
Dl Dopamine Receptor Activation Required for 
Postsynaptic Expression of D2 Agonist Effects 

Dl and D2 dopamine receptors exert synergistic effects on the firing rates of basal 
ganglia neurons and on the expression of stereotyped behavior in rats. Moreover, the 
ability of D2 agonists to induce changes in basal ganglia single unit activity and 
spontaneous motor activity is dependent upon the presence of endogenous dopamine 
to stimulate Dl receptors; in rats treated with a-methyl-p-tyrosine to reduce endoge- 
nous dopamine levels, the neurophysiological and behavioral effects of the D2 agonist 
quinpirole are significantly attenuated, while the effects of nonselective agonists like 
apomorphine, which stimulate both Dl and D2 receptors, or combinations of a D2 
agonist and a Dl agonist are not attenuated. Thus, the previously held view that D2 
receptors alone are responsible for evoking the changes in behavior and basal ganglia 
output induced by nonselective dopamine agonists and endogenous dopamine is not 
supported by these results, which indicate that these phenomena require concurrent 
stimulation of both dopamine receptor subtypes. 

S INCE KEBABIAN AND CALNE (1) 
first presented evidence for two dopa- 
mine receptor subtypes, Dl and D2, 

considerable attention has been directed to- 
ward understanding the relative contribu- 
tions of these receptor subtypes to the medi- 
ation of physiological and behavioral phe- 
nomena induced by dopamine and its ago- 
nists. For years, little function was ascribed 
to the Dl dopamine receptors in the central 
nervous system (CNS) beyond their ability 
to stimulate dopamine-sensitive adenylate 
cyclase. D2 receptors of the CNS have been 
considered responsible for eliciting the be- 
havioral sequelae and certain of the bio- 
chemical alterations attending the adminis- 
tration of classical nonselective dopamine 
agonists such as apornorphine (2) that stim- 
ulate both receptor subtypes. However, sev- 
eral studies have raised questions about the 
presumed independence of the Dz receptor 
in mediating such dopamine agonist-in- 
duced effects (3-6). We have therefore 
sought to determine whether processes 
evoked by stimulation of postsynaptic Dl 
and D2 receptors interact to elicit nedro- 
physiological and behavioral effects like 
those induced by the nonselective dopamine 
agonists, and to determine whether such an 
interaction between receptor-mediated pro- 
cesses might in fact be necessary for the 
expression of these effects. 

We examined the abilities of selective Dl 
and D2 agonists, administered alone and in 
combination, to induce apomorphine-like 
changes in the activity of output neurons of 
the basal ganglia and to elicit classical dopa- 
mine agonist-related behaviors. The results 
show that Dl and D2 receptors exert syner- 
gistic effects on the firing rates of basal 
ganglia neurons and on the expression of 
stereotypic behavior in rats. Moreover, con- 

current stimulation of both receptor sub- 
types appears to be required to evoke the 
changes in behavior and basal ganglia out- 
put typically observed with the nonselective 
dopamine agonists. These results indicate 
that currently held concepts regarding the 
relative roles of the two dopamine receptor 
subtypes in the CNS may need to be modi- 
fied. 

Effects of dopamine receptor stimulation 
on basal ganglia neuronal output were stud- 
ied by recording tonic extracellular single 
unit activity in the rat globus pallidus (7). 
The globus pallidus receives a major input 
from the striatum and thus activity in the 
globus pallidus is likely to reflect changes in 
the level of striatal dopamine receptor stim- 
ulation; it also receives a sparse but wide- 
spread innervation from dopamine cells lo- 
cated in the substantia nigra pars compacta 
(8). Previous studies have shown that non- 
selective dopamine agonists such as apomor- 
phine and pergolide (9), which stimulate 
both Dl and D2 receptors, substantially 
increase the activity of cells in the globus 
pallidus (10-13). Similar changes are not 
induced by drugs that alter serotonin or 
norepinephrine receptor stimulation (10, 
12, 14). 

When administered systemically, the se- 
lective D2 agonist quinpirole induced dose- 
dependent increases in pallidal neuron activ- 
ity that were significantly smaller than those 
induced by the nonselective agonists, even 
though the efficacy and potency of quinpi- 
role at inhibiting the activity of dopamine 
cells in the substantia nigra pars compacta 
via the dopamine D2 autoreceptors are equal 
to that of apomorphine (13). When SKF 
38393, a selective Dl agonist, was adminis- 
tered before quinpirole, however, marked 
increases in pallidal neuron activity, indistin- 

guishable from those induced bv apomor- " , L 

phine, were observed. The inactive form of 
SKF 38393, S-SKF 38393 (15), did not 
potentiate the effects of quinpirole (13). Our 
results indicate that the synergistic effects of 
quinpirole and the Dl agonist reflect a gen- 
eral property of dopamine Dl  and D2 recep- 
tor function rather than a pharmacodvnamic 
or idiosyncratic interaction between these 
two agonists; a second selective D2 agonist, 
RU 24926, produced similar effects when 
given together with SKF 38393. RU 24926 
(16) is structurally dissimilar to quinpirole 
(17) and is also kquipotent with-apomor- 
phine in inhibiting the activity of substantia 
nigra dopamine cells (13). Administration 
of RU 24926 (0.3 mg per kilogram of body 
weight, intravenously) alone produced an 
average increase in pallidal neuron firing 
rates of 30 t 9% (SEM, n = 8) (Figs. 1A 
and 2). SKF 38393, given alonE (20 mg per 
kilogram of body weight, intfavenously), 
produced an average rate increase of 
17  t 6% (n = 43) (Fig. 2). However, 
when RU 24926 was administered 15 min- 
utes after SKF 38393, a significantly poten- 
tiated rate increase of 85 t 17% (n  = 12) 
was observed (Figs. 1B and 2). As with 
quinpirole, this increase is comparable to 
that induced by an equimolar dose of apo- 
morphine (Figs. 1E and 2) or pergolide, 
greater than that observed with R U  24926 
or SKF 38393 alone, and greater than the 
Additive effects of SKF 38393 and RU 
24926 given separately (1 8). 

Behavioral studies of the effects of selec- 
tive Dl and D2 receptor stimulation yield 
compatible results. ~ u i n ~ i r o l e  (3  mg per 
kilogram of body weight, subcutaneously) 
significantly increased nonstereotypic loco- 
motion, grooming, and sniffing in the nor- 
mal animal, but failed to induce the intense, 
continuous stereotyped behavior typically 
observed with apomorphine (0.75 mg per 
kilogram of body weight, subcutaneously) 
(Table 1). Behaviors observed with this dose 
of quinpirole resemble those elicited by low- 
er doses (in the range of 0.2 mg per kilo- 
gram of body weight, subcutaneously) of 
apomorphine (19). Moreover, even at high 
doses (48 mg per kilogram of body weight), 
quinpirole does not elicit intense licking, 
biting, gnawing, or repetitive head and limb 
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patterned stereotypic behaviors (20). Simi- 
larly, SKF 38393 (20 mg per kilogram of 
body weight, subcutaneously) elicited in- 
tense grooming, but no stereotypic behav- 
ior. However, when quinpirole was admin- 
istered simultaneously with SKF 38393, 
intense stereotypic licking, biting, and 
gnawing behavior was observed with a con- 
comitant decrease in organized motor activi- 
ties such as locomotion, grooming, and 
sniffing (Table 1). In addition, as in the 
electrophysiological studies, evidence of 
synergistic interactions between Dl and D2 
receptors was observed in behavioral studies 
utilizing RU 24926 (3 mg per kilogram of 
body weight, subcutaneously). This second 
selective D2 receptor agonist also induced 
no intense, focused licking, biting, or gnaw- 
ing or head and limb patterned stereotypies, 
although nonstereotypic locomotion, 
grooming, and sniffing were observed. 
When SKF 38393 was administered simul- 
taneously with RU 24926, however, intense 
stereotypy was induced; nonstereotypic 
grooming, sniffing, and locomotion were 
concomitantly reduced (Table 1). 

The requirement for both Dl and D2 
receptors to be stimulated to induce changes 
in behavior and tonic pallidal neuron activi- 
ty comparable to those occurring with non- 
selective dopamine agonists could explain 
the puzzling observation that the selective 

Dl antagonist SCH 23390 blocks the be- 
havioral effects of apomorphine and am- 
phetamine (4) ,  as well as the finding that 
SCH 23390 attenuates the effects of apo- 
morphine and d-amphetamine on pallidal 
cell activity (12). In fact, SCH 23390 is as 
potent a blocker of apomorphine's effects on 
pallidal activity as YM-09151-2, a D2 antag- 
onist (21) (Fig. 3). The inactive S enantio- 
mer of the Dl antagonist, SKF 83566 (0.1 
mg per kilogram of body weight), the 8- 
bromo analogue of SCH 23390 (22), failed 
to attenuate the rate-increasing effects of 
apomorphine (0.3 mg per kilogram of body 
weight) on pallidal cell activity. These stud- 
ies show that stereoselective Dl receptor 
blockade, as well as D2 receptor blockade, 
attenuate the effects of a nonselective dopa- 
mine agonist on globus pallidus neurons 
and further support the idea that apomor- 
phine's effects in the basal ganglia require 
concurrent Dl and D2 receptor stimulation. 

Our results raised another question: could 
the characteristic effects induced by a D2 
agonist depend on endogenous doparnine 
that was providing tonic Dl receptor stimu- 
lation? The fact that SCH 23390 attenuated 
the effects of quinpirole on pallidal single 
unit activity (12) supports this view. In 
addition, our data (Table 1) demonstrate 
the attenuating effect of SCH 23390 on 
behaviors induced by quinpirole. The role of 
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Fig. 1. Effects of dopamine agonists on the single unit activity of spontaneously active globus pallidus 
neurons. (A) RU 24926 (RU) (0.3 mgikg), administered as a single bolus intravenous dose, induced 
modest increases in pallidal cell activity, which were reversed by administration of the D2 antagonist, 
YM-09151-2 (YM) (0.2 mgikg). (B) Administration of SKF 38393 (SKF) (20 mgikg) had no 
significant effect on the firing rate of this pallidal neuron. However, when RU 24926 (0.3 mgikg) was 
given 15 minutes after SKF 38393 (20 mgikg), the resulting increase in firing was significantly greater 
than the effect observed when this dose of RU 24926 was administered alone. (C) Quinpirole (QUIN) 
(1 mgikg) increased the firing rates of pallidal neurons. The dose of quinpirole administered here is 
greater than the doses of RU 24926 and apomorphine shown in (A) and (E), respectively, and is a 
maximally effective dose in the globus pallidus (13). YM-09151-2 (0.2 mgikg) reversed the effect of 
quinpirole on firing rate. (D) In animals pretreated with AMPT (23), quinpirole (1.0 mgikg) induced 
nonsignificant changes in pallidal cell activity. Subsequent administration of SKF 38393 (20 mgikg) 
caused a rate increase similar to that induced by the combination of the Dl  and D2 agonists shown in 
(B) and similar to that induced by the administration of apomorphine, a nonselective Dl-DZ agonist, as 
shown in (E) and (F). This rate increase was reversed by haloperidol (HAL) (0.2 mgikg). (E) 
Apomorphine (APO) (0.3 mgikg) markedly increased pallidal neuron activity. (F) AMIT pretreatment 
(23) did not attenuate the effects of apomorphine (0.3 mgikg). 
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Fig. 2. Bar graph showing averaged effects of 
selective and nonselective Dl-D2 doparnine ago- 
nists on globus pallidus neuron activity in normal 
animals and animals pretreated with AMIT (23).  
Drugs were administered intravenously at doses 
shown in Fig. 1, (A) through (F). Bars represent 
the mean and SEM. The number of neurons (that 
is, the number of animals) studied was: APO, 21; 
RU, 8; SKF, 43; RU + SKF, 12; QUIN, 12; 
QUIN + AMPT, 10; QUIN + SKF + AMPT; 
9; APO + AMPT, 5. *, Significantly different 
(27) from apomorphine in normal and AMPT- 
treated rats and from the combination of RU 
24926 and SKF 38393; t, significantly different 
from apomorphine in normal and AMPT-treated 
rats; *, significantly different from quinpirole in 
normal rats, from the quinpirole and SKF 38393 
combination, and from apomorphine in normal 
and AMIT-treated rats. 

tonic endogenous Dl receptor stimulation 
in the induction of neurophysiological and 
behavioral phenomena by D2 agonists was 
therefore explored in animals in which en- 
dogenous dopamine levels were reduced be- 
fore the experiment by a-methyl-p-tyrosine 
(AMPT) treatment (23). If the D2 receptor 
independently mediates the effects of the D2 
agonist, then the full range of behavioral 
and neurophysiological effects occurring in 
intact animals should persist in such a prepa- 
ration. In fact, the effect of a quinpirole dose 
(1 mg per kilogram of body weight, intrave- 
nously) that increases pallidal cell firing in 
the normal rat was significantly attenuated 
in rats pretreated with AMPT (Figs. 1D and 
2). However, when SKF 38393 was admin- 
istered after quinpirole to AMPT-treated 
rats, marked increases in pallidal neuron 
firing rates were observed equivalent to 
those induced by either apomorphine or by 
the combination of these agents in the intact 
animal (Fig. 1, E and F, and Fig. 2). Consis- 
tently, the effects of apomorphine, which is 
capable of stimulating both receptor sub- 
types, were not attenuated in AMPT-treated 
rats. Increases in pallidal neuron activity 
after apomorphine administration in this 
preparation did not significantly differ from 
the increases induced by apomorphine in the 
intact animal. 

The behavioral effects of quinpirole and 
SKF 38393 in normal and catecholamine- 
depleted rats paralleled these neurophysio- 
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logical effects (Table 1). In AMPT-treated tial for the expression of behavioral phe- 
nomena typically associated with postsynap- 
tically active doses of nonselective dopamine 
agonists, as well as the increases in tonic 
single unit activity in the globus pallidus 
evoked by systemic administration of these 
agents. Moreover, the behavioral or physio- 
logical effects induced by selective D2 ago- 
nists apparently require the presence of en- 
dogenous dopamine concurrently stimulat- 
ing the Dl receptor. These conclusions are 
supported by a behavioral study that moni- 
tored dopamine agonist-induced rotation 
&er a striatal quinolinic acid lesion (6) and by 
observations suggesting that the ratio of D to 
D2 receptor stimulation may determine the 
nature of behaviors expressed in intact and 
catecholamine-depleted animals (24). 

Synergistic interactions between dopa- 
mine receptor subtypes also appear to occur 
in animals with supersensitive dopamine 
receptors; these interactions have been dem- 
onstrated by behavioral studies (25) and 
neurophysiological investigation of single 
unit activity in the substantia nigra pars 
reticulata, a second major basal ganglia out- 
put nucleus (26). Quinpirole and SKF 
38393, at doses which, when given alone, 

rats, the ability of quinpirole to elicit the 
behaviors produced by this drug in normal 
animals was significantly diminished; fre- 
quencies of total motor activity as well as 
individual behaviors such as locomotion, 
sniffing, or grooming did not differ from 
those observed in controls receiving only 
vehicle and no AMPT. However, when 
quinpirole and SKF 38393 were adminis- I 
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&red in combination to AMPT-treated ani- 
mals, marked stereotyped behavior resem- 
bling that typically seen after apomorphine 
or am~hetamine administration was ob- 

Fig. 3. Dose-response curves comparing the rela- 
tive abilities of the Dl antagonist SCH 23390 and 
the D2 antagonist YM-09151-2 to block the 
excitatory effects of apomorphine on pallidal neu- 
ronal firing. SCH 23390 (0) or YM-09151-2 
(H) were administered intravenously over a range 
of doses 3 minutes before administration of 0.3 
mgikg apomorphine. Only one dose was adminis- 
tered per experiment. Each point represents the 
mean response of all cells observed afier apomor- 
phine administration at a given dose of the antag- 
onist (n = 5 to 10). Vertical bars represent SEM. 

served. Thus, a reduction in endogenous 
dopamine levels substantially attenuated the 
ability of quinpirole to induce behavioral 
changes in the AMPT-treated rat, while the 
full extent of apomorphine-like effects oc- 
curred only when the Dl and D2 receptors 
were stimulated simultaneously. 

Our results indicate that D2 dopamine 
receptors are not independently responsible 
for mediating postsynaptically induced ef- 
fects of nonselective dopamine agonists such 
as apomorphine. Rather, a synergistic inter- 
action between Dl and D2 dopamine recep- 
tor-regulated processes appears to be essen- 

induce no significant effect on substantia 
nigra pars reticulata neuronal activity will, 
when administered simultaneously, induce 
marked decreases in firing rates of these 
neurons (26). Thus, synergistic interactions 
between Dl and D2 receptors or between 
the processes they regulate appear to occur 
in the basal ganglia of both normal animals 
and animals with supersensitive dopamine 
receptors. 

These results imply that, like the nonselec- 
tive agonists, endogenous dopamine may 
induce certain of its behavioral and electro- 
physiological effects in the intact animal by 
concurrent stimulation of both receDror 

Table 1. Behavioral effects of the D, agonists quinpirole and RU 24926 and the D ,  a onist SKF 38393 
administered independently and concurrently to control and WPT-treated rats. ~ekavioral scores are 
expressed as the percent of the total number of intends in which that behavior was obsewed. Male, 
Sprague-Dawley rats (250 to 300 g) were placed individually in 34 by 44 by 18 cm observation cages 
with 1 by 1 cm wire grid on the bottom and front walls and were allowed 2 hours to accommodate 
before testing. A M M  treatment was as described (23). Quinpirole, RU 24926, and SKF 38393 were 
administered subcutaneously in doses of 3 mgikg, 3 mgikg, and 20 mgikg, respectively. SCH 23390 in 
a dose of 0.1 mgikg was injected intraperitoneally. Behaviors were assessed by an observer unaware of 
the animal treatments. Specific behaviors (28) were rated as present or absent in a series of consecutive 
intervals uniformly distributed throughout the total period of observations. Obsewation intervals were 
generally 15 seconds in length and ranged from 10 to 20 in number. The total duration of behavioral 
observations ranged from 60 to 150 minutes in these experiments. Data were analyzed for statistical 
significance with Wilcoxon-Mann-Whitney Rank Sum tests and appropriate Bonferroni correction. 
The criterion of significance was P < 0.05. 

' 
subtypes. In this respect, the central dopa- 
mine system seems unlike most central trans- 
mitter systems with multiple receptor sub- 
types studied thus far. Consideration of the 
functional interaction between Dl and D2 
receptors could have important implications 
in disorders such as Parkinson's disease and 

Nonstereotypic behaviors ~ I ~ L C ~ I ~ C  

(% of time) stereo- motor 
Treatment n , ,,,, activitv 

Nonstereotypic behaviors Total Intense motor 
(% of time) 

Treatment stereo- n activity 
'?PI!(% ( N o f  

Locomotion Sniffing Grooming of time) time) Locomotion Sniffing Grooming ' 
schizophrenia, where stimulation or block- 
ade of postsynaptic dopamine receptors con- 
fers symptomatic benefit. Knowledge of the 
optimal ratio of relative drug activity at Dl 
and D2 receptors may provide a basis for 
improved treatment in therapeutic situa- 
tions where dopamine receptor stimulation 
or blockade is warranted. 
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