, which contains a catechol monety acts as a
full agonist to inhibit striatal DA synthesis via a presynaptic
autoreceptor of the D, type, with only slight stereoselectivity,
and that its monohydroxy analog is a very potent but partial D,

autoreceptor agonist, with very high stereoselectivity.

The phenomenon of presynaptic regulation of DA synthesis
by dopaminergic “autoreceptors” was proposed in 1972 by Kehr
et al. (1). There is compelling evidence based on both in vitro
(2, 3) and in vivo (4-6) experiments that DA agonists can
modulate DA synthesis via presynaptic receptor-mediated in-
hibition of tyrosine hydroxylase (EC 1.14.16.2), the rate-limit-
ing step in the biosynthesis of DA (7), perhaps by increasing
the K,, of the enzyme for its cofactor (8, 9). The classic DA
agonist apomorphine (R)-(—)-APO (Fig. 1) and other aporphine
analogs of DA have been used to characterize the stereospecific
functional and biochemical pharmacology of dopaminergic re-
ceptors (10-18). The N-n-propyl analog of APO, NPA (Fig. 1),
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has been reported to be somewhat more potent than APO in
behavioral models of dopaminergic activity (19), to show greater
affinity and selectivity for D,-type receptors (20), and to have
much greater selectivity for DA autoreceptors than postsyn-
aptic receptors (21). Aporphines are rigid molecules that struc-
turally incorporate the trans-a-rotamer of DA (Fig. 1), the
conformation believed to be active at central DA receptors (10,
22, 23). Furthermore, it should be noted that the aporphines
possess a chiral center at the 6a-carbon (Fig. 1) and that
absolute configuration is critically important for affinity and
activity at DA receptors (10, 22, 23). The R-(—)-enantiomer of
APO and of NPA is the preferred configuration in the behav-
ioral (12, 17), neurophysiological (16, 17), and in vivo neuro-
chemical (6) expression of central dopaminergic activities and
shows enantiomeric selectivity at D, and especially at D, recep-

ABBREVIATIONS: DA, dopamine; APO, apomorphine; NPA, N-n-propyinorapomorphine; DOPA, L-dihydroxyphenylalanine; GBL, y-butyrolactone;
3-PPP, 3«(3-hydroxyphenyi)-N-n-propylpiperidine; 11-OH-NPa, 11-hydroxy-N-n-propyinoraporphine; HEPES, 4-(2-hydroxyethyi)-1-piperazine-ethane-

sulfonic acid.
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tor sites (10, 11, 24). However, rather than being inert phar-
macologically, the S-(+)-isomers of APO, and especially of
NPA, have shown activity as DA antagonists in behavioral
studies (12, 19) or as very weak partial agonists in neurophys-
iological studies (16, 17). Recently, the R-(=)- and S-(+)-
enantiomers of 11-OH-NPa (Fig. 1) were synthesized, sepa-
rated, and found to have binding affinities to D, and D, recep-
tors and behavioral activity similar to (R)-(—)- and (S)-(+)-
NPA, respectively (12, 19, 25, 26). Thus, the catechol moiety
in APO and NPA evidently is not an absolute requirement for
dopaminergic activity. However, the 11-OH group, which cor-
responds to the meta-OH of DA, appears be a crucial contrib-
utor to D, receptor affinity, because 10-OH-substituted apor-
phines are much less potent in binding to D, receptors (27, 28).
The effects of R-(—)-antipodes of NPA and APO on the pre-
sumably presynaptic modulation of DA synthesis via inhibition
of tyrosine hydroxylase have been examined previously in vivo
(4, 6, 21) and in vitro (4, 29). In these studies, (R)-(—)-NPA
was more potent than (R)-(—)-APO, and the autoreceptor-
mediated inhibition was blocked by the relatively selective D,
antagonist haloperidol and the nonselective antagonist (+)-
butaclamol. Only recently have the S-(+)-isomer of NPA and
the R-(-)- and S-(+)-enantiomers of 11-OH-NPa been evalu-
ated for activity at DA autoreceptors. In an in vivo model of
DA autoreceptor function (30) based on accumulation of DOPA
after pretreatment with m-hydroxyphenylhydrazine (NSD-
1015) and v-butyrolactone (GBL), (R)-(—)- and (S)-(+)-NPA
and (R)-(—)-11-OH-NPa all inhibited DA synthesis in rat cor-
pus striatum and nucleus accumbens septi, whereas (S)-(+)-
11-OH-NPa had no effect up to doses of 10 mg/kg, intraperi-
toneally (6). Haloperidol blocked the inhibitory effects of the
active aporphines after pretreatment with GBL (6), consistent
with a D, autoreceptor mechanism. In an effort to overcome
potential confounding variables inherent in in vivo studies, the
present work examined the in vitro effects of the R-(—)- and S-
(+)-enantiomers of NPA and 11-OH-NPa on presynaptic reg-
ulation of DA synthesis in striatal minces from normal and
DA-depleted (reserpinized) rats.

Materials and Methods

Animals. Young adult (250-300 g) male albino Sprague-Dawley rats
(Charles River Laboratories, Wilmington, MA) were adapted, for at
least 1 week before use, to housing in wire cages, in groups of four or
five, under controlled conditions of 20-22°, 40-50% humidity, and
lights on from 7:00 am. to 7:00 p.m. Animals had free access to
commercial food pellets and fresh tap water. Some animals received
injections of reserpine free base (dissolved in a minimal volume of
glacial acetic acid and diluted in normal saline) at 5 mg/kg, intraperi-
toneally, 20 and 2 hr before sacrifice. This regimen produced >90%
depletion of striatal DA, as measured by high pressure liquid chroma-
tography with electrochemical detection assays (6) of randomly selected
striatal samples.

Drugs and chemicals. The enantiomers of 11-OH-N-n-propylnor-
aporphine (11-OH-NPa) were synthesized at Northeastern University
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Fig. 1. Structures of the trans-a-rotamer of DA and apor-
phine enantiomers described in text. APO, R, = CHs, R, =
OH; NPA, R, = CH,CH,CHjs, R, = OH; 11-OH-NPa, R, =
CH,CH,CH,3, R, = H.

as previously reported (25) and the isomers of NPA and APO were
provided by Research Biochemicals, Inc. (Natick, MA). Other phar-
maceuticals were purchased from, or generously donated by their
manufacturers as follows: (+)-amphetamine sulfate, Sigma Chemical
Co. (St. Louis, MO); (+)-butaclamol, Ayerst Laboratories (New York);
fluphenazine-HCI, E.R. Squibb Corp. (New Brunswick, NJ); (cis)-(Z)-
fluphenthixol, Lundbeck Laboratories (Denmark); GBR-12909-(HCl),,
Gist-Brocades Laboratories (Delft, Netherlands); pargyline-HCl, Ab-
bott Laboratories (North Chicago, IL); reserpine, Aldrich Chemical Co.
(Milwaukee, WI); (+)-SCH-23390-HC], Schering Corp. (Bloomfield,
NJ); and spiperone, Janssen Pharmaceutica (Beerse, Belgium). The
radiolabeled compounds [7-°H)3,4-dihydroxyphenylethylamine (DA)
(40.0 Ci/mmol), [*H]SCH-23390 [(R)-(+)-[N-methyl-*H]8-chloro-
2,3,4,5-tetrahydro-3-methyl-5-phenyl-7-ol-benzazepine] (60.4 Ci/
mmol), [benzene ring-*H]spiperone (27.5 Ci/mmol), and L-[1-*C]tyro-
sine (48.6 mCi/mmol) were purchased from DuPont-NEN, Inc. (Bos-
ton, MA). All other drugs and chemicals were obtained from Fisher
Scientific (Pittsburgh, PA) in the highest available purity.

Tyrosine hydroxylase activity in striatal minces. Activity of
tyrosine hydroxylase as a measure of DA synthesis was assessed by
modification of published procedures, which measure the formation of
14CO, evoked during the synthesis of DA from L-[1-!*C]tyrosine, based
on the marked substrate preference of aromatic L-amino acid decar-
boxylase for L-DOPA over L-tyrosine (31-33). Corpus striatum of rats
killed by decapitation was rapidly dissected on ice, weighed, finely
minced (approximately 0.5 mm?®) in 0.32 M sucrose with a razor blade
on an ice-cold Parafilm surface to produce a fine slurry, and subse-
quently diluted to 25 mg/ml with ice-cold assay buffer containing the
following (mM): NaCl (124.0), KCl (5.0), K,HPO, (1.4), MgCl,-6H,0
(1.3), CaCl,-2H;0 (0.8), sodium ascorbate (0.15), sucrose (80.0), (+)-
glucose (11.0), and HEPES buffer (20.0). The pH was adjusted to 7.0
by bubbling with air/CO; gas (95:5 by volume). Aliquots of this suspen-
sion (300 ul, approximately 7.5 mg of tissue) were added to test tubes
containing various concentrations of a test aporphine (0-200 uM)
diluted in assay buffer so that the volume of each tube before addition
of [*C]tyrosine was 400 ul. Assay tubes were preincubated 6 min at
37° with mechanical shaking. In some experiments, a DA antagonist
or uptake blocker was preincubated with tissue 5 min at 37° before
addition of an aporphine. The reaction was initiated with 0.250 uCi (in
100 ul of assay buffer) of ['“C]tyrosine to provide a final concentration
of 20 uM substrate in 0.5-ml total volume. Assay tubes were immediately
capped (via a rubber tubing connector, 60 mm X 16 mm o.d.) with an
inverted 5-ml polyethylene scintillation vial containing a strip (1 X 9
cm) of Whatman no. 3 filter paper impregnated with a 20% (by volume)
methanolic solution of phenylethylamine to “trap” evolved *CO,. In-
cubation at 37° with shaking was continued for 45 min. The reaction
was terminated and *CO, was liberated from the suspension by acidi-
fication by injection (via the rubber tubing) of 1 ml of 1 N perchloric
acid. After 8 hr, each scintillation vial containing the filter paper strip
was filled with 4 ml of scintillation fluid (Poly-Fluor; Packard Instru-
ment Co., Downers Grove, IL) and assayed by scintillation counting
for “C at an efficiency of approximately 93%. For each set of experi-
mental conditions, a value of *C cpm/assay tube was determined,
minus a blank value (matched conditions but tissue omitted; usually
=10% of basal cpm). Typically, four to six replicates were run for each
condition or drug concentration, and each condition was repeated
independently at least once, with final data (as percentage of corre-
sponding basal control values) being pooled and expressed as mean +
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standard error; values of drug effects, as ICy + standard error, were
obtained using the ALLFIT program adapted to a microcomputer (34).

Release of previously accumulated [PH]JDA from striatal
minces. Rat striatal minces were suspended at 50 mg/ml in the same
assay buffer used for tyrosine hydroxylase activity, with 100 uM par-
gyline added as an inhibitor of monoamine oxidase to prevent oxidative
metabolism of DA. The suspension was preincubated at 37° for 5 min
and, after the addition of 100 nM [*H]DA, incubated aerobically for 10
min. High affinity uptake of [PH]DA was stopped by addition of 20-
fold excess ice-cold wash buffer (same as previous buffer with glucose
omitted), and the suspension was centrifuged at 1500 X g for 10 min.
The minces were collected and washed twice with a large excess
(approximately 100 volumes) of ice-cold wash buffer and subsequently
resuspended in assay buffer at 10 mg/ml. The suspension was kept on
ice and divided into 1.5-ml aliquots in 10-ml polyethylene vials con-
taining 50 ul of various concentrations of aporphines (0-50 uM) or (+)-
amphetamine (10 uM) diluted in buffer. The assay mixtures were
incubated at 37° for 10 min with shaking and then placed on ice.
Subsequently, to each assay vial were added 5 ml of cold wash buffer,
and the vials were centrifuged at 1500 X g for 15 min. A 100-ul aliquot
of the supernatant was removed from each and counted for *H at
approximately 65% efficiency. Mean spontaneous “basal” release of °H
(cpm) was determined for each assay, and drug-induced release is
expressed as mean percent of basal release + standard error (three
experiments). *H counts were shown chromatographically (silica gel/
n-butanol/acetic acid/water, 25:4:10, by volume) to be >90% [*H]DA.

Radioreceptor assays with striatal homogenates. The proce-
dures to determine specific high affinity binding of the selective D,
ligand [*H)SCH-23390 and D;, ligand [*H]spiperone to rat striatal tissue
homogenates were similar to those described elsewhere (20, 35). Briefly,
striata of reserpine- or saline-pretreated rats were homogenized (Teflon
on glass) in 50 mM Tris buffer (at pH 7.4 with 120mM NaCl for D,,
and pH7.7 for D, assays for homogenizations, centrifugations, and
washings) and centrifuged at 27,000 X g in 100 volumes of buffer. After
washing, the pellet was suspended in 10 volumes of buffer, vortexed for
15 sec, incubated at 37° for 10 min, and then kept on ice. For binding
to D, receptors, glass tubes (triplicate) received 0.05-10 nM [*H]SCH-
23390, 200 ul of striatal tissue, and enough Tris buffer to bring the
final volume of each tube to 1 ml. To determine nonspecific binding,
(cis)-(Z)-fluphenthixol was included at 300 nM in each test condition.
Tubes, kept on ice until assay, were incubated in a shaking water bath
at 30° for 30 min. For the assay of binding to D, sites, tubes received
0.01-0.5 nM [*H]spiperone, 600 ul of striatal tissue, and enough Tris
buffer to bring the final volume to 1.8 ml. Nonspecific binding was
determined by including (+)-butaclamol (200 nM) in each test condi-
tion. Tubes were incubated for 15 min at 37°. After incubation, D, or
D, assay samples were filtered in a cell harvester (Brandel Corp.,
Gaithersburg, MD) through glass fiber sheets (S and S no. 32), which
were washed twice with 5 ml of ice-cold Tris buffer, punched into 3-cm
circles, and counted for *H at approximately 50% efficiency. Specific
binding in the D, assay was calculated as the difference between total
3H counts bound after incubation with [*PH]SCH-23390 alone and those
remaining in the presence of (cis)-(Z)-fluphenthixol. The same ap-
proach was used in the D, assay using [*H]spiperone and (+)-butacla-
mol as the blank. The results using six concentrations of radioligand
were plotted in linearized form as specific binding (B) versus the ratio
of bound to free ligand (B/F), to provide computed values of apparent
K, (negative slope) and B,., (y-intercept), expressed as the mean +
standard error of at least three independent determinations.

Results

Inhibition of tyrosine hydroxylase activity in striatal
minces. In agreement with previous reports (31-33), prelimi-
nary experiments confirmed that the amount of tissue and the
length of time of incubation (up to 1 hr) versus the rate of
production of *CO, gave linear relationships (r = 0.9) in these

assays (data not shown). The average basal production of *CO,
(approximately 4.0 pmol/45 min/mg of wet weight of striatum)
was similar to that in other reports with striatal minces, slices,
and crude synpatosomal preparations (5, 33).

ICs, values for inhibition of tyrosine hydroxylase activity by
DA and its aporphine analogs in untreated rat striatal tissue
are shown in Table 1. IC;, values for the isomers of APO are
included for comparison with those of NPA and 11-OH-NPa;
that for (R)-(—)-APO (0.75 uM) is similar to previously pub-
lished values obtained with preparations of striatal synapto-
somes (IC;, of approximately 0.6 uM) (36, 37) and slices (ICs
of approximately 0.7 uM) (38, 39). Inhibition versus log concen-
tration curves for the enantiomers of NPA and 11-OH-NPa
are shown in Fig. 2A. The concentration-response curve for
(R)-(—)-APO (not shown) was 2.6 times to the right of that of
(R)-(=)-NPA (ICs of 0.75 versus 0.29 uM), whereas the less
potent S-(+)-isomers of APO and NPA had very similar ICs,
values (1.5 and 1.0 uM, respectively). The inhibition versus log
concentration curve for DA (ICs of 0.17 uM; curve not shown)
was nearly superimposable on the curve for (R)-(—)-NPA (ICs
of 0.29 uM). In normal tissue, the isomers of 11-OH-NPa,
overall, were about 100 (83 to 144) times less potent than the
isomers of the dihydroxyaporphines APO and NPA, although
the inhibition curve obtained with (R)-(—)-11-OH-NPa ap-
peared to be biphasic (Fig. 2A). The isomeric potency ratios
(R/S) within enantiomeric pairs were very similar for APO, 11-
OH-NPa, and NPA (2.1, 2.1, and 3.6 fold, respectively; Table
1).

Concentration-response curves for the NPA and 11-OH-NPa
enantiomers, obtained with striatal minces from reserpine-
pretreated rats, are shown in Fig. 2B. Because ICs, for the 11-
OH-NPa isomers was not reached with reserpinized tissue even
at 200 uM, a comparison of IC,; values between tissues from
normal and reserpine-treated rats for these analogs is shown
in Table 2. In reserpinized compared with normal tissue, there
was a 2000-fold increase in potency for (R)-(—)-11-OH-NPa
and no change in apparent potency for its S-(+)-isomer, asso-
ciated with a corresponding large (>2000 times) increase in
stereoselectivity (R/S potency ratio = 4300 and 2.1 in reserpin-
ized and normal tissue, respectively). These results indicate
that reserpine pretreatment, which depleted endogenous DA by
=90%, reduced total efficacy of the 11-OH-NPa enantiomers
and suggest that an indirect DA-mediated inhibition of tyrosine
hydroxylase activity may be involved in the inhibition of DA
synthesis by high concentrations of 11-OH-NPa in normal
brain tissue.

The NPA isomers behaved quite differently from their cor-
responding monohydroxy analogs in reserpinized striatal tissue.

TABLE 1

Inhibition of tyrosine hydroxylase activity in normal rat striatum by
DA and aporphine isomers
ICso values are means + standard errors.

Compound 1Cso R/S potency
)

DA 0.17 +£ 0.03

(RH-)-APO 0.75 £ 0.09

(SH+)-APO 1.54 +£ 0.58 2.05
(RH—)-NPA 0.29 + 0.04

(SH+)-NPA 1.04 + 0.03 3.59
(RH-)11-OH-NPa 41.9 + 490
(SH+)-11-OH-NPa 86.8 +2.79 2.07

* Also includes a high affinity component (ICx approximately 10 nm; Fig. 2A).
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The ICs, values for (R)-(—)- and (S)-(+)-NPA were 1.90 and
6.80 uM, respectively, following reserpine pretreatment (Table
2 and Fig. 2B). These values are both 6.5 times greater than
the IC;, values obtained with untreated tissue, but the stereo-
selectivity remained constant (R/S ratio = 3.6 in both reserpin-
ized and normal tissue; Table 2).

Antagonism of inhibition of tyrosine hydroxylase ac-
tivity by aporphine and DA. When preincubated with nor-
mal striatal minces, moderate concentrations of the nonselec-
tive D, and D, antagonist fluphenazine fully blocked the inhib-
itory effects on tyrosine hydroxylase of both NPA isomers at
concentrations near their ICs, value (Table 3). In normal tissue,
fluphenazine at 2 and 3 uM fully blocked the effects of (R)-(—)-

NPA (0.25 uM) and (S)-(+)-NPA (1.5 uM), respectively. This
antagonism is in agreement with results from synaptosomal
preparations (4, 5, 37) and is consistent with a presynaptic
receptor-mediated effect on DA synthesis by both NPA iso-
mers.

The inhibition of tyrosine hydroxylase activity by 0.25 uM
DA was fully antagonized by 1 uM fluphenazine only in the
presence of 1 uM GBR-12909, a potent and selective antagonist
of high affinity uptake of DA (40) (Table 3). Because fluphen-
azine alone did not fully block the inhibitory effect of DA, the
catecholamine may have accumulated in striatal nerve termi-
nals to produce a direct catechol-mediated “end product” inhib-
itory effect on tyrosine hydroxylase activity. On the other hand,
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TABLE 2

Inhibition of tyrosine hydroxylase activity by aporphine isomers in
reserpinized versus normal striatal tissue

w’l
Aporphine —
Reserpinized Normal
uM
(RH—)-11-OH-NPa 0.007 14.0
(SH+)-11-OH-NPa 30.0 30.0
R/S potency 4300 2.14
Cso
Aporphine —
Reserpinized Normal
uM
(RH—)-NPA 1.90 0.29
(SH+)-NPA 6.80 1.04
R/S potency 3.58 3.59

* Estimated from concentration-response curves in Fig. 2.

TABLE 3

Antagonism by fluphenazine (FLU) or GBR-12909 of inhibition of
striatal tyrosine hydroxylase activity by aporphines and DA
Values are mean + standard error.

Tyrosi
Compound (concentration) hydroxylase
>
uM % of control
FLU (2) 98.9 + 0.6
(RH—)-NPA (0.25) 55.6 + 3.1
FLU (2) + (R)H—)-NPA (0.25) 968+ 1.8
FLU (3) 93.8+29
(SH+)-NPA (1.5) 50.4 + 2.9
FLU (3) + (SH+)-NPA (1.5) 93.1+24
FLU (2)® 994+ 0.5
(RH—)-11-OH-NPa (1)° 64.7 £+ 3.4°
FLU (2) + (R){—)-11-OH-NPa (1)* 971+29
FLU (1) 98.8 +1.2
GBR-12909 (1) 95.2 + 3.1
DA (0.25) 490+ 4.2
FLU (1) + DA (0.25) 64.0 +6.9*
GBR-12909 (1) + DA (0.25) 623 + 7.3*
FLU (1) + GBR-12909 (1) + DA (0.25) 953 + 3.6

*p < 0.001 by t test; 10 repiications.
® Reserpinized tissue used.

the DA-uptake blocker GBR-12909 alone also did not fully
antagonize the inhibitory effect of DA on tyrosine hydroxylase
activity (Table 3), consistent with a mechanism that, at least
in part, evidently is autoreceptor mediated.

At less than equimolar concentrations, fluphenazine only
partially antagonized the inhibition of tyrosine hydroxylase
activity by NPA and 11-OH-NPa and, at concentrations of >3
uM, fluphenazine itself (as well as >0.5 uM spiperone, (—)-
sulpiride, and (+)-SCH-23390) inhibited basal enzyme activity
by =10% (data not shown). Thus, experiments involving inter-
actions of DA receptor antagonists with 11-OH-NPa were
limited to the more potent R-(—)-isomer with reserpinized
tissue, in view of its lower potency in normal tissue and the
very low potency of (S)-(+)-11-OH-NPa in both DA-depleted
and normal tissue. With reserpinized tissue, fluphenazine (2
uM) fully blocked the inhibitory effects of 1 uM (R)-(—)-11-OH-
NPa (Table 3). Similarly, the same concentration of fluphen-
azine also fully antagonized the effect of 2 uM (R)-(—=)-NPA
(approximately ICs,) with reserpinized tissue (data not shown).
Thus, in DA-depleted striatal tissue, the inhibition of tyrosine
hydroxylase activity by the more potent R-(—)-isomers of NPA

and 11-OH-NPa was abolished by the DA receptor antagonist
fluphenazine, again suggesting a DA receptor-mediated mech-
anism. The high ICs, values for the S-(+)-enantiomers of NPA
and 11-OH-NPa in reserpine-treated striatal tissue (6.8 and 30
uM, respectively; Table 2) precluded the possibility of unambig-
uous receptor-blocking experiments with high concentrations
of DA receptor antagonists, which themselves interfered with
enzyme activity.

In an effort to establish the type of DA receptor mediating
the presynaptic effects of (R)-(—)- and (S)-(+)-NPA in normal
striatal tissue, selective D, and D, antagonists were used. As
shown in Fig. 3, spiperone (0.5 uM), a relatively D,-selective
antagonist (13), fully antagonized the inhibitory effect of both
NPA enantiomers (near their ICs, concentrations), whereas the
D,-selective antagonist SCH-23390 (15), also at 0.5 uM, had no
effect. Thus, the autoreceptor-mediated regulation of DA syn-
thesis by the enantiomers of NPA appears to be of the D, type.
Again, in order to avoid the inhibitory effects of high concen-
trations of DA receptor antagonists, we were limited to evalu-
ating only the R-(—)-enantiomer of 11-OH-NPa in reserpinized
tissue, so that all drug concentrations could be kept at <0.5
uM. In DA-depleted tissue, 0.5 uM spiperone but not SCH-
23390 also fully blocked the inhibitory effect of (R)-(—)-11-OH-
NPa (0.5 uM) on tyrosine hydroxylase activity (Fig. 3). Appar-
ently then, in the absence of endogenous DA, the monohydroxy-
aporphine (R)-(—)-11-OH-NPa also inhibits DA synthesis via
a presynaptic D, autoreceptor.

To assess whether the (S)-(+)-aporphines themselves might
possess antagonist properties at striatal DA autoreceptors in
vitro, we evaluated their ability to interfere with the inhibitory
effects of a moderate concentration (0.25 uM) of (R)-(—)-NPA
on tyrosine hydroxylase activity. At concentrations that caused
little (<10%) inhibition themselves, neither the S-(+)-enan-
tiomer of NPA (0.25 uM) nor that of 11-OH-NPa (25 uM)
antagonized the inhibitory effect of (R)-(—)-NPA on tyrosine
hydroxylase activity in normal striatal minces (data not
shown). In other experiments, (S)-(+)-NPA at 2 uM inhibited
tyrosine hydroxylase activity by 67% and did not antagonize
the inhibition by 0.5 uM (R)-(—)-NPA (61%; data not shown).

Release of previously accumulated [*H]DA from stria-
tal minces. It has been reported that increase of Ca**-inde-
pendent spontaneous efflux of previously accumulated [*H]DA
from striatal slices by (+)-amphetamine is not under autore-
ceptor control (41, 42). At low concentrations (<1 uM), (+)-
amphetamine appears to promote release of DA via an exchange
diffusion mechanism and, at higher concentrations (>10 uM),
the amine passively diffuses into neurons and diplaces DA from
intraneuronal binding sites (42). In view of the high ICs, values
for inhibition of tyrosine hydroxylase activity by 11-OH-NPa,
we sought to establish whether high concentrations of apor-
phines might release DA from striatal terminals, similar to (+)-
amphetamine, and so promote a DA-mediated negative feed-
back inhibition of tyrosine hydroxylase, perhaps by increasing
an intracellular free pool of DA with direct access to the enzyme
and/or via autoreceptor-mediated effects of DA released to
extracellular sites. Thus, we assessed the abilities of the apor-
phines to increase the efflux of previously accumulated [*’H]DA
from striatal minces over spontaneous outflow and compared
them with (+)-amphetamine as a positive control agent (Table
4). As reported previously with striatal slices (42), 10 uM (+)-
amphetamine induced a substantial release of [PH]DA, equal to
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Fig. 3. D-selective antagonism of (RH—)
and (SH+)-NPA and (RH—)-11-OH-NPa
(see structures in Fig. 1). Spiroperidol
or SCH-23390 (@) was preincubated with
striatal tissue from normal (NPA isomers)
or reserpine-pretreated rats [(R)—)-11-
OH-NPa] for 5 min at 37° before addition
of (R)-(-)- or (S)-(+)-NPA or (RH-}11-
Control conditions were no
d'ug DA antagonist alone, or aporphine
alone. All drug concentrations were 0.5
um. Data are mean + standard error of
6-10 determinations. *p < 0.001 by ¢t
test.

high concentrations of (+)-amphetamine (42). In agreement
with the hypothesis that a Ca®*-independent process mediates
effects of high concentrations of (+)-amphetamine (42), exclu-
sion of CaCl, and addition of EDTA (5 mM) to the assay buffer
did not influence basal efflux of [*H]DA or alter the effects of
50 uM levels of either isomer of NPA or 11-OH-NPa (data not
shown). Also, in agreement with results reported by Liang and
Rutledge (42), the present increase in efflux of [*H)DA pro-
moted by (+)-amphetamine (10 uM) was not significantly dif-
ferent (p > 0.1 by ¢ test) in reserpine-pretreated and untreated
animals and reserpinization had no effect on the efflux of [*H]
DA induced by the aporphine analogs tested (data not shown).

Effect of reserpine on D,- and D;-specific binding
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TABLE 4
Release of previously accumulated [*H]DA from striatal minces by
(+)-amphetamine and aporphines
Values are mean + standard error.
Effux of
Compound Concentration [HIOA
um % of basal
(+)-Amphetamine 10 250 + 14*
(RH-)NPA 1.0 115+ 4
50 170 + 4*
(SH+)-NPA 10 109+5
50 175 + 6*
(RH—)-11-OH-NPa 10 100+ 3
50 155 + 6*
(SH+)-11-OH-NPa 10 100+ 4
50 136 + 5*

*p < 0.01 by t test; three replications.

about 250% of the basal efflux (i.e., a 2.5-fold increase). At 1
uM (more than 3 times its ICs for inhibition of tyrosine
hydroxylase activity), (R)-(—)-NPA had an insignificant effect
and induced a [°H]DA efflux equal to 115% of spontaneous
basal release. (S)-(+)-NPA, even at 10 uM (10 times its ICs
versus tyrosine hydroxylase activity), triggered a release equal
to only 109% of the basal release of [PH]DA. At 10 uM, neither
(R)-(=)- nor (S)-(+)-11-OH-NPa elicited any measurable in-
crease over basal efflux of [PH]JDA. Only when concentrations
of 250 uM were reached did any of the aporphines evoke a
significant increase (to 136-175% of basal release; p < 0.01 by
t test) in the efflux of [*H]DA (Table 4). GBR-12909 had no
effect on the ability of high concentrations of the aporphines
to release previously accumulated [PH]DA (data not shown).
These results suggest that, at high concentrations (>10 uM),
the aporphines tested increased the efflux of [*H]DA from
striatal tissues by a nonspecific action, perhaps by altering
diffusion across cell membranes, as also has been suggested for

sites. Chronic reserpine administration to rats is reported to
produce a 20-25% increase in striatal D, receptor binding
assayed with [*H]haloperidol (43) or [*H]spiperone (44). The
possibility that the acute reserpine regimen used in the present
experiments (5 mg/kg, intraperitoneally, at 20 and 2 hr before
sacrifice) might have altered striatal populations of D, autore-
ceptors, and so altered sensitivity to aporphines, was investi-
gated by measurement of the specific binding of the D, antag-
onist [*H]spiperone; for comparison, D, sites were assessed
with [*H]SCH-23390. The values of mean apparent B, and
K, values calculated from linearized plots of B versus B/F for
[*H]spiperone and [*'H]SCH-23390 binding to rat striatal mem-
branes are shown in Table 5. The number of D, sites labeled
and the affinity constant for [*H]spiperone were very similar
with tissue from control and acute reserpine-pretreated rats
(Brax = 50.5 and 55.3 fmol/mg of tissue and K, = 30.0 and 28.0
pM for control and reserpinized rats, respectively; Table 5), as
reported also by Chugani et al. (45). Similarly, the binding
characteristics of [*H]SCH-23390 to D, sites also were virtually
unchanged (B,... = 34.1 and 27.4 fmol/mg of tissue and K, =
0.39 and 0.35 nM for control and reserpinized rats, respectively).
These results (Table 5) indicate that the reserpine treatment
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TABLE S

Specific binding of [*H]SCH-23390 (D,) and [*H]spiperone (D.) to
receptors in striatum of normal and acutely reserpinized rats
Values are means + standard error of three determinations.

[°H]SCH-23390 (D,) [*H]Spiperone (D2)
Group
Brrax Ky Brmex L%
Saline 341+27 039+0.02 505+35 300+2.0

Reserpine*® 274+19 035+002 553+28 28.0x20

* Rats received reserpine 5 mg/kg, intraperitoneally, 2 and 20 hr before sacrifice.
® Values are not statistically different from saline-treated group (p > 0.05 by t
test).

used to obtain DA depletion in these experiments did not alter
the number or D,:D, ratio of DA receptor types, as measured
by specific binding of selective antagonists.

Discussion

The R-(—)- and S-(+)-enantiomers of the dihydroxyapor-
phine NPA demonstrated apparently receptor-mediated inhi-
bition of DA synthesis with only weak (3.6-fold) stereoselectiv-
ity, as measured by inhibition of tyrosine hydroxylase activity
in striatal minces (Tables 1 and 2). This inhibitory effect of
both enantiomers was fully antagonized by the nonselective
DA antagonist fluphenazine and by the D,-selective antagonist
spiperone. The D,-selective antagonist SCH-23390, on the
other hand, had no effect against the NPA isomers at equimolar
concentrations. These observations agree with studies in which
isolated nerve ending (synaptosomal) preparations were used
(4, 5, 37) and are consistent with presynaptic regulation of
striatal DA synthesis mediated by a D,-type receptor for which
both (R)-(—)- and (S)-(+)-NPA (as well as the isomers of APO)
evidently are agonists, differing in enantiomeric potency only
by about 3.6-fold in normal and reserpinized tissue, and with
(R)-(—)-NPA being nearly equipotent to DA itself (ICs of
approximately 0.3 and 0.2 uM, respectively). Presynaptic D,
regulation of DA synthesis also was strongly suggested by
previous experiments using rat striatal synaptosomes, in which
the inhibition of tyrosine hydroxylase by the D,-selective ago-
nist lisuride was reversed stereospecifically by the D, antagonist
(—)-sulpiride (46). Furthermore, the D, nature of the putative
DA autoreceptor is supported by in vivo experiments involving
measurements of the accumulation of DOPA after pretreatment
with an amino acid decarboxylase inhibitor and the nerve
impulse inhibitor GBL to eliminate postsynaptic neurophysio-
logical feedback mechanisms affecting the dopaminergic path-
ways ascending from midbrain (30). Watanabe et al. (47) found
that the D, agonist SKF-38393 had no effect on in vivo striatal
accumulation of DOPA, whereas (R)-(—)-APO, which stimu-
lates both D, and D, receptors, inhibited accumulation of
DOPA. Furthermore, the effect of (R)-(—)-APO was blocked by
the potent and highly selective D, antagonist (cis)-YM-09151-
2 but not by the D, antagonist SCH-23390 (47). Also consistent
with a D, receptor mechanism are our results obtained with
aporphines in a similar in vivo model of autoreceptor function
in the rat, in which haloperidol, a relatively selective D, antag-
onist, blocked the DOPA-lowering effects of (R)-(—)- and (S)-
(+)-NPA and (R)-(-)-11-OH-NPa (6).

It should be noted that, at the concentrations of NPA em-
ployed in the present studies, we did not observe evidence of a
direct, non-receptor-mediated inhibition of tyrosine hydroxyl-

ase (7, 36), because the actions of (R)-(—)- and (S)-(+)-NPA
were fully antagonized by fluphenazine and spiperone. Other
investigators have found that (R)-(—)-APO inhibits soluble
tyrosine hydroxylase in “cell-free” preparations with exogenous
pterin cofactor added, but only at much higher concentrations
(20- to 50-fold) than are required to inhibit the enzyme activity
in synaptosomes (2, 3). Apparently then, a weak direct “cate-
chol-type” inhibition of tyrosine hydroxylase by dihydroxy-
aporphines may occur in the absence of an intact cell-contained
enzyme but, when cell membrane integrity is maintained and
only endogenous pterin cofactor is present, receptor-mediated
inhibition of tyrosine hydroxylase predominates. Although
some investigators reported only partial reversal by DA antag-
onists of the inhibition of synaptosomal tyrosine hydroxylase
by (R)-(-)-APO (3, 7, 36), it has been suggested that synapto-
somal preparations are thermolabile and may degrade or their
autoreceptors may become functionally uncoupled under ad-
verse conditions (7, 46). Thus, in other synaptosomal studies,
presumably in which elevated temperatures were avoided (4,
46), haloperidol fully reversed the inhibitory effects of (R)-(—)-
APO and (R)-(—)-NPA on tyrosine hydroxylase, supporting an
autoreceptor-mediated mechanism. In contrast, as expected,
DA displayed evidence of both an apparently direct (presum-
ably catechol-mediated) and an indirect (receptor-mediated)
inhibition of tyrosine hydroxylase in our tissue mince assay
system, with full antagonism of the DA effect occuring only in
the presence of the DA receptor antagonist fluphenazine plus
the DA-uptake blocker GBR-12909 (Table 3).

Interestingly, the in vitro autoreceptor model examined in
the present study displayed only weak (approximately 3-fold)
stereoselective preference for (R)-(—)-NPA over its S-(+)-en-
antiomer. This result contrasts to neurophysiological studies
(inhibition of DA cell firing, which may involve somatodendri-
tic autoreceptors and/or postsynaptic DA receptor stimulation
of a striatonigral negative feedback loop) with NPA, in which
the S-(+)-enantiomer was approximately 1000 times less potent
than (R)-(—)-NPA as an agonist (16, 17). Likewise, studies of
striatal DA receptor binding (25) and rat pituitary gland D,
receptor stimulation (13) showed a strong stereochemical pref-
erence (approximately 50 times) for (R)-(—)- over (S)-(+)-NPA
and, in behavioral studies, (S)-(+)-NPA even showed activity
as a DA antagonist (12, 19). However, in our previous work
assessing in vivo DA autoreceptor function as a decrease in
formation of DOPA after pretreatment with GBL, the R/S
enantiomeric potency ratio for NPA also was about 3 (6). This
observation suggests that, in contrast to its R-(—)-isomer, (S)-
(+)-NPA may have much greater efficacy at striatal nerve
terminal autoreceptors modulating DA synthesis than at post-
synaptic or other D, sites and might be a relatively selective
striatal autoreceptor agonist.

Mechanisms to account for apparent discrepancies in the
activity of (S)-(+)-NPA in different models of dopaminergic
function may include presynaptic receptor reserve (16, 48).
This hypothesis suggests that, when the receptor pool is rela-
tively large, as is proposed for striatal autoreceptors, which are
reported to have a receptor reserve of approximately 70% (9,
16), higher intrinsic activity of weak or partial dopaminergic
agonists may be revealed. However, in models of the function
of postsynaptic DA receptors, where there is much less receptor
reserve (48), a compound with appreciable agonistic activity at
DA autoreceptors may even appear to be an antagonist in
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competition with a potent full agonist such as (R)-(—)-NPA or
DA itself. Such an interpretation may, for example, also ac-
count for the properties of the (+)- and (-)-isomers of 3-PPP.
In the in vivo autoreceptor model of DA synthesis (striatal
accumulation of DOPA after NSD-1015 and GBL), both iso-
mers of 3-PPP have been found to be agonists, and the potency
of (+)-3-PPP was only twice that of the (—)-isomer (49).
However, in behavioral and biochemical models of postsynaptic
function, (—)-3-PPP has been reported to act as an antagonist,
whereas (+)-3-PPP retained agonist activity (49), somewhat
analogous to the actions of (R)-(-=)- and (S)-(+)-NPA. The
results from the present in vitro study and our previous in vivo
experiments (6) indicate that the presumably autoreceptor-
mediated inhibition of DA synthesis by (R)-(—)-NPA was not
antagonized by its S-(+)-enatiomer and so seem to be consist-
ent with the suggestion that (S)-(+)-NPA is a relatively selec-
tive agonist at the D, autoreceptor mediating inhibition of DA
synthesis, perhaps dependent on the significant reserve shown
to exist for striatal autoreceptors. Furthermore, (S)-(+)-NPA
appears to be more potent (ICs, = 1.04 uM; Table 1) than the
putative autoreceptor-selective agent (—)-3-PPP, which has an
ICso of >300 uM for inhibition of tyrosine hydroxylase activity
in striatal synaptosomes (50) and striatal minces (51).

The shift to the right (approximately 6.5-fold) of the dose-
response curves for the NPA isomers after pretreatment with
reserpine was somewhat unexpected, because behavioral studies
(evaluating stereotypy), even with acutely reserpinized rats,
have shown evidence of increased potency over untreated ani-
mals for the closely related DA agonist (R)-(—)-APO (52). On
the other hand, such behavioral models are unable to distin-
guish between the D, and D, or pre- and postsynaptic effects
of (R)-(—=)-APO and do not control for other nondopaminergic
actions that may occur. Recently, it was reported that acute
reserpine treatment decreased binding of [*H]spiperone in ex
vivo autoradiographic studies of rat striatum without altering
its in vitro binding to striatal tissue homogenates, perhaps by
agonist-mediated D, receptor internalization (45). Thus, it may
be that, after acute reserpine treatment, D, receptors are less
prevalent at the surface of neuronal membranes (due to recep-
tor internalization) and that this change was not detected by
measurement of binding of [*H]spiperone to striatal tissue
homogenates (Table 5), which presumably estimates total (sur-
face and some internal) D, (both pre- and some postsynaptic)
binding. A decreased number of D, receptors located on the
surface of striatal membranes might account for the decreased
potency of NPA isomers in reserpinized striatal minces.

In contrast to our previous in vivo results, where (R)-(—)-11-
OH-NPa was about 10-fold less potent than (R)-(—)-NPA at
inhibiting DOPA accumulation in striatum after GBL pretreat-
ment (6), both isomers of 11-OH-NPa were about 100-fold less
potent than their corresponding NPA analogs in their ability
to fully inhibit striatal tyrosine hydroxylase activity in normal
tissue in vitro. Furthermore, whereas the dose-response curves
for (R)-(—)- and (S)-(+)-NPA and for (S)-(+)-11-OH-NPa
were more or less of a standard sigmoidal type spanning 2-3
log units, the apparently biphasic curve found with (R)-(—)-11-
OH-NPa (Fig. 2A) indicates that two different, perhaps over-
lapping, mechanisms are operative. Whereas the loss of efficacy
of (R)-(—)-11-OH-NPa in DA-depleted tissue from reserpinized
animals (Fig. 2B) suggests that endogenous DA contributes to
the effect of high concentrations of this monohydroxyaporphine
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compound, the 2000-fold increase in its potency at lower con-
centrations (IC,s = 7 nM; Table 2) indicates that (R)-(—)-11-
OH-NPa has high affinity and some intrinsic activity at striatal
DA autoreceptors modulating DA synthesis. Moreover, this
effect apparently is mediated by receptors of the D, type,
because fluphenazine and spiperone, but not SCH-23390, fully
blocked the activity of (R)-(—)-11-OH-NPa in reserpinized
tissue. The 2000-fold increase in stereoselectivity (R > S)
between the 11-OH-NPa isomers after reserpine pretreatment
also seems consistent with a presynaptic receptor-mediated
mechanism. A weak, presumably nonreceptor-mediated, DA-
releasing or -displacing effect of (R)-(—)-11-OH-NPa may con-
tribute to its DA-sensitive regulation of tyrosine hydroxylase
activity at high concentrations (=50 uM). The lower potency of
(R)-(-)-11-OH-NPa in this in vitro model (in unreserpinized
tissue) compared with the in vivo GBL model warrants further
investigation into the mechanism of autoreceptor-mediated
inhibition of DA synthesis in both models. Other discrepancies
between in vitro and in vivo autoreceptor models have been
noted by others; for example, Meller et al. (48) have recently
reported that presynaptic receptor reserve was found to be
quite large using the in vivo GBL model but absent in a
synaptosomal in vitro model (9).

Like its R-(—)-enantiomer, (S)-(+)-11-OH-NPa also showed
a loss of efficacy for inhibiting tyrosine hydroxylase activity
after reserpinization (Fig. 2B). Thus, both isomers of 11-OH-
NPa were similar in their requirement for intact stores of
endogenous DA to effect full inhibition of tyrosine hydroxylase.
We were unable to test for a receptor-mediated mechanism
with the (S)-(+)-monohydroxyaporphine, given its lack of po-
tency in both normal and reserpinized striatal tissue. In other
experiments (data not shown), the DA-uptake blocker GBR-
12909 (up to 10 uM) had little or no effect (p > 0.1 by ¢ test;
four determinations) on the inhibition of tyrosine hydroxylase
activity by (R)-(—=)-11-OH-NPa, (R)-(—)-NPA, or (S)-(+)-NPA
(at their respective ICs, values) but the effect of (S)-(+)-11-
OH-NPa (at 75 uM; approximately ICs,) was completely blocked
by GBR-12909 (10 uM; p < 0.002 by ¢ test; four determinations).
Thus, at high concentrations, (S)-(+)-11-OH-NPa may enter
the striatal nerve terminal to effect inhibition of tyrosine
hydroxylase, perhaps exerting a direct or DA-mediated inhibi-
tion of the enzyme.

Inhibition of tyrosine hydroxylase by endogenous DA may
arise as the result of shifting intraneuronal pools of DA. The
aporphines tested here appear to behave similarly to (+)-
amphetamine when present at concentrations of =50 uM, at
which they increased the basal Ca?'-independent efflux of
previously accumulated [*H]DA (Table 4). Because these high
concentrations of 11-OH-NPa are within the range for inhibi-
tion of tyrosine hydroxylase activity (Table 1), it cannot be
ruled out that the isomers of 11-OH-NPa may increase intra-
cellular free cytoplasmic pools of DA and so induce a DA-
mediated inhibition of the enzyme at high in vitro concentra-
tions. The NPA isomers, on the other hand, had ICs, values for
inhibiting tyrosine hydroxylase well below concentrations re-
quired to increase basal efflux of [°’H]DA appreciably.

In summary, we conclude that (R)-(—)- and (S)-(+)-NPA
both can inhibit striatal DA synthesis via a D,-type autorecep-
tor mechanism with only minor stereoselectivity (R > S ap-
proximately 3-fold). (R)-(—)-11-OH-NPa appears to be a potent
partial agonist at the D, autoreceptor but requires the presence
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of endogenous DA to fully inhibit tyrosine hydroxylase activity
at high concentrations, probably by receptor-independent
mechanisms. The S-(+)-enantiomer of 11-OH-NPa appeared
to have very low affinity or intrinsic activity at striatal presyn-
aptic D, receptors. Apparently, the autoreceptor modulating
DA synthesis can accommodate and respond to agonists of the
10,11-dihydroxyaporphine type, such as APO or NPA, regard-
less of stereochemical conformation, whereas the partial agonist
11-OH-NPa is much more highly preferred in the R-(—)-con-
figuration. These results differ from binding studies with corpus
striatum membrane preparations, in which the affinity of the
NPA enantiomers at D, sites (perhaps largely postsynaptic)
was much more stereoselective for the R-(—)-isomer (R/S po-
tency of approximately 50/1) and where (R)-(—)-NPA and (R)-
(—)-11-OH-NPa had about equal affinities (25). The present
results also contrast with neurophysiological studies, which
show (R)-(—)-NPA to be about 1000 times more potent than
(S)-(+)-NPA, but again only about 2.5 times more potent than
(R)-(-)-11-OH-NPa, at inhibiting DA cell firing in the sub-
stantia nigra (16, 17). Also, (R)-(—)-NPA was reported to be
about 50 times more potent than (S)-(+)-NPA at stimulating
rat pituitary D, receptors (11), and the NPA enantiomers have
shown opposite effects in behavioral measures of presumably
postsynaptic dopaminergic function (12, 19). Taken together,
these results suggest that the structural requirements for ago-
nist activity at striatal D,-type autoreceptors modulating DA
synthesis may be different from other presynaptic (somatoden-
dritic) or postsynaptic D, receptors. In this regard, it has
recently been reported that the gene for the D, receptor pro-
duces two receptor isoforms by alternative splicing of messenger
RNA, providing new molecular evidence of D, receptor diversity
(53, 54). If a separate D, autoreceptor molecular type exists
and has specific agonist structural requirements, then these
characteristics may permit development of autoreceptor-selec-
tive agents.
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