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30.1. Introduction

One question that drove many studies of the anatomical substrates of reward-
ing electrical stimulation of the brain (Olds and Milner, 1954) during the 1970s con-
cerned the contribution of the neurotransmitters dopamine and norepinephrine.
As results began to point to a critical role for dopamine in this type of reward-relat-
ed learning (Milner, 1991; Wise, 1978), related experiments began to identify
dopamine as playing a critical role in learning produced by other rewards includ-
ing psychomotor stimulants and opiates (Wise and Bozarth, 1981) and conventional
rewards such as water, food (Wise, 1991; Wise and Rompré, 1989) and sexual stim-
ulation (Everitt, 1990; Melis and Argiolas, 1995).-Today, there is broad agreement
that dopamine plays an important role in reward-related learning (Beninger, 1983;
Koob, 1992; LeMoal and Simon, 1991; Phillips et al., 1989; Robinson and Berridge,
1993; Salamone, 1994; Schultz et al., 1997; White and Milner, 1992; Wickens, 1993;
also see Schmidt and Tzchentke, this volume). However, the mechanisms under-
lying the role of dopamine in this phenomenon remain to be specified.

A wide range of studies from many areas of neuroscience has shown that sec-
ond messenger pathways, including the cascade of events that follows activation of
adenylyl cyclase and cyclic adenosine monophosphate (cAMP) formation, play a
key role in modifying synaptic function when learning occurs. For example, long
term potentiatioﬁ of connections in the hippocampus, a widely studied model of
learning in rats (Kuba and Kumamoto, 1990), recently has been shown to have two
distinct components with the cCAMP cascade being critical to the more persistent
late component (Huang and Kandel, 1995). In the invertebrate mollusc Aplysia,
Kandel and his co-workers have shown that the cAMP cascade is critical to sever-
al forms of learning (Kandel, 1991). Similarly, in the insect Drosophila, genetic
manipulations led to an inducible mutation of the cAMP cascade; once the muta-
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tion was induced, the flies were shown to be deficient in learning an olfactory dis-
crimination (Drain et al., 1991). Results point to a critical role for signal transduc-
tion by the second messenger cAMP in learning in a variety of paradigms and species.

The observation that second messengers in general and the cAMP cascade in
particular are involved in learning in a number of paradigms and in a number of
species may be relevant to identifying the underlying mechanisms by which dopamine
mediates reward-related learning. This is so because the five known dopamine recep-
tor subtypes have been found to belong to two different families defined original-
ly by the action of these receptors on the second messenger adenylyl cyclase (Kebabi-
an and Calne, 1979): the D and D5 dopamine receptor subtypes stimulate the
enzyme adenylyl cyclase and are classified as members of the D -like dopamine
receptor family; D,, D, and D, dopamine receptors inhibit adenylyl cyclase and are
classified as members of the D,-like dopamine receptor family (Civelli et al., 1993;
Niznik and van Tol, 1992; Sibley et al., 1993). These considerations suggest the fol-
lowing hypothesis: dopamine-mediated reward- related learning might be brought
about by the action of dopamine at D -like dopamine receptors.

The results of a number of psychopharmacological experiments have implicat-
ed D,-like dopamine receptors in reward-related learning (Beninger and Miller,
1998). In particular, studies with dopamine receptor agonists have produced results
supporting the above hypothesis. In this chapter, I will review studies of the effects
of dopamine receptor agonists on behaviour in a number of paradigms; I will argue
that the results can be understood from the point of view of the above hypothesis.
This will be followed by a brief consideration of some recent studies of the role of
second messenger pathways in dopamine-mediated reward-related learning,

30.2. Dopamine D,-Like Receptor Agonists and Reward-Related Learning

The ability of dopamine receptor family-specific agonists to produce place con-
ditioning or conditioned activity has been evaluated in a number of studies. Oth-
er studies have evaluated the ability of these agents to support self-administration
behaviour. A large number of related studies have involved an evaluation of the
effects of dopamine receptor family-specific agonists on lever press responding
maintained by other rewarding stimuli such as food, shock termination, condi-
tioned reward or cocaine self-administration. As the following review will show,
either D,- or D,-like dopamine receptor agonists produce place conditioning or
conditioned activity and either are self-administered. On the other hand, lever
press responding maintained by a variety of rewards generally is impaired by D -
like dopamine receptor agonists but augmented by at least some doses of D,-like
dopamine receptor agonists.

30.2.1. Place conditioning, conditioned activity and self-administration

Beginning with place conditioning, it recently was shown that the D,-like dopamine
receptor agonist SKF82958 produced a place preference in rats. The effect was repli-




DOPAMINE-SECOND MESSENGER INTERACTIONS IN REWARD-RELATED ... 501

cated and both times was seen at only one dose following systemic administration. In
the same study, the D,-like dopamine receptor agonists SKF81297 or SKF77434 were
without significant effect (Abrahams et al, 1998). Previous studies had shown that
the prototypical D,-like dopamine receptor agonist SKF38393 failed to produce a
place preference; in fact, it produced an aversion (Hoffman and Beninger, 1988, 1989;
White ef al,, 1991). One exception was the finding that intra- accumbens injections of
SKF38393 produced a place preference (White et al.,, 1991). Thus, different place con-
ditioning effects were seen with different D,-like dopamine receptor agonists.

A somewhat similar story came out of studies of the ability of D,-like dopamine
receptor agonists to support self-administration. SKF38393 and SKF77434 were found
to be ineffective in monkeys (Grech et al.,, 1996; Weed and Woolverton, 1995; Woolver-
ton et al., 1984). Other reports appeared of self-administration of SKF77434 or
SKF82958 in rats (Self et al., 1996b; Self and Stein, 1992) and self-administration of
SKF81297 or SKF82958 in monkeys (Grech et al,, 1996: Weed et al., 1993; Weed and
Woolverton, 1995). Like the place preference studies, it appeared that different self-
administration results were seen with different D,-like dopamine receptor agonists.

TABLE 30.1
Effects of dopamine D,-like receptor agonists in place preference learning and self- administration
paradigms and their ability to stimulate adenylyl cyclase activity as a per cent of the level stimulat-

ed by dopamine (DA).
D, -like Agonist ~ Place Preference Self Administration Stimulation of Adrenyly!
Cyclase Compared to DA
SKF82958 Yes ! Yes 0.1 149%°
Yes(m) 543 86%(m) 8
78%8
SKF81297 No ! Yes(m) 51213 88% *
81%8
68% 4
27%(m) ®
SKF77434 No' Yes ! 55% 3
No(m) 513 48% °
SKF38393 No 6714 No(m) 131 69% *
Yes(NAc) 59% 8
46% °
45% %3
36%(m) ®

Abbreviations: DA: dopamine; NAC: nucleus accumbens.

Note: All results are for rats except where followed by an"m” indicating monkeys.

References: |. Abrahams et al, (1998); 2. Andersen et al, (1985); 3. Andersen and Jansen (1990); 4. Arnt et dl,
(1992); 5. Grech et al, (1996): 6. Hoffman and Beninger (1988); 7. Hoffman and Beninger (1989); 8. lzenwasser
and Katz (1993);9. O'Boyle et al, (1989); 10. Seif et al, (1996b); | 1. Self and Stein (1992); |2.Weed et al,
(1993); 13.Weed and Woolverton (1995); 14.White et al, (1991): 15.Woolverton et dl, (1984).
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To some extent, the variable effects of D-like dopamine receptor agonists in
place conditioning and self-administration paradigms may be attributable to the
differential ability of these agents to stimulate the enzyme adenylyl cyclase (Table
30.1). Compared to dopamine itself, the reported range of values for stimulating
the enzyme by SKF38393 is 36-69% whereas the corresponding range for SKF82958
is 78-149% (Andersen et al., 1985; Andersen and Jansen, 1990; Arnt et al., 1992;
I[zenwasser and Katz, 1993; O’Boyle et al., 1989); on the basis of these observa-
tions, these agents are referred to as partial and full dopamine D,-like receptor
agonists, respectively. In studies using rat striatal tissue, the corresponding ranges
for SKF81297 and SKF77434 are 68-88% and 48-55%, respectively (Andersen and
Jansen, 1990; Arnt et al,, 1992; Izenwasser and Katz, 1993; O’Boyle et al., 1989). In
one study using monkey striatal tissue, SKF81297 was found to produce activation
of adenylyl cyclase that was only 27% of the value produced by dopamine (Izen-
wasser and Katz, 1993). With this exception, these four D -like dopamine recep-
tor agonists can be ranked in potency from highest to lowest in ability to activate
adenylyl cyclase as follows: SKF82958>SKF81297>SKF77434>SKF38393. As can
be seen in Table 30.1, the most potent agent produced both a place preference and
supported self-administration whereas the least potent agent did neither.

In conditioned activity studies, SKF38393 was found to produce a small uncon-
ditioned locomotor effect over three sessions in previously habituated animals and
a small conditioned locomotor effect in a drug-free test session that followed
(Mazurski and Beninger, 1991). A more recent study failed to see conditioned
activity following one conditioning day with SKF38393 or SKF82958 in non-habitu-
ated rats that were treated with cocaine on the test day (Fontana et al., 1993).
Because of the methodological differences between these two studies it is difficult
to compare them and Fontana et al, (1993) acknowledged that their results should
not be taken as evidence that D,-like dopamine receptor agonists are incapable of
producing conditioning under other circumstances.

From the results reviewed above, it is concluded that D,-like dopamine recep-
tor agonists can produce a place preference and can support self-administration
although these effects appear to depend on the efficacy of the agent at stimulat-
ing adenylyl cyclase. D,-like dopamine receptor agonists also produce conditioned
activity following a number of pairings with a test environment. As has been
reviewed elsewhere, D,-like dopamine receptor agonists similarly produce a place
preference, conditioned activity and support self-administration (Beninger, 1991,
1993; Beninger and Miller, 1998; Beninger and Nakonechny, 1996; Miller et al.,
1990).

30.2.2. Lever press responding for a variety of rewards

Unlike the studies reviewed above, where the ability of D,-like dopamine recep-
tor agonists themselves to produce reward was evaluated, the studies to be con-
sidered here involve an evaluation of the effects of these agents on lever press
responding maintained by other rewarding stimuli such as food. Also unlike the
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studies reviewed above, where D,- and D,-like dopamine receptor agonists pro-
duced similar effects, in the studies reviewed here, the effects are different for
dopamine receptor agonists with relative specificity for the D,- versus the D,-like
dopamine receptor family. Thus, two dissociations will become clear: 1) D;- and
D,-like dopamine receptor agonists produce different effects in tests of their action
on responding for other rewards; 2) D,- and D,-like dopamine receptor agonists
produce similar effects in tests of their ability to act as rewarding stimuli but dif-
ferent effects in tests of their action on responding for other rewards.

TABLE 30.2
Effects of systemic treatments with D -like or D like dopamine receptor agonists on lever
press responding in several paradigms.

Paradigm D,-like Agonist D,-like Agonist

Lever pressing for:

Food: Fi decrease &' increase &!!
Stimulus-shock termination: F decrease * increase 3
Shock: F! decrease *
Conditioned reward* decrease 128 increase "7
Cocaine seif—administrafion decrease ° increase ?
decrease ?
Cocaine seeking no effect ? increase °
Cocaine-induced cocaine seeking decrease ° increase %0
decrease '©

Abbreviations: F|: fixed interval schedule of reinforcement; *relative to responding on a control lever.
References; |. Beninger and Ranaldi (1992); 2. Beninger and Rolfe (1995); 3. Bergman et al, (1995); 4.
Katz et al. (1995); 5. Katz and Witkin (1992); 6. Katz and Witkin (1993); 7. Ranaldi and Beninger (1995);
8. Ranaldi et al. (1995);9. Self et al (1996a); 10, Weissenborn et al. (1996); 1 1. Witkin et al. (1991).

Some studies have evaluated the effects of D,-like dopamine receptor agonists
on responding rewarded with food according to a fixed interval (FT) schedule of
reinforcement (see Table 30.2). The schedule is important as previous studies have
shown that the indirect acting dopamine receptor agonist methamphetamine increas-
es FI responding at some doses but decreases fixed ratio (FR) responding at all
effective doses (Dews, 1958). Similarly, both D,- and D,-like dopamine receptor
agonists decrease FR responding in monkeys (Katz and Witkin, 1993; Witkin et al.,
1991). However, the effects of agents acting at the two dopamine receptor families
on FI responding differ. Thus, the D,-like dopamine receptor agonist quinpirole
increased FI responding of monkeys at some doses whereas the D,-like dopamine
receptor agonist SKF38393 decreased FI responding at all effective doses (Katz and
Witkin, 1993; Witkin et al,, 1991).
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One study evaluated the effects of D,- and D,-like dopamine receptor agonists
on FI responding of monkeys for stimulus-shock termination. Bergman et al. (1995)
tested a number of D -like dopamine receptor agonists and found that they
decreased responding at all effective doses; several D,-like dopamine receptor ago-
nists were tested and found to increase FI responding at some doses. One inter-
esting finding is that, in contrast to the possible relationship between efficacy at
stimulating adenylyl cyclase and ability to support a place preference or self-admin-
istration (see above and Table 30.1), D,-like dopamine receptor agonists with dif-
fering efficacies similarly affected FI responding. The results of Bergman et al.,
(1995) from studies of monkeys responding to avoid or escape shock and shock-
associated cues are in good agreement with those from studies evaluating the effects
of D,- and D,-like dopamine receptor agonists on FI responding for food. In both
cases, D,-like dopamine receptor agonists decreased responding at all effective
doses whereas D,-like dopamine receptor agonists increased responding at some
doses.

Katz et al., (1995) trained monkeys to respond on a FI schedule for electric
shock presentation. The D,-like dopamine receptor agonists SKF75670, SKF82958,
SKF&'?"7 SKF77434, and SKF38393 decreased responding in a dose-dependent
manner. Lhere appeared to be no clear relationship between the efficacy of these
agents at stimulating adenylyl cyclase and their ability to decrease FI responding.
These results are consistent with those reviewed above showing that D -like
dopamine receptor agonists decrease FI responding.

A number of studies have evaluated the effects of D,- and D,-like dopamine
receptor agonists on responding for conditioned reward. In these studies, rats can
respond on either of two levers, one of which produces a stimulus paired previ-
ously with food reward. Control animals press the conditioned reward lever sig-
nificantly more than the non-conditioned reward lever. Animals treated with the
D,-like dopamine receptor agonists bromocriptine or quinpirole selectively pressed
more often on the conditioned reward lever; those treated with SKF82958,
SKF81297, SKF77434, SKF38393 or CY 208-243 showed a dose-dependent
decrease in selective responding on the conditioned reward lever (Beninger and
Ranaldi, 1992; Beninger and Rolfe, 1995; Ranaldi and Beninger, 1995; Ranaldi et
al., 1995). These results are consistent with those from studies evaluating the
effects of these agents on responding for food, shock or stimulus-shock termina-
tion (Table 30.2).

The effects . "~ D,- and D,-like dopamine receptor agonists on cocaine self-
administration have been reported. Consistent with the effects in other lever press-
ing paradigms, SKF38393 decreased and the D,-like dopamine receptor agonist
SDZ 208-911 increased cocaine self- administration (Katz and Witkin, 1992; Weis-
senborn et al, 1996). However, another D,-like dopamine receptor agonist
bromocriptine produced a decrease instead of an increase in cocaine self-admin-
istration (Weissenborn et al., 1996). At present it is unclear why the two D,-like
dopamine receptor agonists produced different effects in the study of Weissenborn
etal. (1996). In the studies reviewed above, bromocriptine was effective at increas-
ing responding for conditioned reward. Further studies are needed with this agent
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to resolve these apparently contradictory data. With the exception of this result
with bromocriptine, however, results from studies of the effects of D,- and D,-like
dopamine receptor agonists on cocaine self-administration are consistent with
those from studies using other rewards to maintain lever pressing (Table 30.2).

In self-administration studies, it has been found that animals that have ceased
to respond for cocaine will begin to respond if given a priming injection of a low
dose of cocaine. In these priming studies, lever press responses are rewarded by
the response-contingent presentation of stimuli previously associated with cocaine
injections; in this regard, these studies resemble the conditioned reward studies
described above. Self et al. (1996a) evaluated the priming effects of SKF82958 or
the D,-like dopamine receptor agonists quinpirole or 7-hydroxy-N,N-di-n-propyl-
2- aminotetralin (7-OH-DPAT). They found that treatment with quinpirole or 7-
OH-DPAT produced a dose-related increase in cocaine seeking, defined as respond-
ing on the cocaine lever. On the other hand, SKF82958 was without effect. These
results are consistent with those from the conditioned reward studies reviewed
above; D,- but not D,-like dopamine receptor agonists increase responding for
stimuli associated with reward.

As mentioned in the previous paragraph, cocaine seeking behaviour can be
induced by injections of low doses of cocaine. Some researchers have evaluated
the effects of D,- and D,-like dopamine receptor agonists on cocaine-induced
cocaine seeking. The ability of cocaine to induce responding on the lever that pro-
duced cocaine previously was decreased by SKF82958 or SKF81297 and increased
by 7-OH-DPAT or SDZ 208-911 (Self et al., 1996a; Weissenborn et al., 1996). As
was the case with its effects on cocaine self-administration, bromocriptine, unlike
the other D,-like dopamine receptor agonists, decreased, rather than increased,
cocaine-induced cocaine seeking (Weissenborn et al., 1996). With the exception of
this one finding, results are consistent with those from many related paradigms
(Table 30.2) in showing that D - and D,-like dopamine receptor agonists produce
different effects on lever press responding for various rewarding stimuli.

30.2.3. Summary

From the studies reviewed here, it can be concluded that D -like dopamine
receptor agonists can produce a place preference and can support self-adminis-
tration although these effects appear to depend on the efficacy of the agent at stimu-
lating adenyly! cyclase. D,-like dopamine receptor agonists also produce condi-
tioned activity following a number of pairings with a test environment. Previous
studies have shown that D,-like dopamine receptor agonists similarly support place
conditioning, conditioned activity and self-administration. When the effects of
dopamine receptor family-specific agents are evaluated in tasks where lever press-
ing is being maintained by some other rewarding stimulus, the effects of agents
acting at the two families of receptors are different. Thus, D,-like dopamine recep-
tor agonists produce a decrease and D,-like dopamine receptor agonists general-
ly produce an increase in FI responding for food, stimulus-shock termination, shock,
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conditioned reward, cocaine self-administration, cocaine seeking and cocaine-
induced cocaine seeking. From these results, two dissociations can be identified:
1) D,- and D,-like dopamine receptor agonists produce different effects in tests of
their action on responding for other rewards; 2) D;- and D,-like dopamine recep-
tor agonists produce similar effects in tests of their ability to act as rewarding stim-
uli but different effects in tests of their action on responding for other rewards.

30.3. Dopamine-Mediated Reward-Related Learning Might be Brought About
by the Action of Dopamine at D,-like Dopamine Receptors

Studies of the effects of dopamine D,-like receptor agonists on reward have
yielded fairly consistent results within paradigms. On the other hand, across para-
digms, the results may appear to be less consistent. For example, the D,-like
dopamine receptor agonist SKF82958 has been found to support self-administra-
tion behaviour (Self and Stein, 1992) but to impair responding for conditioned
reward (Beninger and Rolfe, 1995). However, the apparent differential effects of
D,- like dopamine receptor agonists in different paradigms can be reconciled when
the elements of learning in those paradigms are identified.

Under natural conditions, there is a burst of activity in dopaminergic neurons
when reward occurs (Schultz et al,, 1997). This will be termed the “dopamine sig-
nal”. As I and others have argued elsewhere, the effect of the dopamine signal is
to increase the ability of recently encountered environmental stimuli to elicit
approach and other responses in the future (see references in Beninger and Miller,
1998). These altered stimuli are termed conditioned incentive stimuli and this
process is termed incentive learning (Bindra, 1974; Bolles, 1972). In different para-
digms, the need for specifying precisely which stimuli are to become conditioned
incentive stimuli differs and the importance of precise timing in the occurrence of
those stimuli and the dopamine signal differs. By identifying these differences, the
varying effects of D,-like dopamine receptor agonists in a number of paradigms
can be seen to be consistent with one another.

In lever press tasks, the lever and lever-related stimuli that signal reward must
come to control responding. Therefore, the timing of the presentation of reward
and the animal’s encounter with those stimuli would need to be precise. Howev-
er, in other paradigms like place conditioning or conditioned activity, where any
one or several features of the environment associated with reward can come to
control responding, there is not the same need for precise timing in the presenta-
tion of the environmental stimuli and the reward signal. From this point of view,
pharmacological agents that alter the timing of the dopamine signal might impair
lever press responding where the timing is critical but might not impair place con-
ditioning or conditioned activity where that timing is less critical.

If the effects of D,-like dopamine receptor agonists on lever pressing for a vari-
ety of rewards are considered from this point of view, they can be understood as
revealing that, for reward-related learning, the dopamine signal associated with
reward is critical at the D -like dopamine receptor. As reviewed above (Table 30.2),
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in a variety of lever pressing tasks, injections of D -like dopamine receptor ago-
nists lead to a decrease in responding. If these agonists tonically activated the recep-
tors that were critical for incentive learning, then when the dopamine signal occurred
it would be masked by tonic activation produced by the receptor agonist. This
could provide an explanation for the response decreasing effects of D,-like
dopamine receptor agonists in lever pressing tasks for a variety of rewards. D,-like
dopamine receptor agonists also tonically activate dopamine receptors but they
lead to an increase in responding. These results can be seen as suggesting that D,-
like dopamine receptors are not critical for reward-related learning. When the_y
are stimulated, animals are more active but their behaviour still is controlled by
incentive learning. Thus, the differential effect of D,- versus D,-like dopamine
receptor agonists on lever pressing for a number of different rewarding stimuli can
be understood as supporting the hypothesis that D -like receptors are critical for
reward-related learning. ‘

Turning to the paradigms in which the ability of D,- or D,-like dopamine recep-
tor agonists themselves to produce reward is assessed, stimulation of either recep-
tor subtype family has been shown to support place conditioning, conditioned activ-
ity and self-administration. In place conditioning and conditioned activity, there is
not a strong need for precise timing in the presentation of specific environmental
cues and dopamine receptor stimulation. Therefore, systemic treatment with a D,-
like dopamine receptor agonist in a particular experimental test chamber is suffi-
cient to lead to incentive learning for some aspects of that environment that sub-
sequently can control behaviour in the test. Thus, D,-like dopamine receptor
agonists produce a place preference (Table 30.1) and conditioned activity.

In self-administration studies, there is a need for precise timing in the presen-
tation of the reward signal and environmental stimuli (e.g., the lever and lever-
related stimuli) so that those stimuli can come to control responding. However,
when a D -like dopamine receptor agonist is being self-administered, it is being
injected in conjunction with the lever press response. It may have a delayed onset
of action following intravenous injection but there are almost always secondary
cues like a light and the sound of the pump that occur immediately following exe-
cution of the rewarded response; these cues could preserve the timing of the reward
signal in self-administration studies. The finding reviewed above that cocaine self-
administration is impaired by systemic treatment with a D,-like dopamine recep-
tor agonist emphasizes the critical role played by D,-like dopamine receptors in
self-administration.

D,-like dopamine receptor agonists also support place preference learning,
conditioned activity and self-administration. These results show that D,-like
dopamine receptors also play a role in reward-related learning. However, although
stimulation of either dopamine receptor family produces reward in these para-
digms, only stimulation of D -like dopamine receptors but not stimulation of D,-
like dopamine receptors impairs responding in lever pressing tasks. This dissocia-
tion can be understood if stimulation of D,-like dopamine receptors is viewed as

-being critical for reward-related incentive learning. I and my colleagues have argued
elsewhere that the rewarding actions of D,-like dopamine receptor agonists are
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- mediated indirectly by D,-like dopamine receptors (Josselyn er al,, 1997; Miller et
ﬂ aL,1990)

30.4. The Role of Second Messengers in Dopamine-Mediated
Reward-Related Learning

2 The observation that D,-like dopamine receptors are critical for reward-relat-
ed learning might suggest a role for the second messenger pathway activated by
these receptors in this form of learning. I and my colleagues have tested this hypothe-
sis in several experiments in rats. D,-like dopamine receptors stimulate adenylyl
cyclase leading to the formation of cAMP which, in turn, activates cAMP-depen-
dent protein kinase (PKA). Recently, we examined the effects of the PKA inhibitor
Rp-cAMPS on place preference conditioning produced by intra-accumbens injec-
tions of amphetamine. During conditioning sessions, co-injection of Rp-cAMPS
and amphetamine led to an increase in locomotor activity. In spite of this appar-
ent activating effect of a mixture of the two compounds, results revealed a dose-
dependent blockade of the place preference effect. Control studies showed no
effect of the inhibitor when it was injected alone into the nucleus accumbens and
tested for possible effects on place conditioning (Beninger ez al., 1996: for further
details see also Beninger and Nakonechny, 1996). Thus, by blocking the second
1 messenger pathway normally activated by stimulation of D,-like dopamine recep-
tors, we were able to block reward- related learning.

| In a related study, Savina et al. (1997) evaluated the ability of intra-accumbens
injections of the PKA activator Sp-cAMPS to produce place preference condi-
tioning. Although a wide range of doses was tried, no significant effect was seen.
In more recent studies (J Savina, unpublished), a dose-response curve for intra-
accumbens amphetamine-produced place conditioning was established. A sub-
threshold dose of amphetamine then was injected in combination with a range of
doses of Sp-cAMPS in different groups of rats and the ability of this drug combi-
nation to produce place conditioning evaluated. However, these experiments also
failed to yield significant place conditioning effects. The general failure of studies
using the PKA activator to test place conditioning might be related to intracellu-
lar second messenger “noise” created by the Sp-cAMPS. Thus, receptors for oth-
er neurotransmitters including, for example, norepinephrine and serotonin also
activate the cAMP cascade. Perhaps by injecting the PKA activator we are stimu-
lating the cAMP cascade normally produced by these other receptors in addition
to that activated by dopamine. This might create signals that interfere with the
putative reward-related learning-relevant dopamine signal.

A further study evaluated the ability of the PKA inhibitor Rp-cAMPS to affect
conditioned activity produced by three intra-accumbens injections of ampheta-
mine. Although co-injection of Rp-cAMPS and amphetamine did not produce a
significant reduction in locomotor activity during conditioning (in fact, some dos-
es produced increased locomotor activity like that seen in the place conditioning
studies with this compound reported above), a dose-dependent decrease in con-
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ditioned activity was seen on the saline test day (Sutton et al., 1997). This result
and the finding that Rp-cAMPS blocked place conditioning produced by intra-
accumbens amphetamine provides strong support for the hypothesis that reward-
related learning depends critically on D, - like dopamine receptors and that this
type of learning involves activation of the cAMP cascade.

30.5. Conclusions

The focus of this chapter has been the dopamine D -like receptor and its pos-
sible role in reward- related or incentive learning. I have argued that the variety
of findings including rewarding effects of D,-like dopamine receptor agonists in
some paradigms and their apparent disruption of reward in others can be under-
stood as providing consistent support for the hypothesis that D,-like dopamine
receptors play a critical role in reward-related learning. Recent studies showing
the ability of inhibition of PKA, an enzymatic step in the cAMP cascade initiated
by D,-like dopamine receptors, to block incentive learning in two different para-
digms provides further support for this hypothesis.

A number of recent findings show the critical role played by second messen-
gers in a variety of species and paradigms. For example, the systematic and thor-
ough studies of Izquierdo and his colleagues investigating the role of second mes-
senger cascades in inhibitory avoidance learning in rats clearly show a role for the
¢AMP cascade in the late post-training memory processing in this task (Bernabeu
et al., 1996; Izquierdo et al., this volume). Recently, Guzowski and McGaugh (1997)
have shown that disruption in the hippocampus of the cAMP response element
binding protein, a transcription factor that is activated along the cAMP cascade,
during training in a water maze task impairs rats’ memory when tested two days
following training but not when tested immediately or four hours following train-
ing. Romano et al.,, (1996) showed that inhibition of PKA impaired habituation
learning in crabs. In the invertebrate mollusc Aplysia, Kandel and his co-workers
have shown that the cAMP cascade is critical to several forms of learning (Kan-
del, 1991). Similarly, in the insect Drosophila, genetic manipulations led to an
inducible mutation of the cAMP cascade; once the mutation was induced, the flies
were shown to be deficient in learning an olfactory discrimination (Drain et al.,
1991). All of these findings combine with the studies reviewed here to indicate a
critical role for second messengers in learning and memory. Many of these results
point to a central role for the D,-like dopamine receptor, an activator of the cAMP
second messenger pathway, in reward-related learning.

For many years the efficacy of antipsychotic drugs in the treatment of schizo-
phrenia has suggested the hypothesis that dopamine is overactive in the brains of
people with this disorder (Snyder, 1976, 1981). This hypothesis has been expand-
ed by Weinberger and his associates who have argued that insults early in devel-
opment might lead to hyper functioning of the dopamine system and schizophre-
nia later in life (Lipska and Weinberger, 1993). I have suggested that schizophrenia
might be understood as an impairment of incentive learning (Beninger, 1983). From
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the hypothesis discussed in the present paper, it follows that schizophrenia might
result from over stimulation of D -like dopamine receptors.

A case for the D,-like dopamine receptor as a primary site of therapeutic action
of neuroleptic drugs was presented by Miller ez al. (1990). More recently, Josselyn er
al. (1997) argued that the therapeutic effects of clozapine may be mediated through
the blockade of D,-like dopamine receptors. If it is the case that the symptoms of
schizophrenia are associated with over stimulation of the D,-like dopamine receptor,
it may be possible to develop therapeutic agents that work by affecting the second
messenger cascade to reduce incentive learning. Some work with Parkinson’s disease
already has begun to explore this possibility (see Chase and Oh, this volume).

One of the apparent problems with the suggestion to target the cAMP second
messenger cascade in treatment is the fact that a large number of hormonal, neu-
rotransmitter and other signalling substances have their signals converged at one
sole second messenger, cAMP. However, recent molecular studies have shown that
there are a number of PKA isozymes, consisting of homo- and heterodimers of
regulatory subunits with a number of associated catalytic subunits. Taskén et al.,
(1997) show that the various isozymes of PKA display distinct biochemical prop-
erties, show cell-specific expression, differential regulation at the transcription lev-
el and distinct subcellular localization. These results suggest that in the future it
may be possible to isolate specific second messenger pathways that are activated
by D,-like dopamine receptors. Thus, there is much work yet to be done as we
move towards the next generation of treatments for schizophrenia and other
monoaminergically based disease states.
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