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ABSTRACT Dopamine receptor types D; and D, can op-
pose or enhance each other’s actions for electrical, biochemical,
and psychomotor effects. We report a DD, interaction in
homogenized tissue as revealed by ligand binding. D, agonists
lowered the binding of [*H]raclopride to D, receptors in striatal
and anterior pituitary tissues. Pretreating the tissue with the
D;-selective antagonist SCH 23390 prevented the agonist-
induced decrease in [3H]raclopride binding to D, sites in the
striatum but not in the anterior pituitary, which has no D,
receptors. Conversely, a dopamine-induced reduction in the
binding of [*HISCH 23390 to D, receptors could be prevented
by the D,-selective antagonist eticlopride. Receptor photola-
beling experiments confirmed both these D;-D, interactions.
The blocking effect by SCH 23390 was similar to that produced
by a nonhydrolyzable guanine nucleotide analogue, and SCH
23390 reduced the number of agonist-labeled D, receptors in
the high-affinity state. Thus, the D;-D, link may be mediated
by guanine nucleotide-binding protein components. The link
may underlie D,-D, interactions influencing behavior, since
the link was missing in over half the postmortem striata from
patients with schizophrenia and Huntington disease (both
diseases that show some hyperdopamine signs) but was present
in human control, Alzheimer, and Parkinson striata.

Many psychomotor signs and symptoms are influenced by
drugs that act selectively on brain dopamine receptors. These
include rigidity in Parkinson disease, dyskinesias in Hunting-
ton disease, hallucinations in schizophrenia, and oral dyski-
nesia in the elderly. Since dopamine can excite or inhibit
neurons (1), and stimulate or inhibit adenylate cyclase (2), it
has been proposed (3) that there are two types of dopamine
receptors, D; and D, (see ref. 4 for review). These two
receptors enhance each other’s action for many psychomotor
mechanisms, including body motion (5) and neuron firing (6).
The two receptors can also oppose each other, as in control-
ling mouth motion (7) or cAMP efflux from tissue slices (8).
Despite numerous such examples (9), there is little informg-
tion on possible molecular mechanisms explaining these
D;-D; interactions. We here report a link between D, and D,
receptors in homogenized tissue, revealed by the method of
ligand binding, and that this link mechanism is similar to, or
part of, the guanine nucleotide-binding protein (G-protein)
system (10) that mediates some of the actions of dopamine
receptors (2, 4). The link may underlie D,-D, interactions
influencing behavior, since the link was missing in more than
half the postmortem striata from patients with schizophrenia
or Huntington disease but was present in postmortem striata
from individuals without neurodegenerative disease or with
Alzheimer or Parkinson disease.
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METHODS

Binding of [*H]Raclopride to D, Receptors. The centrifuga-
tion method (11) was used for [*H]raclopride binding. Frozen
canine brain striata were from Pel-Freez Biologicals. The
tissues were washed twice in buffer (50 mM Tris-HCI, pH
7.4/1 mM EDTA /120 mM NaCl/5 mM KCl/1.5 mM CaCl,/4
mM MgCl,). Porcine anterior pituitary tissues (Bocknek
Organic Materials, Rexdale, ON) were prepared as described
(12). The final concentrations (in 1 ml) were 1 mg of original
tissue per ml (with 0.1% ascorbic acid for canine tissues only)
and from 20 pM to 15 nM [*H]raclopride (64-87 Ci/mmol;
DuPont; 1 Ci = 37 GBq) with or without 10 uM (§)-sulpiride
(Ravizza, Milan) to define nonspecific binding. The filtration
method was used in some experiments; the tube contents
were filtered and rinsed with 7 ml of buffer through a 7034
filter (Skatron, Sterling, VA), using a Skatron cell harvester.
The saturation data were analyzed by both the LIGAND
program (references in ref. 4) and simple regression analysis.
The LIGAND-assisted analysis indicated that a two-site fit was
not significantly better than a one-site fit.

Photolabeling of Receptors. D, receptors were photolabeled
by the method of Niznik et al. (13) and D, receptors by that
of Jarvie et al. (14). Canine striatal membranes were Teflon/
glass-homogenized in 25 mM Tris'HCI/250 mM sucrose
buffer (pH 7.4, 4°C) with protease inhibitors (EDTA, 20 mM;
benzamidine, 15 ug/ml; leupeptin, 5 ug/ml; soybean trypsin
inhibitor, 5 ug/ml; phenylmethanesulfonyl fluoride, 1 mM)
and centrifuged for 10 min at 400 X g. The supernatant was
subsequently recentrifuged at 48,000 X g for 20 min. Mem-
brane pellets were resuspended in Tris-HCI buffer containing
120 mM NaCl and protease inhibitors (without sucrose), to
yield a D, or D, receptor concentration of =500 pM, and
preincubated with either 200 nM eticlopride or 200 nM SCH
23390 for 60 min at 22°C. Following preincubation, homoge-
nates (1 ml) were incubated with either (*)-7-[*%I]iodo-
8-hydroxy-3-methyl-1-(4-azidophenyl)-2,3,4,5-tetrahydro-
1H-3-benzazepine (['*I]IMAB, 250 pM) or N-(p-azido-
m-['ZIliodophenethyl)spiperone ([*>°I]N3;-NAPS, 50 pM) and
various concentrations of dopamine in a final volume of 5 or

Abbreviations: G protein, guanine nucleotide-binding protein;
[Z1]IMAB, (*)-7-['25]]iodo-8-hydroxy-3-methyl-1-(4-azidophenyl)-
2,3,4,5-tetrahydro-1H-3-benzazepine; ['2I]N3-NAPS, N-(p-azido-
m-[*’Iliodophenethyl)spiperone.

fCompounds identified by manufacturer code names are as follows:
LY 156525, (+)-(4aS)-trans-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-
1H-pyrazolo[3,4-g]quinoline L-tartrate; LY 171555, (—)-(4aR)-
trans-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-1H-pyrazolo[3,4-
glquinoline hydrochloride (quinpirole); LY 275947, (+)-trans-
3,4,4a,5,6,10b-hexahydro-4-allyl-2H-naphth[1,2-b}-1,4-0xazin-9-ol;
LY 647339, (+)-trans-3,4,4a,5,6,10b-hexahydro-4-propyl-2H-
naphth[1,2-b]-1,4-0xazin-9-ol; SCH 23388, (S)-8-chloro-2,3,4,5-
tetrahydro-3-methyl-5-phenyl-1H-3-benzazepin-7-ol; SCH 23390;
(R)-8-chloro-2,3,4,5-tetrahydro-3-methyl-S-phenyl-1H-3-ben-
zazepin-7-ol; SKF 38393, 2,3,4,5-tetrahydro-7,8-dihydroxy-
1-phenyl-1H-3-benzazepine.



Neurobiology: Seeman et al.

10 ml, respectively, photolabeled, and processed for SDS/
PAGE and autoradiography as described (13, 14).

RESULTS

To search for D,—D interactions in vitro, [*Hlraclopride (15)
is ideal, since it is highly selective for D, receptors (4) but is
loosely bound to D, (K4 =1900 pM) and thus readily sensitive
to the presence of dopamine (16).

The addition of dopamine lowered the binding (16) of
[*Hlraclopride to D, receptors, in agreement with previous
observations (12, 17, 18). The novel aspect, however, was
that this apparent decrease in D, density was inhibited by
preincubation with a D-selective drug (SCH 23390) that by
itself had no effect on the properties of [*H]raclopride binding
(Fig. 1A). In other words, the noncompetitive inhibition of
[*H]raclopride binding by dopamine was converted into a
competitive type of interaction between dopamine and
[*H]raclopride in the SCH 23390-treated tissue. The
[*H]raclopride dissociation constant was unaffected by pre-
treatment with SCH 23390 (Fig. 1A Inset). In the presence of
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dopamine, however, SCH 23390-treated tissue had a higher
[*Hlraclopride dissociation constant than the control tissue.

This indirect effect of the D; drug SCH 23390 on the D,
receptor required the presence of a D, receptor. For example,
anterior pituitary, which contains D, receptors but no D,
receptors (19, 20), revealed the dopamine-induced decrease
in [*Hlraclopride binding but did not show the inhibition of
this effect by SCH 23390 (Fig. 1D) as seen in striatum (Fig.
1A). However, the dopamine-induced depression of [*H]-
raclopride binding could be inhibited in both the striatum and
anterior pituitary homogenates by preincubation with 5'-
guanylyl imidodiphosphate (Fig. 1 B and D), indicating that
the G-protein system was operative, an effect seen previously
12).

To determine the drug selectivity of the dopamine-induced
depression of [*Hlraclopride to the D, sites, the rank order of
agonist potency in depressing [*Hlraclopride binding was
examined and found to be dopamine > norepinephrine >
epinephrine > serotonin (Fig. 2). Although no D, depression
was caused by the D;-selective agonist SKF 38393 or the
D;-selective antagonist SCH 23390, drugs that were com-
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FiG. 1.

(A) Dopamine (DA, 800 nM), added during the incubation period, noncompetitively depressed the binding of [*H]raclopride to canine

striatum. However, when the homogenate had been preincubated with 200 nM SCH 23390 for 1 hr and subsequently incubated with 800 nM
dopamine in the presence of 50 nM SCH 23390, the decrease in [*H]raclopride binding was prevented. The preincubation buffer was the same
as the incubation buffer, with the exception of SCH 23390, which was 200 nM in the preincubation buffer and 50 nM in the final buffer. Since
SCH 23390 has a K4 of 0.17 nM for D, (4), concentrations of 50 nM or higher were considered to be an excess for D; blockade. The control
tissue and the SCH 23390-pretreated tissues came from the same original homogenate, and the two batches of homogenate were treated
side-by-side in an identical fashion, except that one beaker contained 200 nM SCH 23390 during the preincubation hour. The final concentration
of tissue during preincubation was 4-fold higher than that in the final incubation. Since SCH 23390 by itself had no effect on the binding of
[*H]raclopride, the data indicate that SCH 23390, acting on the D; receptor, influenced the D receptor in the presence of dopamine. This is
one representative experiment, each point done in duplicate; lines were obtained by regression analysis; the program LIGAND yielded identical
results. Inset: The Kq4 of [*Hlraclopride was 1880 + 60 pM (n = 55 experiments) in control tissue, while that in homogenates pretreated with
SCH 23390 had a similar K4 of 2000 + 130 pM (n = 29 experiments). In the presence of 800 nM dopamine, however, the two K, values differed
significantly, indicating competition between dopamine and [*H]raclopride in the SCH 23390-pretreated tissue. (B) Similar to A, except that the
tissue was pretreated for 1 hr at room temperature with 400 uM guanylyl imidodiphosphate (G.N.) instead of SCH 23390. (C) Dopamine
noncompetitively suppressed the binding of [*H]raclopride to D, receptors in the anterior pituitary. However, unlike the striatum, pretreatment
with 200 nM SCH 23390 could not prevent the suppression of [*H]raclopride binding to D,. (D) Although dopamine suppressed the binding of
[*H]raclopride to D; sites, this was prevented by prior incubation with 400 4M guanylyl imidodiphosphate (same as B, except anterior pituitary).
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Fi1G. 2. The inhibition of [*H]raclopride binding to D, receptors
in canine striatum was selective for D, agonists, such as LY 171555
(LY), but not for its inactive (+) enantiomer LY 156525 [LY-(+)].
Ds-selective drugs, such as SKF 38393 (SKF) and SCH 23390 (SCH),
as well as serotonin receptor or adrenoceptor blockers (ketanserin or
phentolamine, respectively), did not depress [*H]raclopride binding.
Preincubation with SCH 23390, however, selectively blocked the
dopamine-induced suppression of [*H]raclopride binding, while its
inactive (S) enantiomer, SCH 23388 (SCH-S), did not. The SCH
concentrations indicate those during the 1-hr pretreatment; the final
concentrations during the final incubation were 75% lower. DA,
dopamine; APO, apomorphine; ADTN, (*)-2-amino-6,7-dihydrox-
ytetralin, NOREPI, norepinephrine; EPI, epinephrine; DPAT, 8-
hydroxy-2-(dipropyl)aminotetralin. All data were obtained by the
centrifugation method. Bars with SEM markers are for three or more
experiments; those bars without SEM markers indicate the average
of duplicates. The absolute density of [*H]raclopride D, receptors
was 22.3 + 0.3 pmol/g of original tissue in the control samples (n =
55). Although the density of [*H]raclopride sites in the homogenate
preincubated with 200 nM SCH 23390 was 96 + 4% (n = 29) of
control, this value served as the 100% value for samples preincubated
with SCH 23390.

bined D,/D, agonists (apomorphine and (*)-2-amino-
6,7-dihydroxytetralin; see ref. 4) inhibited the binding of
[*H]raclopride to D, sites. Fenoldopam, which has about the
same Ky value for the high-affinity state of D; (D}!ie") as for
DYigh (1.3 and 2.8 nM, respectively; ref. 4), decreased the
amount of [*Hlraclopride bound by 38% (Fig. 2). The D,-
selective agonist LY 171555 depressed [*H]raclopride bind-
ing by only about 22% at all concentrations tested (100-400
nM). Since the strongest effects were obtained with D,;/D,
agonists, it may be that the residual endogenous dopamine
served as a D, agonist in the experiments with LY 171555 (or
fenoldopam). Serotoninergic agonists and antagonists were
ineffective.

While the suppression of [*H]raclopride D, sites required
D;/D, agonists, the inhibition of this suppression was D;-
selective, as illustrated by the stereoselective action of the
active R enantiomer SCH 23390 and not its inactive S
enantiomer, SCH 23388 (Fig. 2). Furthermore, preincubation
with 50 nM ketanserin or 50 nM phentolamine for 1 hr had no
effect on [*Hlraclopride binding or on the dopamine-induced
suppression of [*H]raclopride binding.

Proc. Natl. Acad. Sci. USA 86 (1989)
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(pmol/g)/nM

BOUND [®H]SCH 23390, (pmol/g tissue)

Fi1G. 3. Example of the D;-D; link in human brain (C320 puta-
men), as detected using [PHISCH 23390. Data were obtained by the
filtration method, using final concentrations of 0.02 to 6 nM [*H]SCH
23390. Specific binding was defined by 1 uM (+)-butaclamol. Al-
though 400 nM dopamine (DA) added during the incubation period
inhibited the binding (Bmax) of [PH]SCH 23390 to D; receptors, this
effect did not occur if the tissue had been preincubated with 200 nM
eticlopride (ETICLO) and then coincubated (in the presence of 400
nM dopamine) with a final concentration of S0 nM eticlopride. The
control tissue (without eticlopride) was treated in an identical fash-
ion, except that eticlopride was not present.

Since the data suggested that D, agonists were occupying
the DAlieh sites and thereby occluding these sites for the
binding of [*Hlraclopride, we tested this idea more directly.
We used three types of experiments to examine whether SCH
23390 could alter the proportion or density of Dig" sites in
canine striatum.

First, by means of dopamine competition with 3 nM
[*Hlraclopride, the presence of SCH 23390 (200 nM during
preincubation; 50 nM during incubation) decreased the pro-
portion of D" sites from 60 = 5% to 44 + 5% (n = 4
experiments, each in duplicate; P < 0.05, LIGAND program).

Second, (+)-trans-3,4,4a,5,6,10b-hexahydro-4-[*H]propyl-
2H-naphth[1,2,-b]-1,4-0xazin-9-ol {’HIPHNO (LY 647339),
33 Ci/mmol}, an agonist that is 67-fold more avid for D4'i8" than
for Diigh (4), was custom-synthesized (P.S., A. N. Jones, and
P. S. Anderson, unpublished work). We found that SCH 23390
(200 nM during preincubation; S0 nM during incubation)
lowered the density of PHJPHNO sites by 50% (of the amount
lowered by 400 uM guanylyl imidodiphosphate; conditions of
Fig. 1).
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FiG. 4. The ability of dopamine to inhibit the photoincorporation
of [IZIIIMAB (A) or ['2’I]N3-NAPS (B) into the ligand subunits of
canine striatal D; and D, dopamine receptors was enhanced by
pretreating receptor preparations with either eticlopride or SCH
23390, respectively. The data are representative of at least three
independent experiments with qualitatively similar results. Markers
indicate M; x 1073,
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obtained by the centrifugation
method as in Fig. 14 except that
the tissues were washed only once
and 400 nM dopamine (DA) was
used. Ascorbic acid was never in-
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Third, [*H]quinpirole (LY 171555 hydrochloride; 61 Ci/
mmol) was custom-synthesized by using N-allyl-despropyl-
quinpirole (LY 275947) as a precursor (P.S., C.U.,and J. M.
Schaus, unpublished work). This dopamine agonist is 250
times more selective for D3ig" than for DY'ig" (4). SCH 23390
caused the binding of [*H]quinpirole (0.8-6 nM) to decrease
33 = 5% (n = 3, in quintuplicate), indicating a decrease in the
density of D§8"| even though SCH 23390 had no effect on the
total density of D, sites as detected by [*H]raclopride (Fig. 1).

Moreover, we tested for a reciprocal effect of D, receptors
on D, receptors. Here, too, dopamine (400 nM) suppressed
the density of [PH]SCH 23390-labeled D; sites, only to have
these sites restored by preincubation of the tissue with the
D,-selective eticlopride (200 nM during preincubation; 50 nM
during incubation) (Fig. 3).

Although the D;-D, effect (Fig. 1) was obtained in rat,
canine, and human striatum, there was variability between
experiments in the magnitude of the effect. We found that the
most unambiguous data were obtained with human tissues
and 3H-labeled ligands with high dissociation constants.
Hence, [*Hlraclopride (K4 = 1900 pM) was better than
[*H]spiperone (K4 = 50 pM). Moreover, human tissue has a
high K4 (881 pM) for [*'H]SCH 23390 (21), compared to canine
striatum (Ky = 170 pM; ref. 4), thus permitting the binding of
[*HISCH 23390 to D, receptors to be more sensitive to the
indirect effects of D, receptors. It is important to note that it
was essential to preincubate the tissue with SCH 23390.

In summary, the noncompetitive action of dopamine at
each receptor was converted into a competitive action by the
presence of an antagonist at the other receptor. We con-
firmed this conversion by receptor photolabeling experi-
ments. Eticlopride enhanced the ability of dopamine to block
the photolabeling of D; receptors (M, = 74,000) by
['*I]IMAB (Fig. 4A). SCH 23390 enhanced the potency of
dopamine to block the photolabeling of D, receptors (M, =
94,000) by ['ZI]N;-NAPS (Fig. 4B).

Since an important role for the D;-D, link may be in
diseases such as schizophrenia and Huntington disease (11)
which include hyperdopamine signs and symptoms, we
sought evidence for this possibility. We found that the D,-D,
link existed in human control striata (11 tissue samples),
Alzheimer disease striata (7 samples), and Parkinson disease
striata (6 samples). The D;-D, link was missing, however, in
8 of 15 schizophrenia tissue samples (or in 6 of 10 different
brains) and in 7 of 13 Huntington samples (or in 6 of 13
different brains) (Figs. 5 and 6). Premortem neuroleptic

3

4

cluded when human tissues were
used. SCH, SCH 23390.

treatment had no apparent effect on the link, since 2 control
and 6 Alzheimer samples contained considerable neuroleptic
(as noted in the clinical history and as evidenced by the high
K4 for [*Hlraclopride).

DISCUSSION

The data suggest the following interpretation (Fig. 7). D, ago-
nists occupy the D}ig" sites (4), thus occluding these sites for the
binding of [*H]raclopride. D" can be converted by guanine
nucleotide to D§°¥, thus permitting [*Hlraclopride to bind to all
the D, sites present. The similar effects of the nonhydrolyzable
guanine nucleotide analogue guanylyl imidodiphosphate and of
SCH 23390 (but only when D, receptors are present) suggest
that the D, receptor may influence the D, receptor through the
G-protein system. For example, the subunits of the stimulatory
G protein, G, (serving D,), may be in equilibrium with those of
the inhibitory G protein, G; (serving D,). This D;-D, equilibrium
may be unbalanced by SCH 23390.

The in vitro mechanisms reported here may account for
some of the behavioral and biochemical observations of a
D,-D;, link. For example, catalepsy produced by SCH 23390
is reversed by D,-selective agonists (22). This may be based
on the ability of SCH 23390 to alter the number of D}!ie" sites.

Although the brain location and chemical pathology in
schizophrenia are no doubt different from those in Hunting-
ton disease, some of the hyperdopamine signs and symptoms
(psychosis in schizophrenia, chorea in Huntington disease,
with both features treated by D, blockers) may be based on
a similar molecular mechanism of a D, action with reduced D,
influence. Although the data in Fig. 6 suggest that premortem
neuroleptic drugs did not eliminate the D,-D;, link, a direct
test for this link must await a positron-emission tomographic
study on nonmedicated individuals.
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Fic. 6. Human control and diseased striata. Each bar indicates
the percent inhibition by SCH 23390 (of the dopamine-induced
depression of [*H]raclopride density), defined as 100 — 100(BS —
BS+D)/(BC — BD), where B was the density of [*H]raclopride sites in
the control (BC), in the presence of SCH 23390 (BS), in the presence
of dopamine (BP), or in the presence of both SCH 23390 and
dopamine (BS*D). A star indicates that the individual received
neuroleptics in the last year of life, with the tissue generally revealing
a high K for [*Hlraclopride. Tissues were mostly putamens, except
where the bracket indicates putamen followed by caudate nucleus
from the same brain. Bpax (in pmol/g) and K4 (nM) values are for
[PH]raclopride binding in the control sample (i.e., without added
dopamine or SCH 23390). Dopamine was added at 400 nM final
concentration in all cases, except in the first set of control tissues
(where it was 200 nM, 400 nM, 100 nM, 200 nM, and 800 nM,
respectively) and in two schizophrenia tissues (where it was 200 nM).
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