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BENINGER, R. J., R. MILLER Dopamine D1-like receptors and reward-related incentive learngUROSCI BIOBEHAV REV

22(2), 335—345, 1998.—There now is general agreement that dopaminergic neurons projecting from ventral mesencephalic nuclei to
forebrain targets play a critical role in reward-related incentive learning. Many recent experiments evaluate the role of dopamine (DA)
receptor subtypes in various paradigms involving this type of learning. The first part of this paper reviews evidence from these studies
that use antagonists or agonists relatively specific for D1- or D2-like receptors in operant paradigms with food, brain stimulation, self-
administered stimulant or conditioned rewards or place conditioning. The focus is on studies that directly compare agents acting at the
two DA receptor families, especially those studies where the agents produce differential actions. Results support the conclusion that D1-
like receptors play a more critical role in reward-related learning than D2-like receptors. D1-like receptors initiate a cascade of
intracellular events including cyclic adenosine monophosphate (cAMP) formation and activation of cCAMP-dependent protein kinase
(PKA). The final section of this paper reviews evidence from a wide range of neuroscience experiments that implicates the cAMP/PKA
pathway in learning in general and in reward-related incentive learning in particular. We conclude that the molecular mechanism
underlying DA-mediated incentive learning may involve DA release in association with reward, stimulation of D1-like receptors,
activation of the cAMP/PKA cascade and additional intracellular events leading to modification of cortico-striatal glutamatergic
synapses activated by stimuli encountered in close temporal contiguity with reward. Thus, when reward-related incentive learning takes
place, it may be the action of DA acting at D1-like receptors that leads to plastic changes in the striatum that form the substrate of that
learning.© 1998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION Recently, DA receptors have been found to exist in at

least five different subtypes, termed D1 through DS5.
{NVEhS.TL?'tA\‘JIONg OVE.R m%rR/ yezérs havhe shoanha rega- Based on their ability either to stimulate or inhibit the
ionship between dopamine (DA) and psychoses. The obsef; ;. o adenylate cyalase, these receptors have been clas-
vations that most pharmacological agents used in theigqq i two groups, D1-like, including D1 and D5 and
treatment of schizophrenia are DA receptor blockers, an 2-like, including D2 ,D3 and b4 (21,80,99)
that stimulant drugs such as cocaine and amphetamine are ' ' GG

psychotogenic, originally contributed to the hypothesis thal : ; . ;
brain DA is hyperfunctional in schizophrenia. (For a recenttmec“‘rﬂeOl the actions of antipsychotic drugs (108). However,

. recently it has been found that this mechanism of action
update of the DA hypothesis see (47).) In parallel, thecannot account for the antipsychotic properties of the drug

animal literature has shown a strong relationship betweeﬂlozapine Thus: (i) clozapine does not fall on the line

DA and reward-related incentive learning. Incentive Ieam'describing the relationship between clinical potency and

Ir;i%nlsii dfe;‘lhnedbﬁi? tthe I?ci?wsn:on Ey npdre\{lﬁursly r]eﬂtr""lDZ-like receptor affinity (108); (ii) clozapine does not cause
stimull of the ability fo elicit approach and other respo S.esextrapyramidal side effects, normally attributed to blockade
and occurs in association with the presentation of rewardin

L . ¥t D2-like receptors (18); and (iii) in studies of receptor
stimuli to animals (11,12,14). Thus, DA receptor antago-,.. \,ancy effective antipsychotic doses of clozapine pro-
n'StS.b|°Ck the us_ual ef_fects of r_ewa_rd on behaviour, an uce a much lower level of D2 receptor occupancy than
agonists support incentive learing in a number of parag,,qica| neuroleptic drugs (108). Because clozapine has
digms (3,123). As an attempt to join together these twa, ffinity for a wide variety of receptors, a number of

bodies of information, we have suggested previously tha(%/potheses are compatible with the observation that it is

For many years it was believed that the D2-like receptors

much of the symptomatology observed in psychoses can b n effective antipsychotic medication. For example, any of

viewed as an exaggeration or distortion of reward-relateq- ; ;
leaming (3,66—68,70). HT2 plus D2 combined receptor antagonism, or D4 DA
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receptor antagonism, or D1-like receptor antagonism couldNakonechny (6). As in the previous review, it was con-
be responsible (45,70). Seeman and coworkers (108) hawduded that data from a number of paradigms (including
pointed out that clozapine falls on the line relating clinical operant responding for food, water, brain stimulation
potency to D4 receptor affinity, supporting the hypothesisreward, or drug self-administration, or conditioned reward
that clozapine produces antipsychotic effects by acting abr place conditioning) show that DA antagonists acting at
the D4 receptor. either D1- or D2-like receptors produce a decrease in the
Part of our own arguments in favour of reduced activationability of rewarding stimuli to control responding. However,
of the D1-like receptor as mediating the antipsychoticthe observation that some results show differential effects
actions of clozapine depend on identifying the D1-like with antagonists relatively specific for either DA receptor
receptor as critical to reward-related learning. Howeversubclass allowed the further conclusion that the D1-like
the arguments for this idea are not straightforward, butreceptor played a more important role in the mechanisms by
involve a number of other subsidiary assumptions (70)which rewarding stimuli control behaviour. Following is a
Because of the need for these assumptions, our interpreteeview of the studies showing differential effects of D1- vs
tion of the evidence may appear complex, and other interb2-like antagonists in paradigms involving reward-related
pretations may appear more straightforward and equallyearning.
plausible. One of the difficulties is that in many paradigms In a recent study by Fowler and Liou (27) of the effects of
the effects of drugs acting at D1- and D2-like receptors arddA antagonists on operant responding for food, an across-
similar. This has been discussed in previous publicationsession decrease was seen over several days of testing with
(45,69,70) in which we have argued that the effects of drugSCH 23390, but not with the D2 antagonist raclopride. This
acting upon reward-related learning are achieved indirectlystudy included an extensive and sophisticated behavioural
being mediated via effects on motor performance and thanalysis that led to the conclusion that the D2-like receptor
firing rate of midbrain DA neurons. antagonist produced a greater effect on motor function than
In the present paper, we review recent studies concernintpe D1-like antagonist, results consistent with the differen-
the role of D1-like receptors in reward-related incentivetial effects of these agents on schedule-controlled respond-
learning. The focus is on those aspects of the psychophaimg. A simple motor effect of the drugs would have been
macological evidence where drugs acting on D1- or D2-likeexpected to produce a uniform decrease in responding
receptors have different actions, or where there are othewithin or across sessions. These findings suggested a greater
interesting dissociations. We argue that, despite some commele for D1-like receptors in reward and a greater role for
plications, the hypothesis that D1-like receptors play aD2-like receptors in motor function.
critical role in incentive learning provides a good account In related but older studies by Nakajima and coworkers
of the evidence. D1-like receptors activate the enzyme add€74,75), rats treated with low doses of the D1-like receptor
nylate cyclase, leading to stimulation of cyclic adenosineantagonist SCH 23390 showed a greater decrease in
monophosphate formation, and a cascade of intracellularesponding on schedules of intermittent reinforcement for
events that has been implicated in various forms of learningood than the decrease seen in responding for continuous
and memory in diverse experimental paradigms. In the finateinforcement; the D2-like antagonist raclopride, on the
section, we review some of these findings and suggest thather hand, similarly affected responding on both schedules.
similar mechanisms may operate in incentive learning.  The differential results with SCH 23390 could not be
attributed to a motor effect, whereas the effects of raclopride
were consistent with a motor effect. Results suggest a
greater involvement of D1-like receptors in the control of
In 1993, after reviewing a large number of studies of thebehaviour by reward.
effects of DA receptor family subtype-specific antagonists Two studies by McDougall and coworkers (63,64) used
in a variety of behavioural tasks involving reward, Beninger11- or 17-day old rat pups in an instrumental conditioning
(4) came to the following conclusion. Both D1- and D2-like paradigm requiring a running response for nipple attach-
antagonists block the usual effects of reward in animalsnent reward. In both studies, SCH 23390, but not the D2-
performing tasks such as lever pressing for food, electricdlike antagonist sulpiride, produced an extinction-like
stimulation of the brain and stimulant self-administration.decrease in running speed, although sulpiride augmented
They also block place conditioning and conditioned activitythe effects of SCH 23390 when they were given together.
produced by stimulant drugs. In tests of avoidance respondResults show that both D1- and D2-like receptors are
ing, D2-like antagonists produce an extinction-like declineinvolved in reward-related learning, but the differential
in responding, suggestive of a block of the rewarding effecteffects of antagonists acting at the two receptor classes,
of safety; in the one available study, a D1-like antagoniswhen given alone, suggest that D1-like receptors may be
failed to produce a gradual decline in avoidance respondingnore importantly involved.
Both types of antagonists blocked the memory improving A recent study by Hunt et al. (43), using brain stimulation
effects of post-training treatments with rewarding stimuli. as the rewarding stimulus, reported a failure to dissociate
Overall, the data suggested that both D1- and D2-likereward from performance effects with the D2-like antago-
receptors were involved in mediating the usual effects ohist spiperone, but did observe this dissociation with SCH
reward on behaviour. 23390. This study, like that of Fowler and Liou (27) using
Since writing that review, a number of additional studiesfood reward, might suggest a more important role for D1-
have been published that allow a more direct comparison dike receptors in reward-related learning.
D1- and D2-like antagonists in a number of paradigms The self-administration paradigm is particularly well sui-
involving reward-related learning. These data have beeted to a dissociation of reward versus motor effects of DA
reviewed more recently, in 1996, by Beninger andantagonists because DA antagonists can produce increases
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in responding like those seen following decreases in thend conditioning with pipradrol (another stimulant drug)
concentration of the rewarding drug; an effect on rewardvas blocked with SCH 23390 (116). Di Chiara and
produces a change in responding in a direction opposite tooworkers showed that place conditioning with morphine
the decrease in responding that would be expected if motowas blocked by acute SCH 23390 or SCH 39166 (1,60).
ability was being affected. Another variable also seems to b&hese results show that both DA receptor families seem to
important in these experiments, however. Thus, manype involved in incentive learning in this task, but some
researchers use a time out period, during which respondinstudies further show differential effects. Thus, the work
has no programmed consequences, following delivery of @f Shippenberg and coworkers showed that morphine
self-administered drug. With a long time out (e.g., 2 min),place conditioning was blocked by chronic systemic SCH
increases in responding are not seen following any doses @&3390 or intra-accumbens injections of SCH 23390 but not
DA antagonists; only no effect or decreases are seehy chronic systemic spiperone or intra-accumbens sulpiride
depending on dose (15). (95,97,98). Similarly, place conditioning based on
Some studies have found differential effects of D1- vscocaine was blocked by SCH 23390 but not by sulpiride
D2-like antagonists on responding to self-administer(19). These latter findings suggest that, at least in the case of
drugs. Thus, in a study by Koob et al. (57), SCH 23390place conditioning with morphine or cocaine, D1-like
was found to produce a dose-dependent increase in responéceptors may play a more critical role than D2-like
ing for cocaine (followed by a short time out) whereasreceptors.
spiperone was effective at only one dose. In other studies In the above studies, reporting that SCH 23390 blocked
from the laboratories of Koob or Woolverton (15,54), D1- place conditioning, control experiments showed that the
like antagonists were found to decrease responding fosame doses of SCH 23390 given alone did not produce a
cocaine on a multiple schedule (with long time outs) atplace aversion. However, a humber of studies have found
doses that were less effective at decreasing responding fthat SCH 23390 or the D1-like antagonist A69024, at some
food; no similar dissociation was found for D2-like antago- doses, can produce a place aversion when given systemi-
nists (15). Like studies of operant responding for food orcally (1,96,98), and two studies reported an aversion when
brain stimulation reward, these data, revealing differentialSCH 23390 was given alone into the nucleus accumbens
effects of D1- vs D2-like antagonists, further suggest thai{95,96). In contrast, metoclopramide or sulpiride, given
the action of DA at the D1-like receptor may be particularly alone, failed to produce a place aversion (96,98). Perhaps
involved in reward-related learning. these results also indicate a more important role for D1- than
Animals will learn an operant response when rewardedor D2-like receptors in reward.
with a stimulus that has acquired its rewarding properties as In psychopharmacological experiments, sensitization is
a result of a prior history of association with a primary defined as an increased response to a particular dose of a
rewarding stimulus such as food or water; such a stimuluslrug with repeated intermittent exposure to that drug. Indir-
is termed a conditioned reward. Previous studies havect acting DA agonists such as amphetamine produce sen-
shown that treatment with amphetamine specificallysitization. Detailed studies have shown that conditioning to
enhances the acquisition of responding for conditionecenvironmental stimuli associated with the drug plays a sig-
rewards, as reviewed by Beninger and Ranaldi (8). Treatnificant role in sensitization although it does not account for
ment with SCH 23390 was found to shift the amphetaminehe entire effect (105,106). The relative role of D1- and D2-
dose-response curve in this paradigm to the right; the D2like receptors in the different components of stimulant
like antagonist pimozide also shifted the curve to the rightsensitization is at present controversial. It has been observed
but the maximum level of responding seen following treat-that the development of sensitization to systemic treatments
ment with SCH 23390 was never seen with pimozide. Thewith amphetamine is blocked by systemic SCH 23390 but
D2 antagonist metoclopramide, on the other handpot by D2-like antagonists, implicating D1-like receptors in
decreased the amphetamine enhancement of respondingthris effect (111). However, localization studies showed that
a dose-dependent manner but failed to shift the amphetanjections of the D1-like antagonist into the mesencephalic
mine dose-response curve to the right (82). These resuliggions containing DA cell bodies were effective at block-
implicate both D1- and D2-like receptors in incentive ing sensitization (107), implicating D1-like receptors in
learning produced by conditioned rewards. Although lim-those regions. To the extent that sensitization to the effects
ited data are available from this paradigm, the results alsof amphetamine includes conditioned responses to environ-
suggest that D1-like antagonists may produce effects somenental stimuli associated with the drug (105,106), this
what specific to reward whereas D2-like antagonists affectesult further supports the conclusion that D1-like receptors
reward and motor responding, as also suggested by dataay be more important in DA mediated learning, though
reviewed above from studies of operant responding for foodmore studies of the conditions in which each receptor
brain stimulation reward and stimulant self-administration.subtype is involved, and the site of their actions, need to
Given a choice between two familiar chambers, one otbe carried out.
which previously has been paired with reward, rats show a In summary, results from a large number of studies show
preference for the place associated with reward. For exanthat the capacity of a number of different types of rewards to
ple, preferences have been reported for places associatatter the ability of stimuli associated with reward to control
with food, water, psychostimulants or morphine. Place pretesponding is reduced by agents that block either D1- or
ference conditioning with water was blocked by SCH D2-like receptors. Additionally, a number of more recent
23390, raclopride or pimozide (2). In studies from thestudies present results suggestive of a more critical role for
laboratories of Beninger and others, place conditioningD1-like receptors in the rewarding effects of food, brain
with amphetamine was blocked by SCH 23390, and by thestimulation, self-administered drugs, conditioned rewards
D2-like antagonists metoclopramide or sulpiride (37,40,60)and agents used in place conditioning paradigms.
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D1- AND D2-LIKE AGONISTS 38393 decreased both fixed interval and fixed ratio respond-
ing of monkeys whereas quinpirole increased fixed interval
In place conditioning or self-administration experiments,responding at doses that decreased fixed ratio responding
where D1- or D2-like agonists are used as the potentiallf52,124). Bergman et al. (10), in independent groups of
rewarding agents, results show that stimulation of eitheimonkeys trained on either a fixed interval schedule of shock
receptor family is rewarding. However, as will be reviewed avoidance or a fixed ratio for food, found that D1-like
in this section, only low doses of D1-like agonists will agonists similarly decreased responding on both schedules
maintain self-administration. Furthermore, in operant leveiyhereas D2-like agonists similarly increased fixed interval
pressing tasks rewarded with food, brain stimulation rewardesponding at doses that decreased fixed ratio responding. In
or conditioned reward, there is a convergence of results related study by Tidey and Miczek (110), mice were seen
from a number of recent papers suggesting that D1-, bufo decrease responding for food presented according to a
not D2-like agonists impair responding. In the following multiple schedule following SKF 38393 at doses that failed
section, we will argue that these results are consistenp affect unconditioned social and motor responses; quinpir-
with a role for D1-like receptors in reward-related incentive gle, on the other hand, showed no similar dissociation,
learning. decreasing operant and unconditioned responding at each
Place conditioning studies from Beninger’s laboratoryeffective dose. Finally, Katz et al. (50) reported that a
showed that the D1-like agonist SKF 38393 produced awumber of D1-like agonists decreased fixed interval
place aversion, not a preference (38,40). A subsequemtsponding for shock whereas amphetamine produced an
study from White's laboratory reported that intra-accum-increase at some doses.
bens, but not systemic, injections of SKF 38393 produced a The effects of D1- vs D2-like agonists on operant
place preference (117). This finding suggested that somg:sponding for food can be summarized as follows. Regard-
action of SKF 38393 other than its effects on accumbensess of the schedule of reinforcement, D1-like agonists are
D1-like receptors was responsible for its aversive properseen to produce decreases in responding. Thus, D1-like ago-
ties, a suggestion consistent with the finding of Terry anchists decrease responding on fixed interval, variable ratio
Katz (109) that the appetite suppressing effects of SKRand fixed ratio schedules. D2-like agonists, on the other
38393 were not blocked by SCH 23390 although those ofiand, are seen to increase responding at some doses on
other D1-like agonists were. In a recent unpublished studyfixed interval schedules although they consistently decrease
Beninger and coworkers confirmed that the aversive propefresponding on fixed ratio schedules. Results suggest that
ties of SKF 38393 may be unrelated to its action at D1-likeD1- and D2-like receptors play different roles in the control
receptors. They found that systemic injections of the D1-of responding by reward. Stimulation of D1-like receptors
like agonist SKF 82958 produced a place preference in @nore strongly interferes with operant responding.
dose-dependent manner. In several studies, D2-like agonistsKatz and Witkin (51) evaluated the effects of systemic
have been found to produce a place preferenc&SKF 38393 on operant responding to self-administer
(38,40,41,73,117). Recent results have shown that 7-OHeocaine and found a decrease, the dose-response curve
DPAT produced a place preference (20,62); this compoun@eing shifted to the right. This result is consistent with the
has a weak selectivity for D3 vs D2 receptors, but the dosefindings reviewed above showing that D1-like agonists
that produced place conditioning were high and may havémpair operant responding for food reward.
affected D2 receptors. Thus, place preferences are producedin a number of studies using stimulation of the lateral
by either D1- or D2-like agonists. hypothalamus or ventral tegmental area as the rewarding
As stated above, both D1- and D2-like agonists are selfstimulus for each lever press, D2-like agonists including
administered by animals. Woolverton et al. (126) reportecquinpirole, CV 205-502 or bromocriptine produced leftward
originally that SKF 38393 was not self-administered by shifts in the rate-frequency function, indicative of enhanced
monkeys, a finding consistent with the aversive propertieseward (17,55,76,77,83). The effects of D1-like agonists
observed for this agent in place conditioning. Subsequertiave been less consistent. Thus, A77636 produced a left-
studies from Woolverton’s lab found that low concentra-ward shift (83) but SKF 38393 had no effect in one study
tions of the D1-like agonist SKF 81297 were self-adminis-(77) and produced a rightward shift, suggesting decreased
tered by monkeys (114), and Self and Stein and coworkergeward, in another (43). It is noteworthy that in the latter
found that SKF 82958 or SKF 77434 were self-administeredstudy brain stimulation reward was presented according to a
by rats (93,94). Higher concentrations did not maintainfixed interval schedule, making the observation of decreased
responding; this observation may be consistent with theesponding consistent with the effects of D1-like agonists on
finding that D1-like agonists impair responding for other operant responding for food, as reviewed above.
types of reward as reviewed below. The D2-like agonists In studies of rats responding for conditioned reward,
bromocriptine and piribedil were self-administered by mon-Beninger and coworkers showed that, similar to their effects
keys and rats (122,125,126). Results suggest a role for bogh operant responding for food, brain stimulation reward or
D1- and D2-like receptors in reward. self-administered cocaine, systemic injections of D1-like
Both the D1-like agonists SKF 38393 and SKF 75760 anchgonists decrease responding for conditioned reward in a
the D2-like agonists N-0437 and RU 24213 decrease@ose-dependent manner (9,84,85). D2-like agonists, on the
responding on a fixed ratio schedule for food (51,88,89)pther hand, increase responding at some doses (7,84).
similarly, SKF 38393 and the D2-like agonist quinpirole |n summary, comparisons of the actions of D1- vs D2-like
decreased variable interval responding for food (39). How-agonists in a number of incentive learning paradigms have
ever, with the use of a multiple schedule including fixedyielded a complex picture showing a similar effect of ago-
interval and fixed ratio components, differential effects ofnists acting at the two receptor families in some paradigms
D1- versus D2-like agonists have been found. Thus, SKRut differential effects in others. On the one hand, in place
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conditioning and self-administration studies, where agonistinstrumental conditioning (e.g., lever pressing for food), a
are used as the rewarding stimuli themselves, both D1- anspecific stimulus or set of stimuli from within the environ-
D2-like agonists have rewarding effects although only lowment must come to control responding. In this case, the
doses of D1-like agonists are effective in self-administra-dopaminergic signal associated with the presentation of
tion. On the other hand, in lever pressing tasks rewardedeward must occur in close temporal contiguity with the
with food, brain stimulation, cocaine or conditioned reward,lever press response if the lever and related stimuli are to
D1-like, but not D2-like agonists impair responding. come to control responding. In other paradigms (e.g., place
conditioning), there is no specific stimulus or stimuli in the
g environment that must come to control responding. In this
case, there is no requirement for accurate timing of the DA

The preceding review yields three important dissocia-signal other than the need to associate enhanced DA activity
tions: with the test environment as a whole. This means that the
action of DA agonist drugs on the former class of paradigm
depends critically on whether the DA signal is preserved or
obscured by the drug; on the other hand, in the latter class of
paradigm, drugs with either mode of action will have similar
ffects on reward.

Based on the above, we suggest the following classifi-
cation: Paradigms in which the DA signal must occur in
close temporal contiguity with the response would include
éever pressing for food, water, brain stimulation reward,
conditioned reward and stimulant self-administration. Para-
digms in which there is no requirement for accurate timing

How can these dissociations be understood? To answerf the DA signal other than the need to associate enhanced
this question, we will discuss the theory of action of DA DA activity with the test environment as a whole would
agonist drugs in relation to the release of endogenous DAinclude place conditioning and conditioned activity.

When DA is released under natural circumstances in Given this classification and the previous theory, we can
association with the presentation of a rewarding stimulusidentify the receptor type underlying the reward effect by
release is controlled by a brief burst of impulses lasting onlythe convergence of two lines of evidence. Agonists acting
a few hundred milliseconds (71,90—-92). Correspondinglyby direct means at the critical receptor subtype should: (a)
the concentration of DA in the synaptic cleft shows anmimic the effects of natural rewards in the second class of
intense but short-lived peak (29,53). This we refer to as theparadigm; and (b) obscure or mask the effects of reward in
‘DA signal’. the first class of paradigm.

When a direct-acting DA agonist drug is administered, it From the review above, it is clear the D1-like agonists fit
will interact with DA receptors but will not mimic the pre- the above criteria. Thus, D1-like agonists generally impair
cise time course of the natural DA signal. Indeed, since suchesponding in paradigms requiring a specific DA signal, but
an agonist will bind to the receptors continuously, it mayproduce rewarding effects in paradigms where the signal is
prevent DA receptors from detecting and responding to theot required. Admittedly, in drug self-administration experi-
natural DA signal associated with the presentation of aments, D1-like agonists can be self administered, but only
rewarding stimulus. Thus, in some circumstances, a DAvhen the dose is low. At higher doses, self-administration
agonist may have an action similar to a DA antagonistdoes not occur, as predicted by the argument that such doses
This argument from theory is borne out in practice by evi-would mask any precisely timed signal. D2-like agonists, on
dence obtained using direct acting agonists such as apomdhe other hand, do not fit these criteria. These compounds
phine (3,5,7,23,36,86,87). enhance reward in both classes of paradigm, in accord with

In contrast to the above, indirect acting DA agonists suctour previous suggestions (45,69,70) that the rewarding
as amphetamine and pipradrol enhance reward effects wheffects of such drugs are achieved indirectly, mediated by
given in small doses, as reviewed by Beninger and Ranaldihanges in motor performance capability.

(8). With larger doses, indirect acting DA agonists, like The results reviewed above for the effects of DA receptor
direct acting agonists, attenuate or abolish reward effectiamily subtype-specific antagonists on reward-related learn-
(82,87). These facts can be explained in terms of theng in a variety of paradigms led to the general conclusion
mechanism of action of the indirectly acting drugs. Whilethat D1-like receptors play a more critical role in the
amphetamine releases DA from nerve terminals by amewarding effects of food, brain stimulation, self-adminis-
impulse-independent mechanism (16,81,115), as showtered drugs, conditioned rewards and agents used in place
for instance by microdialysis, it is also true that it increasesconditioning paradigms. This conclusion is in good agree-
impulse-associated DA release (30,44); this latter effect isnent with the outcome of the analysis of the actions of
only seen with the use of voltammetric methods which haveD1-like agonists in a number of paradigms involving
far higher temporal resolution than microdialysis. Thus, forreward-related learning.

low doses of indirectly acting drugs, the DA signal may
remain intact and even be potentiated. However, with larger
doses, the flood of DA released may obscure the natural DA
signal associated with the presentation of reward. In this section we bring together results from a variety of

The DA signal associated with reward will be more neuroscience experiments that provide clues to how DA
critical in some reward paradigms than others. In typicalmay produce learning. We begin with the widely accepted

DISCUSSION: THE PRINCIPLES OF ACTION OF D1-LIKE AGENT

1. Although both D1- and D2-like antagonists impair
responding for a number of rewarding stimuli, the effects
of D1-like antagonists seem to be more strongly asso
ciated with reduced reward whereas those of D2-like
antagonists seem to be more strongly linked to impaireoe
performance.

2. D1-like agonists have a rewarding effect in some para
digms, but impair responding in others

3. D1- and D2-like agonists produce similar effects in som
paradigms but different effects in others.

D1-LIKE RECEPTORS AND MECHANISMS OF LEARNING
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idea that learning involves synaptic change. We then repoiis envisaged to lead to modification of glutamatergic
results suggesting that DA can produce synaptic change argynapses presumably activated by environmental stimuli
that synaptic change in the striatum may be produced by DAhat precede a rewarding stimulus; the rewarding stimulus
released as a result of encountering a rewarding stimulugtself would have activated striatopetal DA neurons, as
From the studies reviewed in this paper, we suggest a cridiscussed in the previous section.) In fact, Levine et al.
tical role for D1-like receptors in the mechanism of synaptic(61) have provided empirical evidence for this conjecture:
change mediated by DA. D1-like receptors stimulate a secih slice preparations, the enhancement of excitatory
ond messenger pathway and we review evidence implicatesponses of striatal cells to NMDA produced by DA is
ing this pathway in learning in general and in reward-relatednimicked by D1-like agonists, and is deficient in slices from
learning in particular. Taken together, findings suggest thamutant mice with abnormal D1 receptors.
the mechanism of synaptic change produced by DA released
in association with reward may involve similar mechanisms .
to those discovered for learning in a variety of species an(E)A-dependent synaptic change and second messengers
learning models. There are a number of indications, in widely different
animal species, that synaptic modification in which mono-
amine transmitters play a part involves intracellular second
messenger systems including cyclic adenosit®-gono-
Learning generally is thought to be mediated by changephosphate (cCAMP) formation and activation of cAMP-
in selected synapses (33). We have proposed previously thdependent protein kinase (PKA). In invertebrates, the
reward-related learning in mammals involves synapticcomments of Kandel and Abel (49) are particularly inter-
change taking place in the striatum (including the caudategsting in this context. After briefly discussing some of the
putamen, nucleus accumbens and olfactory tubercle), witevidence from studies of Drosophila, Aplysia, and mice,
DA as an essential ‘catalyst’ (3,65). Wickens (118) hasthese authors noted “...the interesting possibility that
made the specific suggestion that DA may produce rewardeinforcing stimuli may activate monoaminergic...modula-
related incentive learning by altering the effectiveness ofory systems and that these may produce functional changes
glutamatergic synapses in the striatum. Greengard anith the pathway of the conditioned stimulus by activating the
coworkers (35) have also proposed a DA-glutamate intereAMP cascade” (p. 826).
action. A variety of empirical evidence supports hypotheses Further evidence for a general role of the cAMP/PKA
of this type and some of the evidence specifically applies tpathway in learning at a behavioural level comes from
the striatum and/or to reward-related learning. work on Drosophila. Using molecular techniques a Droso-
One line of evidence implicating DA in the production of phila mutant was developed that could be heat-shocked as
altered synaptic strength comes from the studies of Steian adult to activate genes that led to the production of a
and Belluzzi (102). They have developed a cellular analoprotein that inhibited PKA. After heat-shock, these flies
gue of reward-related learning. In this novel paradigm, thesevere found to be deficient in an olfactory discrimination
researchers and their coworkers recorded from singléearning paradigm (26). These results implicated the
pyramidal cells in hippocampal slices and then appliedsecond messenger cAMP in learning. Interestingly, trans-
pharmacological agents contingent upon a bursting pattergenic flies engineered to over-produce PKA also were
of electrical activity. They found that DA itself (or D1- or deficient in learning. This led the authors to suggest that
D2-like agonists) was an effective reinforcer, increasingPKA must be regulated at a physiologically appropriate
burst firing when applied contingently but not noncontin- level for proper learning to occur.
gently (103,104). These results support the idea that DA Other evidence relating the cAMP/PKA system to learn-
acting via one or more of its receptor subtypes can béng draws on an extensive older literature showing that
involved in reward-related learning at the cellular level. many forms of learning are impaired in animals treated
More direct evidence was reported recently by Wickenswith various protein synthesis inhibitors during training,
et al. (121). Electrophysiological results showed that pulsaas reviewed by Davis and Squire (24). They conclude that
tile application of DA to striatal slices in conjunction with the data make a compelling case for the hypothesis that
cortical stimulation produced an enduring change in theprotein synthesis during or shortly after training is an
effectiveness of synapses of corticostriatal axons. In relatedssential step in long term memory formation. In recent
studies, Levine et al. (61) have shown recently in striataktudies of the sea slug Aplysia it has been found that PKA is
slices that DA can increase excitatory responses to theesponsible for the phosphorylation of nuclear proteins,
glutamate agonist N-methyl-aspartate (NMDA) delivered termed cAMP response element binding proteins
iontophoretically. These results provide further support for(CREBS), that modulate transcription (46). Other studies
the hypothesis that DA produces learning by modifying thehave shown that the resultant newly synthesized proteins
effectiveness of corticostriatal glutamatergic projections. help target regulatory subunits of PKA, prolonging the
Assuming that DA produces synaptic changes when it isactivity of this enzyme, and, therefore, prolonging its
released in association with reward, it follows from theinfluence on synaptic plasticity (34). Similar findings have
psychopharmacological evidence reviewed in this papecome from studies of the molecular mechanisms of learning
that D1-like receptors should be involved in producingand memory in Drosophila (25,100,101).
synaptic change. Wickens and ourselves, in a series of In mammalian systems, the suggestion of Greengard and
papers, have proposed a mechanism by which DA actingoworkers (35) of a DA/glutamate interaction was also
at D1-like receptors can produce incentive learning by alterenvisaged to be mediated by the second messenger cCAMP.
ing the effectiveness of recently activated glutamatergicThis is now supported by data using a number of different
synapses in the striatum (4,70,118,119). (Such interactiopreparations providing converging evidence that activation

DA and synaptic change
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of this pathway is critical for learning (78,79). Two studies activator or inhibitor into the nucleus accumbens, on the
have investigated the effects of agents influencing variouslevelopment of cocaine sensitization. The results revealed
stages of the CAMP cascade on the effectiveness of glutahat treatment with the PKA activator led to a significant
matergic synapses using non-NMDA receptors on cultureénhancement of the sensitization effect; treatment with the
hippocampal cells: Wang et al. (112) and Greengard et ainhibitor had no significant effect on the development of
(32) found that agents that activated adenylate cyclase @ensitization. No specific tests for conditioned drug effects
PKA, or an inhibitor of cellular phosphatases, led to awere carried out in this study, so it is not possible to
potentiation of currents induced by activation of non-determine the role of learning. However, insofar as con-
NMDA receptors through an increase in the open timeditioning is involved in sensitization (105,106), results with
and opening frequency of non-NMDA receptor channelsthe PKA activator are consistent with a role for the cAMP
Further studies revealed that the modification of glutamatesecond messenger cascade in DA-related learning.
receptor effectiveness influenced by activation of the cAMP  The third set of experiments has been carried out recently
cascade involved phosphorylation of the receptor (13,113)y P.L. Nakonechny, working in the laboratory of Beninger
The authors suggested that the dynamic regulation of77a). These experiments evaluated the effects of the PKA
glutamate receptors may be associated with learning anishhibitor Rp-cAMPS on incentive learning produced by
memory. intra-accumbens injections of amphetamine £800.5ul/
With regard to the DA-rich mammalian striatum, Wick- side) in the place conditioning paradigm. She found that
ens and Kiter (120) and Ktter (59) have elaborated further doses of 25.0 or 250, but not 2.5 ng/@l#side, co-injected
the details of the proposed mechanism of interaction of DAwith amphetamine during conditioning sessions, blocked
and glutamate, which also includes the second messengtre establishment of place preference conditioning. In a
cAMP in the striatum, and these authors have tested someontrol study, animals treated with the 2.5, 25.0 or 250 ng
predictions of the model in computer simulations. Such ardose of Rp-cAMPS alone during conditioning sessions did
involvement of the cAMP/PKA pathway would be impor- not show a significant place conditioning effect. The results
tant for the present discussion because biochemical studiésom this preliminary study are consistent with the hypoth-
indicate that activation of this pathway in the striatum isesis that incentive learning involves the action of DA at D1-
achieved by D1- but not D2-like receptors (in fact, thislike receptors and the subsequent activation of the cAMP
activation being the basis for the distinction between the twaascade.
receptor families (21,80,99)). Hence any evidence linking A fourth experiment, related to the effects of PKA on
reward-related learning or striatal synaptic modification toproteins described above, is also worth a brief mention. In
activation of the cAMP/PKA pathway constitutes additional rats, it was shown that amphetamine acts via D1-like recep-
important evidence for a role of D1-like receptors in suchtors to induce phosphorylation of CREB, providing a
learning or the synaptic changes which mediate it. From thenechanism for some of the long term effects of ampheta-
point of view of the present discussion, such evidence wouldnines (56). Here again, the cAMP cascade is implicated in
also suggest that rewarding stimuli may produce incentiveDA-related learning processes.
learning by leading to the activation of DA neurons that In summary, studies from different species using a wide
stimulate D1-like receptors and activate the cAMP/PKArange of neuroscience techniques provide convergent evi-
pathway. dence suggesting that some forms of learning are mediated
Three recent sets of experiments provide evidence of suchy the activation of adenylate cyclase, the formation of
a link between reward-related learning or striatal synapticAMP and the activation of PKA. Preliminary data impli-
modification and activation of the cAMP/PKA pathway. cate the cAMP/PKA second messenger system in striatal
The first experiment is electrophysiological. Recordingsynaptic enhancement, in cocaine sensitization, and in
intracellularly in striatal slices, Colwell and Levine (22) amphetamine-produced place conditioning. These results
showed that activation of adenylate cyclase increased thare in agreement with the results of many studies pointing
size of excitatory post-synaptic potentials (EPSPs) evoketb a critical role for D1-like receptors in reward-related
by local electrical stimulation. Inhibition of PKA attenuated incentive learning.
this effect, while activation of PKA enhanced the effect on The role of D1-like receptors and the cAMP/PKA
EPSP size. cascade is probably not limited to the striatum. Long term
The remaining two experiments provide direct links potentiation (LTP) of connections in the hippocampus has
between the second messenger system and behaviour. Omeen used extensively as a model of potential synaptic
of them refers to behavioural sensitization to stimulantchanges underlying learning and memory (58). Recent
drugs, discussed briefly in the above section on D1- andvork by Huang and Kandel (42) shows that LTP has two
D2-like antagonists. As mentioned, the relative role of dif- distinct components, a transient component that requires the
ferent DA receptor subtypes, and their site of action is noinflux of calcium through NMDA receptor channels and
resolved, though conditioning appears to play a significantctivation of several kinases, and a more persistent compo-
part in stimulant sensitization. Despite the fact that amphenent that requires protein synthesis. This later component is
tamine-mediated sensitization has been found to be blockethediated at least partially by the cAMP cascade. Thus, the
by D1-like antagonist injections into the mesencephalicpersistent form of LTP is induced by D1-like agonists and
regions containing DA cell bodies (107), Miserendino andthis effect is blocked by D1-like antagonists. It also is
Nestler (72) implicated second messenger effects within theaxduced by PKA (28). Furthermore, the D1-like agonist or
striatal complex for cocaine sensitization: Repeated injecPKA effect on LTP is blocked by protein synthesis inhibi-
tions of cocaine led to increased activities of adenylatdion (28,42). This provides yet another example of the
cyclase and PKA in the nucleus accumbens. Following thisinvolvement of D1-like receptors and the second messenger
these authors evaluated the effects of injections of a PKAAMP cascade in synaptic plasticity thought to underlie
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learning. However, in the hippocampal system the role ofadenylate cyclase to protein synthesis. Future studies may
DA-mediated synaptic change on large-scale informatioridentify the specific genes involved in the synaptic plasticity
processing in vivo may not be the same as in the striatumunderlying incentive learning. All of these findings will lead
This depends on the mechanisms of control of firing of theto a new understanding of incentive learning and to new
DA neurons innervating each structure, in the freely-movingapproaches to its regulation.
animal. DA may hyperfunction in the brains of schizophrenic
patients. This hypothesis is supported by the observation
that DA receptor antagonists continue to be the pharma-
cotherapy of choice for treating schizophrenia. This obser-
Some of the most influential work aimed at identifying vation and the involvement of DA in incentive learning
the molecular mechanisms underlying changes in synaptitnplies that schizophrenia may occur, in part, as a result
effectiveness associated with learning has been done on ti§é an abnormality (excess) of incentive learning. The iden-
marine mollusk Aplysia, and the second messenger pathwadfication of a critical role for D1-like receptors in incentive
involving activation of adenylate cyclase, cAMP and PKA learning suggests the involvement of D1-like receptors in
has been implicated strongly. Phosphorylation events stimuschizophrenia (70), as does a comparison of the behavioural
lated by PKA include both relatively short term changes in€ffects of the atypical neuroleptic clozapine to those of D1-

CONCLUSIONS

ion channels and long term changes requiring protein synthand D2-like antagonists (45). Continued study of the
esis, both types of changes underlying altered responsivénolecular mechanisms of synaptic plasticity underlying
ness to environmental stimuli (48). As reviewed in thisincentive learning should reveal further details that may suggest
chapter, similar mechanisms involving activation of thenew possibilities for the treatment of schizophrenia (31).
cAMP pathway have been found in studies of learning in
Drosophila (25) and on LTP (58).

DA-mediated incentive learning in the striatum may soon
join these other paradigms as a mechanism of synaptic plas-

ticity. As reviewed here, many findings point to stimulation
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