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1. INTRODUCTION

Since dopamine (DA) was first identified in the
central nervous system (CNS) 25 years ago?® enor-
mous strides have been made towards understanding
the anatomy, behavioral function and clinical impor-
tance of neurons utilizing this chemical as a transmit-
ter substance. The loci of cell bodies containing DA
and the areas to which they project their axons now
have been described in considerable detaill14.115. As
reviewed below, the role of DA systems in behavior-
al phenomena including locomotor activity and vari-
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ous forms of learning continues to be the topic of a
large number of scientific investigations. The value
of this intense research activity is underscored by
growing evidence implicating abnormal DA function
in patients with neuropsychiatric disorders including
Parkinson’s disease85 and schizophrenia!08.120,177.196,
Some recent findings provide indirect evidence that
the underlying abnormality in children suffering from
attention deficit disorder with hyperactivity also may
be dopaminergic!’t. Furthermore, drugs of abuse, in-
cluding cocaine and amphetamine, are known to en-
hance DA transmission in the brain!64. Taken togeth-
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er, these findings indicate considerable need for es-
tablishing the behavioral functions of DA.

This article contains a review of the behavioral
stadies that provide clues to the function of DA; it
will be shown that the results suggest a specific role
for DA neurons in locomotor activity and particular
learning processes. This is followed by a consider-
ation of the theoretical and clinical implications of
behavioural studies of DA function; in this last sec-
tion it will be shown that specific insights into appro-
priate treatments of clinical populations suffering
from abnormalities of DA function can be drawn
from these studies.

A wide range of procedures has been employed in
behavioral studies of DA function42.60,162,199.200,
These experiments can be separated into two broad
categories based on the phenomena studied: those
concerned primarily with locomotor activity; and
those involving a possible role for DA in learning
processes. As reviewed below, it appears that DA is
importantly involved in both locomotor activity and
some forms of learning. Because of this dual role for
DA and the fact that learning usually is assessed with
behavioral dependent measures, some learning stud-
ies may have been confounded by the effect of DA
manipulations on locomotor activity.

2. DA AND LOCOMOTOR ACTIVITY

The effects of manipulations of DA systems on un-
conditioned behavior have been reviewed by several
authors2.1%4, It repeatedly has been found that global
interventions that decrease activity in all DA systems
of adult animals produce hypoactivity. Thus, loco-
motor activity is reduced by DA receptor blocking
drugs?, bilateral 6-hydroxydopamine {6-OHDA) or
electrolytic lesions of ascending DA systems or drugs
such as reserpine and a-methyl-p-tyrosine that de-
plete catecholamines? 19, Drugs that enhance trans-
mission at DA synapses, on the other hand, increase
locomotor activity or produce stereotypy depending
on the doset6.118; these stimulant effects are produced
by D-amphetamine, apomorphine, cocaine, L-dihy-
droxyphenylalanine (L-DOPA) and numerous simi-
larly acting drugs34.38.90,

Many researchers have been concerned with the
possible contribution of individual DA nuclei or ter-
minal areas to locomotor activity. It has been sug-

gested that the nigrostriatal DA pathway is involved
in locomotion. Thus, bilateral 6-OHDA lesions of
the substantia nigra (SN) that produce extensive
(> 90%) depletion of striatal DA resuit in severe hy-
pokinesia!23; however, the lesions in this study were
extensive and may have affected non-striatal DA as
well. Similarly, the observation that patients suffer-
ing from Parkinson’s disease, characterized by rigidi-
ty of the limbs and hypokinesia, undergo degenera-
tion of the nigrostriatal DA neurons$s also might im-
plicate this system in locomotor functioning. Howev-
er, these results cannot be viewed as conclusive since
some deficits of non-striatal DA also have been
found in post-mortem brain tissue from Parkinsonian
patients®s.

The mesolimbic-mesocortical DA neurons also
have been implicated in locomotor activity but their
role remains equivocal. Thus, it has been reported
that bilateral 6-OHDA lesions of the origin of these
neurons, the ventral tegmental area (VTA) results in
no change in locomotion, decreased locomotion and
others have reported an increaset3,19419%, One possi-
bility is that this discrepancy arose because of partial
damage to VTA DA neurons in some studies, an in-
terpretation supported by the finding that large
6-OHDA lesions of VTA produced hypoactivity
whereas smaller lesions resulted in hyperactivityl04,
Alternatively, conflicting data may have been re-
ported because the DA cells originating in VTA are
not uniformly involved in locomotion; whereas bilat-
eral 6-OHDA lesions of the limbic terminal regions,
nucleus accumbens and olfactory tubercle result in
decreased locomotor activity?1,193, similar lesions of
the frontal cortical DA terminal area produce hyper-
activity3!. This latter finding is corroborated by the
observation of a high positive correlation between
the level of decrease in frontal cortical DA resulting
from electrocoagulation of the VTA and increased
locomotion'®¢. Further, studies employing localized
injections of DA or DA agonists into the nucleus ac-
cumbens report hyperactivity‘iﬁ‘}.dl.50.92.143,144.297_
Taken together, these findings may indicate that the
DA neurons projecting to basal forebrain areas, viz.,
caudate, putamen, nucleus accumbens, and olfactory
tubercle, enhance locomotor activity whereas me-
socortical DA neurons normally inhibit locomotion.

The results of a number of recent studies seem to
suggest that mesolimbic and nigrostriatal DA neu-



rons mediate different components of the behavioral
syndrome produced by DA agonists. Thus, mesolim-
bic DA neurons may be primarily involved in in-
creased locomotion produced by DA agonists such as
D-amphetamine and apomorphine; nigrostriatal DA
neurons, on the other hand, may be-more involved in
stereotyped licking, biting and gnawing produced by
high doses of these compounds®.118. In support of
this hypothesis, it has been reported that disruption
of DA function in the caudate nucleus decreases
D-amphetamine-stimulated stereotyped behavior with-
out affecting locomotion produced by this drug43.9.
144 whereas similar manipulations of the nucleus ac-
cumbens disrupt locomotion stimulated by DA agon-
istsi07-144 Thus, the nucleus accumbens and striatum
might mediate different aspects of behavior stimu-
lated by DA agonists. However, Costall and Naylor+
have cautioned that this distinction is not complete;
they point out that it is possible to produce hyperac-
tivity with intrastriatal injections of DA% and, con-
versely, it is possible to produce stereotypy with in-
tra-accumbens injections of DA agonists. Further-
more, it now is clear that some VTA DA neurons ter-
minate in striatal areas including the anteromedial
part of the caudate nucleus!” and some nigral DA
neurons may project to non-neostriatal regionss.
Therefore, the functional distinction between the
limbic and striatal DA systems remains in question.

Some researchers have emphasized the sensory
rather than motor impairments resulting from dam-
age to the nigrostriatal system. Rats undergoing a
unilateral 6-OHDA lesion of SN were tested for
orientation responses to mild somatosensory stimula-
tion of specific areas of the body surface. Although
showing well-localized orientation responses to
touch stimuli ipsilateral to the lesion, there was a
marked lack of orientation to somatosensory stimuli
presented to the contralateral side of the body!2l.
The complementary effect follows unilateral intra-
striatal injections of DA, these rats showing en-
hanced responsiveness to stimuli presented to the
side contralateral to the injection®. These results
suggest that DA may normally play a role in media-
ting an animal’s level of responsiveness to sensory
stimulation.

The apparent sensory neglect probably is not at-
tributable to a motor deficit, i.e. a simple inability to
organize a required response. This was shown by in-
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vestigating the ability of a light stimulus to produce
conditioned suppression of licking in SN-lesioned
cats; whereas onset of a cue light located in the visual
field ipsilateral to the lesion produced lick suppres-
sion comparable to that seen in control animals, the
same stimulus presented on the contralateral side
failed to produce the effect. As the lesioned cats
clearly were capable of performing the conditioned
response, it was suggested that sensory input to the
side contralateral to the lesion failed to engage nor-
mal responses®’. In a similar vein, it has been argued
that unilateral 6-OHDA lesions of SN do not result in
sensory neglect through a sensory defecit, i.e. a sim-
ple inability to perceive the stimulus. This suggestion
was based on the observation that unilateral SN-le-
sioned and sham operated rats relearned a visual dis-
crimination at similar rates even though the eye ipsi-
lateral to the lesion was occluded. The authors con-
cluded that the contralateral (neglected) eye
‘.. .does see and is adequately used for control of
locomotion . . .". They concluded that sensory ne-
glect is observed because stimuli contralateral to DA
denervation fail to arouse the animal!?2. If arousal is
tantamount to engaging normal responses, then
these arguments are similar. It can be concluded that
the apparent contralateral sensory neglect seen in an-
imals with unilateral damage to SN is not the result of
impaired processing of sensory input; rather, these
animals appear to be deficient in their ability to inter-
face sensory input onto response systems. A recent
study of the effects of DA receptor blocking drugs on
classical conditioning similarly suggested that these
compounds reduce the excitatory (response eliciting)
properties of sensory stimuli’4,

From the studies reviewed above, it seems clear
that animals undergoing extensive damage to the
brain’s DA systems evidence a marked impairment
in locomotor activity. Numerous studies have shown,
however, that these hypokinetic animals retain the
ability to perform complex motor sequences; this can
be demonstrated by presenting intense (aversive)
stimuli. Thus, neuroleptic-treated rats that fail to
avoid electric shocks during a warning stimulus read-
ily escape when shock is presented!s.17. DA-depleted
rats that are hypokinetic and hyporesponsive to sen-
sory stimuli show a reversal of this deficit when
placed in cold water, an ice bath or among either rats
or cats!22.183.187_ A similar phenomenon is observed in
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Parkinsonian patients; normally hypokinetic, these
patients have been observed to locomote with appar-
ent ease when confronted with potentially dangerous
situations!68.169, Taken together, these observations
suggest that animals with DA function disrupted are
not unable to perform complex responses per se.
They are deficient in their ability to engage response
systems except under intense stimulus situations.

3. DA AND LEARNING
3.1. Introduction

There has been considerable interest in possible
roles for DA neurons in learning processes. Al-
though there are many forms of learning ranging
from simple habituation to the learning of complex
motor sequences, in this review only two types of
learning will be distinguished?3.25.151, Onpe is stim-
ulus—stimulus associative learning that occurs when
stimuli are presented in close temporal contiguity {(al-
though there are exceptions?). The other is incentive
motivational learning that involves a change in the
ability of neutral stimuli to elicit operant responses;
this form of learning occurs when biologically impor-
tant stimuli are encountered. DA seems to be in-
volved in this latter type of learning but not the for-
mer. Evidence supporting this position is discussed
separately for each type of learning.

3.2. DA and stimulus-stimulus (s-s) associative
learning

From the preceding discussion of the role of DA in
locomotor activity, it is clear that any behavioural
test of the possible contribution of DA systems to
learning processes must control for these motor ef-
fects. One approach has been to present neuroleptic-
treated rats with stimulus pairings and then to test for
associative learning in subsequent drug-free sessions.
Using this approach it was shown that rats that re-
ceived tone-shock pairings while under the influence
of a large dose of the DA receptor blocker, chlorpro-
mazine learned the s-s association as evidenced by
largely autonomic conditioned emotional responses
(CER)*. When neuroleptic-treated rats were ex-
posed to one way shock avoidance sessions in which a
tone signaled shock, they failed to learn to avoid;

when subsequently tested while lever pressing for
food in an undrugged state, however, these rats
showed the CER to the tone indicating that they had
learned the s-s association!®. Similar results have
been obtained employing the defensive burying par-
adigm; burying apparently is a highly complex un-
conditioned response directed toward aversive envi-
ronmental stimulil45. Rats received pairings of a wall-
mounted prod with electric shock while treated with
the DA receptor blocker, pimozide; when subse-
quently tested for prod burying when undrugged
these rats buried as much as control rats that received
prod-shock pairings while undrugged!s. Thus, they
learned the association of the prod with shock while
in the drug state. In another study, when neuroleptic-
treated rats were pre-exposed to a maze and then ob-
served subsequently when in a drug free state evi-
dence of latent learning was seen, indicating that s-s
associative learning had occurred while the rats were
drugged!. The observation of transfer from classical
conditioning to operant discrimination learning even
though rats were under the influence of a high dose of
pimozide during the classical tone—food pairingst?
further supports the suggestion that s-s associative
learning can occur in animals with DA function dis-
rupted.

A number of experiments have looked at the ef-
fects of neuroleptics on the accuracy of an estab-
lished discrimination in testing a possible role for DA
in s-s associative learning. It has been found that al-
though pimozide produces a dose-dependent de-
crease in operant responding, it fails to affect the ac-
curacy of a simultaneous or successive discrimina-
tion8.189.191, The DA receptor blocker, haloperidol
has been reported to be without effect on short-term
memory® further suggesting that s-s associative learn-
ing may be independent of DA however, conflicting
results have been reported!35. In a recent study it was
found that pimozide was without effect on the accu-
racy of an identity matching to sample task but inter-
fered with symbolic matching in the same pigeons!#+,
Others have found that rats or monkeys receiving
6-OHDA VTA are frontal cortical lesions?7, respec-
tively, show no impairment in a well-trained visual
discrimination but are deficient in their ability to per-
form a delayed alteration task. These findings may
indicate DA involvement in the maintenance of high-
ly complex tasks requiring elaborate s-s associative



mechanisms; further work is needed to test this possi-
bility.

At the end of Section 2, results were reviewed
showing that animals with brain DA function dis-
rupted, although hypokinetic under normal circum-
stances, can be induced to move when confronted
with intense stimulation. Some experimenters, tak-
ing advantage of this fact, have trained D A-disrupted
animals in electrified or underwater mazes and dem-
onstrated that they can learn to choose the correct
path. Thus, it was shown that animals with bilateral
6-OHDA lesions of the nigro-striatal pathway could
learn a brightness discrimination in an electrified
Y-maze as well as controls!48, On the other hand, it has
been reported that the underwater swim maze bright-
ness discrimination learning of rats was blocked by
the neuroleptic, spiroperidol!4. However, as dis-
cussed elsewhere!6, the data from this study do not
agree with the authors’ conclusions. Animals were
required to swim to the dark area of the underwater
maze, a choice contrary to their natural tendency to
seek a lighted area; consequently, initial error rates
were about 70-80%. Spiroperidol-treated rats were
observed to improve in this task, albeit more slowly
than controls, to an error rate of about 40% by ses-
sion 4, the last test session. Although these drugged
animals were not performing significantly better than
chance by session 4, they appeared to be showing a
learning curve. Possibly the slower rate of learning in
these animals was related to motor impairments pro-
duced by spiroperidol, but they did seem to be learn-
ing. The data from a second paper by the same au-
thors in which they conclude that 6-OHD A-produced
DA denervations block the acquisition of both
brightness and spatial discriminations in the under-
water maze!>® are subject to the same criticism. In
addition, the DA denervations in some of these ani-
mals were so complete that even the threat of drown-
ing was only able to induce a low level of responding.
When the unwarranted conclusions from these ex-
periments are recognized, it can be seen that studies
employing intense stimulation to overcome hypoki-
nesia in DA-disrupted animals support the hypothe-
sis that DA neuronal function may not be required
for s-s associative learning to occur.
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3.3 DA and incentive-motivational learning

3.3.1. Introduction

A number of learning theorists have proposed a
two (or more) process learning scheme somewhat
similar to the one that will be developed here?23.25.151,
It is not the purpose of this review to compare and
contrast various theoretical treatments of learning.
Although the terms employed here are used by many
theorists, their use does not necessarily imply the
meaning given them by others; each is used accord-
ing to the definitions and scheme described in the
next paragraphs.

Stimuli that are biologically important to animals
are defined as reinforcers or, in the case of aversive
stimuli that cause pain and tissue damage, punishers.
Implicit in this definition is the assumption that when
an animal encounters a biological significant stimu-
lus, that stimulus will elicit appropriate consummato-
ry responses. Alternative terms for reinforcer in-
clude primary incentive stimulus and reward. The
presentation of a primary incentive stimulus is de-
fined as positive reinforcement and the termination
of a punisher is defined as negative reinforcement.
The consequences of the reinforcement event are a
change in the operant response-eliciting ability of
neutral environmental stimuli associated with re-
inforcement?4. These changed stimuli are termed
conditioned incentive motivational stimuli; it will be
argued that DA is involved in this type of learning.
Note that when a primary incentive stimulus, for ex-
ample food to a food-deprived animal, is presented,
two types of learning are possible according to this
scheme. One is s-s learning, involving the association
of environmental stimuli with sensory aspects of the
food such as taste, odor, texture, appearance and
sound that may occur independent of DA func-
tioning; the other is incentive motivational learning
that would involve a change in the ability of these en-
vironmental stimuli to elicit operant responses in the
future and may require DA to occur.

It should be noted that this formulation of the role
of reinforcement in learning avoids the use of terms
such as hedonia or pleasure, that are descriptive of
certain mental states. Some theorists include these
states along with stimuli, such as taste and smell, as
part of the stimulus aspects of food2®. For these the-
orists, the statement that s-s associative learning oc-
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curs independent of DA functioning may seem erro-
neous. This is because the association of pleasure, a
stimulus aspect of food, with environmental stimuli
fails to occur in animals with DA function disrupted.
However, to draw the conclusion that blockade of
DA neurotransmission produces anhedonia (i.e.
blocks the pleasurable aspects of reinforcement), it is
necessary to observe behavior. Thus, environmental
stimuli associated with reinforcement lose their abili-
ty to elicit operant responses when DA neuronal
function is blocked; from this it is inferred that pleas-
ure no longer occurs. The present formulation
makes a distinction between the sensory, as opposed
to the operant response eliciting aspects of reinforc-
ing stimuli. These latter aspects of reinforcing stimu-
li, termed here incentive motivational, may or may
not produce mental states described as hedonic or
pleasurable. Nevertheless, they seem to require in-
tact DA functioning to become associated with envi-
ronmental stimuli.

The nature of the operant response elicited by con-
ditioned incentive motivational stimuli requires com-
ment. Historically, incentive theory arose because
the older, more rigid, stimulus-response connection-
istic notions of the effects of reinforcement on be-
havior were shown to be inadequate23.25.119_ Instead,
it was suggested that stimuli associated with re-
inforcement become conditioned sources of motiva-
tion, eliciting increases in general activity. More mo-
lecular analyzes of this notion of conditioned incen-
tive motivation have shown it, too, to have inade-
quacies!!9. Recent theories emphasize the learning of
stimulus~reinforcement and response-reinforce-
ment associations; these associations give rise to ex-
pectancies that direct behavior?3.119, What the pres-
ent analysis of DA’s role in learning suggests is that
the association of the stimulus aspects of reinforce-
ment with environmental stimuli can occur without
those stimuli acquiring the ability to effect respond-
ing; as discussed in the preceding section, this situa-
tion arises in animals undergoing conditioning trials
when DA synaptic transmission is blocked. Although
the precise nature of the influence of incentive condi-
tioning on operant response systems remains to be
worked out, it seems clear that the association of en-
vironmental stimuli with the stimulus aspects of re-
inforcement and the acquisition by environmental
stimuli of the ability to elicit responding are distinct

processes mediated by different neurotransmitter
systems.

Studies of the role of DA in incentive motivational
learning can be organized into two broad categories;
the first is the effect of manipulations of DA func-
tioning on the establishment of this type of learning
and the second is the effects of altered DA
neurotransmission on the maintenance of incentive
conditioning established prior to testing. Most stud-
ies fall into the second category.

3.3.2. DA and the acquisition of incentive motivational
learning

When the effects of the DA receptor blocker, pi-
mozide on the acquisition of lever pressing for food
were tested, dose-related attenuation of learning was
seen20l, Although this finding is consistent with the
hypothesis that normal DA functioning is required
for stimuli associated with the test environment to ac-
quire incentive motivational properties that enable
them to elicit responding, it is not possible to rule out
the effects of drug induced motor impairments. A
conditioned reinforcement procedure can be used to
avoid this confound. This technique involves first
pairing a primary incentive stimulus (e.g. food) with
a neutral stimulus (e.g. tone) so that the neutral stim-
ulus becomes a conditioned incentive motivational
stimulus; in subsequent test session with two levers,
this incentive learning can be measured as an in-
crease in the proportion of responses on the lever
that produces the conditioned stimulus (i.e. tone).
With this procedure, drugs can be administered dur-
ing the incentive conditioning phase when the only
response requirement is that the animals eat the
food; then the test for incentive learning is carried
out when the animals are undrugged. It was found
dat pimozide during the conditioning phase blocked
the establishment of incentive learning!8. Using in-
travenous injections of DA agonists as the primary
incentive stimulus in a similar procedure others have
shown that incentive learning is blocked by the neu-
roleptic, haloperidol4748. These findings provide
support for the hypothesis that DA is required for in-
centive learning to occur. It is noteworthy that in the
studies of conditioned reinforcement based on food,
although the previously drugged rats showed no evi-
dence of incentive learning, they should have learned
the association between the tone and the sensory



properties of the food; support for this conclusion
was found in a transfer study referred to in the pre-
ceding section!?. With regard to these different types
of learning, mention should be made of the possibili-
ty that neuroleptic treatment during pairings of a
buzzer with intravenous injection of a DA agonist
might block both the primary incentive and sensory
properties of the agonist. The observed blockade of
learning could be due to either of these effects.
Therefore, the latter conditioned reinforcement find-
ings do not provide unequivocal support for the hy-
pothesis that DA mediates incentive learning but
they are consistent with the results of studies employ-
ing food as the primary incentive stimulus.

A group of studies that can be viewed as involving
incentive conditioning are those that show a placebo
effect in animals previously injected with a DA agon-
ist such as D-amphetamine or cocaine. Basically,
these studies involve injecting animals with the drug
and placing them in a test environment on a series of
trials; then vehicle is injected and the locomotor ac-
tivity of the previously drugged group is compared to
that of a control group that has had a similar drug his-
tory but has not been drugged in the test environ-
ment. Results show that animals previously receiving
amphetamine or cocaine in the test environment are
more active than controls on the vehicle test
day11.84.89.142,147.160,188, These findings are consistent
with the hypothesis that DA mediates incentive moti-
vational learning. Thus, animals previously treated
with DA agonists in the test environment undergo in-
centive learning resulting in an increase in the ability
of those stimuli to elicit responding.

Before turning to the studies concerning the ef-
fects of disruption of DA functioning on behaviors
conditioned prior to drug treatment, the effects of
DA disruptions on the acquisition of avoidance re-
sponding will be considered. As defined above, re-
inforcement in the avoidance situation occurs when
shock is terminated; presumably, this event results in
increased activity in DA neurons that alters the abili-
ty of recently encountered environmental stimuli
(e.g. a door that signals safety, apparatus stimuli as-
sociated with safety) to elicit operant responses. The
recent observation, using in vivo voltammetry, of in-
creased DA release in the striatum following brief
electric shock to the tail? provides indirect support
for this suggestion that DA mediates negative re-
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inforcement (see also3.167). If DA function is blocked
during training of this task, avoidance responding
should fail to occur; however, since intense stimula-
tion can overcome hypokinesia in these animals, es-
cape responding should continue to be observed. In
support of this analysis, it has been reported that ani-
mals fail to acquire avoidance responses {although
continuing to escape) if trained after DA-depleting
intracisternal injections of 6-OHDA, intranigral in-
jections of 6-OHDA or injection with DA receptor
blockers16.17.36.37.46.61.62,146.209 Again, it is important
to note that although avoidance responses fail to oc-
cur, s-s associative learning should be intact; thus,
the relationship between the pre-shock stimuli and
shock is learned by these DA-disrupted animals as
evidenced by apparent fear-indicating autonomic re-
sponses such as defecation and squealing during the
preshock period!46 and by CER tests!6.

At this point, the lack of symmetry between the ef-
fects of decreased DA function on aversive and appe-
titive conditioning requires comment. As just men-
tioned, when animals with disrupted DA function re-
ceive tone-shock pairings, although failing to avoid,
they learn the association between these stimuli; it is
noteworthy that the shock retains its aversive qual-
ities under conditions of impaired DA transmission
and that the tone acquires these aversive qualities. If
the animal subsequently is tested while not drugged
and in the absence of shock, the acquired aversive na-
ture of the tone can be demonstrated by the acquisi-
tion of avoidance learning!?. This shows that even
conditioned aversive stimuli established under the in-
fluence of a DA receptor blocker can subsequently
act in their own right as negative reinforcers when
DA function is unimpaired. When a DA disrupted
animal receives tone-food pairings, it too learns the
association of these stimuli!®. However, when this rat
is undrugged and tested for lever-press acquisition in
the absence of food, the tone fails to act as a condi-
tioned appetitive reinforcer!8. This observation
might suggest that the DA antagonist had blocked
the appetitive nature of food; however, the fact that
food was eaten during conditioning argues against
this possibility. It seems, therefore, that conditioned
appetitive stimuli established under the influence of a
DA receptor blocker, unlike similarly established
conditioned aversive stimuli, cannot act subsequent-
ly as reinforcers in their own right. Thus, the effects
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of DA blockers on appetitive and aversive condition-
ing are asymmetrical insofar as they appear to block
the subsequent ability of a conditioned appetitive
stimulus to (positively) reinforce but not the ability of
a conditioned aversive stimulus to (negatively) re-
inforce.

Another subset of studies falls into the broad cat-
egory of those testing the effects of DA manipula-
tions on the acquisition of learning. These involve the
effects of enhanced DA activity on learning to with-
hold a punished stepdown response. This task in-
volves learning to remain on a platform suspended
above an electrified grid floor; normally, curious ani-
mals when placed on the platform will step down.
This response produces punishment in the form of
electric footshock. The response of returning to the
platform is negatively reinforced by the offset of the
punishing stimulus. In subsequent tests, learning is
demonstrated by an increased tendency to remain on
the platform, the stepdown latency being longer. A
number of researchers have shown that memory for
this task is impaired (retrograde amnesia) by electri-
cal stimulation of the cell bodies in SN during training
and that the disruption depends on DAS59.140.161.162,
The disruption of learning may be understood with
reference to extraneous or inappropriate incentive
learning; thus, stimuli, for example, those associated
with parts of the apparatus other than the platform,
that normally would remain neutral may have be-
come conditioned incentive stimuli because of activa-
tion of DA neurons during training. In retest ses-
sions, animals may have failed to remain on the plat-
form because this learning resulted in inappropriate
approach responses to stimuli that normally would
have been neutral.

The results of an experiment investigating the ef-
fects of the DA agonist, apomorphine on latent
learning can be interpreted in a similar manner to the
stepdown data. It is well established that animals pre-
exposed to an unbaited maze run that maze with few-
er errors when subsequently trained to traverse it for
food; this phenomenon has been termed latent learn-
ing!19. As discussed in Section 3.2, this type of learn-
ing has been found to be unaffected by treatment
with DA receptor blockers during pre-exposure!, sug-
gesting that s-s associative learning occurs indepen-
dent of DA function. In the same study, it was report-
ed that rats pre-exposed to the maze while treated

with apomorphine subsequently were impaired. As
in the case of the stepdown task, this disruption of
learning may be attributable to inappropriate incen-
tive conditioning. Thus, during pre-exposure, maze
stimuli, for example those associated with blind al-
leys, may have become incentive stimuli in the apo-
morphine-treated animals. In subsequent tests of
maze learning these rats made more errors, possibly
because of this inappropriate incentive conditioning.
This interpretation must be viewed with caution,
however, since other possibilities, for example, state
dependent learning effects, were not evaluated in
this study.

Two recent studies reported findings that may be
directly relevant to the preceding interpretation of
the results of punished stepdown and latent learning
experiments. These studies employed a latent inhibi-
tion procedure to evaluate the effects of enhanced
DA activity on animals’ ability to learn to ignore ir-
relevant stimuli. This approach involved first a series
of non-reinforced presentations of a neutral stimulus
(e.g. tone) and then conditioning trials using that
stimulus to signal reinforcement; latent inhibition is
evidenced by a retarded acquisition in pre-exposed
animals. In two well-controlled studies it was found
that animals with enhanced activity in DA systems
during the pre-exposure phase failed to show latent
inhibition; DA activity was stimulated in rats by
D-amphetamine injections, haloperidol-induced super-
sensitivity or intraaccumbens D-amphetamine!80.181,
It also was found that microinjections of D-ampheta-
mine into the caudate-putamen failed to antagonize
the latent inhibition effect!s!. The authors inter-
preted their results as possibly implicating DA sys-
tems in learning to ignore irrelevant stimuli. Accord-
ing to the present formulation, enhanced DA activity
during pre-exposure to the neutral stimulus may have
resulted in that stimulus becoming (inappropriately)
a conditioned incentive stimulus. When it subse-
quently was used to signal reinforcement, retarded
acquisition was not observed possibly because of this
incentive learning. If this interpretation is correct,
then these latent inhibition data are consistent with
the punished stepdown and latent learning results al-
ready discussed.

In summary, incentive learning seems to fail to oc-
cur in animals undergoing acquisition training while
DA function is blocked. This has been observed in



tests of lever-press acquisition, conditioned re-
inforcement and avoidance learning. On the other
hand, enhanced DA activity produced by treatment
with stimulant drugs such as D-amphetamine or co-
caine results in incentive learning leading to environ-
ment-specific conditioned locomotor activity. How-
ever, incentive learning resulting from enhanced DA
activity may impair the apparent memory of other
tasks. This was suggested by the effects of stimulating
DA neurotransmission in punished stepdown, latent
learning and latent inhibition experiments.

3.3.3. DA and the maintenance of incentive motiva-
tional learning

Turning now to the second broad category of stud-
ies of the role of DA in incentive learning, the follow-
ing paragraphs discuss the effects of manipulations of
DA neurotransmission on the maintenance of incen-
tive conditioning established prior to testing. There
are many more studies in this category than in the
previous one and a number of excellent reviews of
this laterature have appeared®0.199.200. The effects of
DA disruption on well-trained positively-reinforced
lever press responding, stimulant produced environ-
ment-specific conditioned activity and negatively re-
inforced shuttle responding will be considered. It will
be suggested that animals well-trained in operant
tasks involving reinforcement can continue to re-
spond for a time when DA function has been
blocked. However, with more extensive testing in the
absence of normal DA neurotransmission, even the
responding of well-trained animals ceases.

Wise et al.202.203 trained animals to respond on a
continuous reinforcement schedule for food and then
examined the effects of pimozide over several test
sessions. They found that pimozide-treated animals
showed a progressive decline in responding from ses-
sion to session similar to extinction and concluded
that pimozide blocks the effects of reinforcement.
The use of repeated testing was an important feature
of these studies since a simple attenuation of re-
sponding in the first test session could be interpreted
as a drug-induced motor impairment; however, a
stepwise session to session decline in responding can-
not be attributed simply to a motor impairment espe-
cially since control studies ruled out cumulative tox-
icity of repeated dosing with pimozide as a possible
explanation of the effect. The finding that pimozide
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produces an extinction-like session to session decline
in food-reinforced responding has been replicated
several times®.71,72,124,190,192

One exception to these findings is the effect of DA
disruption on responding differentially reinforced for
low rates (DRL). It was reported that DRL respond-
ing was not affected by pimozide over 3 test ses-
sions!24 or by 6-OHDA-produced DA depletions!!!.
However, the pimozide-treated rats were maintained
on a lean feeding schedule; this variable and the low
response demands of DRL schedules may account
for the lack of effect of pimozide. Support for this hy-
pothesis was shown when it recently was found that
animals kept under high levels of food deprivation
were less affected than more moderately deprived
animals by high doses of neuroleptics?0. The lack of
effect of 6-OHDA on DRL behavior may be attrib-
utable to subtotal DA depletions; indeed, the au-
thors cite preliminary findings from 6-OHDA-
treated animals more severely depleted of DA sup-
porting this interpretation!!!. It appears, therefore,
that a case can be made for concluding that the incen-
tive conditioning properties of food are blocked
when DA function is blocked.

There has been some controversy surrounding the
contribution of motor impairments to the neuroleptic
extinction effect. Wise et al.202 originally concluded
that * . . .a history of testing with normal reward and
pimozide was equivalent to drug-free testing without
reward’. This precipitated a number of papers that
produced evidence that responding under pimozide
plus normal reward was not equivalent to extinction;
thus, it was shown that pimozide produced an overall
decrease in food maintained responding independent
of extinction-like effects853,54,72,96,124,141,19 A5 was
discussed earlier there is abundant evidence that DA
plays a role in locomotor activity. The above effects
are consistent with this but a number of these and
other studies, as discussed at the beginning of this
section, reporting a cumulative decrease in respond-
ing over days of testing with pimozide suggest that
DA also is involved in food reinforcement-produced
incentive learning.

One set of studies that may be relevant to this sec-
tion is those concerned with the effects of various
psychomotor stimulants on the acquisition of re-
sponding with conditioned reinforcement. These
studies involved first exposing undrugged animals to
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pairings of a neutral stimulus with a primary incen-
tive stimulus; then the acquisition of an operant re-
sponse that produced the conditioned stimulus, no
longer followed by food, in animals treated with vari-
ous DA agonists was observed. Results revealed that
animals treated with the stimulant, pipradrol showed
an enhanced level of responding on a lever that pro-
duced conditioned reinforcement12.13.83,153-155,157.158
Although two earlier reports found no significant ef-
fect of amphetamine with this procedure!3.155 a more
extensive recent study has shown that this drug pro-
duces effects similar to those seen with pipradroliss,
Enhancement of responding for conditioned re-
inforcement also has been observed in animals
treated with a phenyltropane analogue of cocaine
(WIN 35,428) but not with another analogue
(WIN 35,065-2), cocaine itself or with apomor-
phine!3.158.

The possibility that the effects of pipradrol and am-
phetamine in these studies were mediated by DA
gains some support from the observation that their
stimulant effect on lever pressing can be antagonized
by intrastriatal and intraaccumbens 6-OHD A6, [t
was found that when animals were required to per-
form a chain of two responses to receive a condi-
tioned reinforcer, treatment with pipradrol resulted
in a large increase in the rate of the second response
only, actually resulting in a reduction in the number
of conditioned reinforcers received!4. This result
might suggest that in these studies prior conditioning
influenced response selection whereas the DA agon-
ists, pipradrol, D-amphetamine and WIN 35,428
simply produced repetition or stereotypy of that re-
sponse !, From this point of view, these results may
not be directly related to DA’s role in incentive learn-
ing but rather may reflect DA’s locomotor function.

One difficulty with this interpretation is the neg-
ative results observed with cocaine, WIN 35,065-2,
and especially the direct acting DA agonist, apomor-
phine. The lack of effect with apomorphine may be
attributable to the fact that this drug’s stimulatory
action 1s relatively independent of ongoing DA activ-
ity, possibly reducing the response selection effects
of prior conditioning; a similar hypothesis has been
used to explain the failure of apomorphine to in-
crease rates of intracranial self-stimulation!*¢. Pipra-
drol and D-amphetamine, drugs that do enhance re-
sponding for conditioned reinforcement also en-

hance neurogenic DA release and block re-up-
takels8, at least raising the possibility that their influ-
ence is somewhat greater at DA synapses that are al-
ready active. Similarly, WIN 35,428, WIN 35,065-2
and cocaine block re-uptake of catecholamines with
their relative potency being directly related to their
enhancing effects on responding for conditioned re-
inforcement!8. Thus, it seems possible that the ef-
fects of various psychomotor stimulants on the acqui-
sition of responding with conditioned reinforcement
may be related to their ability to enhance, somewhat
selectively, transmission at DA synapses that are al-
ready active. As this effect is seen following the es-
tablishment of incentive conditioning, it is possible
that it is related primarily to DA’s locomotor func-
tion.

A large number of studies have employed brain
stimulation reinforcement (BSR) in testing a possible
role for DA in incentive learning®9.198-200. There is
now good evidence that the effects of BSR on behav-
ior are similar to those of food; for example, condi-
tioned animals initiate responding for BSR without
priming and can be trained to lever press for BSR on
lean schedules of reinforcement, BSR can be used to
establish neutral stimuli as conditioned reinforcers
and extinction following the discontinuation of BSR
is gradual?.14.128.193, Furthermore, the effects of pi-
mozide on BSR- and food-maintained operant re-
sponding are comparable. Thus, pimozide seems to
produce an extinction-like decrease in BSR-re-
inforced responding®.65. Several researchers have
employed sophisticated testing procedures to distin-
guish between possible motor impairments versus re-
inforcement-related incentive conditioning impair-
ments produced by disruptions of DA neurotransmis-
sion. Rats were implanted with a unilateral stimulat-
ing electrode into the ascending DA fibers and then
the effects of ipsilateral versus contralateral DA de-
nervation or receptor blockade on BSR were com-
pared. These studies found that the ipsilateral lesion
eliminated the behavior whereas the contralateral le-
sion produced only transient effects showing that in-
tact DA neurons were required to maintain respond-
ing; the possibility of a motor deficit appeared to be
ruled out because the similar contralateral lesion did
not eliminate the behavior!i02.129.139_ Recently, one of
these studies!9? has been criticized on the basis of dif-
ferential severity of DA depletion on the ipsilateral



versus contralateral side and data were reported
showing bilateral self stimulation deficits following
more complete unilateral DA depletions28. Although
these results support a motor impairment interpreta-
tion of the effects of DA denervation on BSR, other
studies!29.13 are not subject to the same criticism and
continue to support the hypothesis that the effective-
ness of incentive stimuli at maintaining operant re-
sponses may require intact DA systems. Using differ-
ent procedures, others have come to the same con-
clusion208.

The hypothesis that DA neurons mediate the ef-
fects of reinforcement on behavior attains further
support from the finding that animals will perform
operant responses that result in intravenous injec-
tions of DA agonists and that this behavior under-
goes extinction if DA transmission is disrupted. An
interesting feature of this procedure is that self-ad-
ministration rates transiently increase under the in-
fluence of neuroleptics, making motor impairments
unlikely candidates for producing the effect. Thus,
D-amphetamine and cocaine self-administration
rates are transiently increased and then decrease
following pimozide or DA-depleting 6-OHDA le-
sions49,159.206,207,

As discussed in the previous section, numerous
studies have shown that animals with a history of be-
ing injected with a stimulant such as D-amphetamine
or cocaine are more active than controls when in-
jected with saline and placed in the environment pre-
viously associated with the drug!!84.89,142,147,160,188
Recently, the importance of DA in this placebo ef-
fect was confirmed when it was shown that pimozide
blocked the establishment of conditioning!l. In that
study it also was shown that the same dose of pimo-
zide that blocked establishment of conditioning failed
to antagonize the expression of the effect in animals
previously conditioned with D-amphetamine but
without pimozide. This result provides further sup-
port for the hypothesis that previously conditioned
animals can continue to respond for a time when DA
function is blocked.

Some researchers have employed two distinct
stimulus situations during conditioning to test the hy-
pothesis that previously trained animals can continue
to respond for a time when DA function has been
blocked. In two different studies, animals previously
trained to respond for BSR showed an extinction-like
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decrease in responding when tested in the presence
of one set of reinforcement-signaling stimuli while
under the influence of pimozide; this finding is con-
sistent with numerous studies discussed above. How-
ever, when they were presented with the other set of
reinforcement-signaling stimuli, these drugged, ap-
parently extinguished animals were observed to be-
gin again to respond; responding was transient, again
showing an extinction-like decline!?67. The results of
these studies demonstrate that previously trained an-
imals observed to cease to respond while under the
influence of DA receptor blocking drugs can, in fact,
respond. The results indicate that established incen-
tive stimuli can elicit responses for a time in DA dis-
rupted animals. In the continued absence of normal
DA neurotransmission, the effects of previous incen-
tive learning are lost leading to a loss of responding.
Note, however, that the blockade of DA receptors
alone is not sufficient to produce a loss of incentive
conditioning; rather it is the combination of DA re-
ceptor blockade and exposure to previously estab-
lished incentive stimuli that leads to this loss.

Finally, the effect of disruption of DA neuro-
transmission on established avoidance responding is
consistent with the preceding analysis. Numerous
studies have shown that manipulations that disrupt
DA systems cause an extinction-like decrease in
well-trained avoidance responding?.110.134, Some au-
thors have reported that prior straining resulted in a
significant decrease in the disruptive effects of halo-
peridol or 6-OHDA lesions on avoidance respond-
ingé2.209; however, with more extensive testing even
these initially less impaired rats show a loss of avoid-
ance responses’.21.110.134, These findings support the
hypothesis that intact DA neurons may be needed
not only for the acquisition of incentive learning but
also for the continued effectiveness of conditioned in-
centive stimuli.

4. SUMMARY

Brain DA systems appear to be significantly in-
volved in locomotor activity and in the acquisition
and maintenance of conditioned incentive motiva-
tion; they appear to play no significant role in stim-
ulus—stimulus associative learning.

In looking at the relationship between DA activity
and locomotion, research has shown that as transmis-
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sion in DA neurons rises, for example, under the in-
fluence of stimulant drugs, locomotor activity rises or
begins to give way to stereotyped activity that may be
confined to a restricted area; conversely, when trans-
mission at DA synapses is suppressed by DA recep-
tor blocking drugs or neurotoxic lesions of DA neu-
rons, locomotor activity declines. Placing the em-
phasis on reactivity to unconditionéd sensory stimuli
rather than motor activity, it has been found that in-
creased activity in DA neurons leads to increased re-
sponsiveness to stimuli; decreased DA activity, on
the other hand, results in apparent sensory neglect.
Thus, the level of tonic activity in DA neurons ap-
pears to be directly related to the level of locomotor
activity or responsiveness to unconditioned stimuli.

DA neurons also seem to play an important role in
incentive motivational learning. Thus, when re-
mforcement occurs, increased activity in DA neu-
rons’8-80.98.127,131 may result in incentive conditioning
of stimuli associated with the reinforcement event.
As a consequence of this learning, these stimuli have
an enhanced ability to activate operant response sys-
tems. If DA receptors are blocked during acquisition
training, incentive learning appears to fail to occur
although s-s associations may be learned. If DA ac-
tivity is stimulated by drugs such as amphetamine or
cocaine, incentive learning will occur, stimuli in the
test environment acquiring the ability to elicit re-
sponses. If DA systems are blocked in previously-
conditioned animals, the conditioned incentive moti-
vational properties of reinforcement-related stimuli
are slowly lost with use until responding is reduced to
a low level. This latter observation might indicate
that during incentive conditioning DA neurons me-
diate a change in synaptic effectiveness that thereaf-
ter can influence response systems for a time even
when DA functioning is greatly impaired.

5. THEORETICAL IMPLICATIONS
5.1. Introduction

It is now well established that the brain’s DA sys-
tems play a central role in the pathogenesis of Parkin-
son’s disease and this finding has led to the successful
treatment of the disease with the DA precursor,
L-DOPABS5.163, Considerable evidence also impli-
cates brain DA in schizophrenic disorders but the

specific role of the various DA systems remains un-
certainl08.120.177,196  Although DA is implicated in
these disorders, little is known about the actual role
of DA neurons in the functioning of the brain. Fur-
thermore, it is not known how changes in DA activity
produce severe alterations in behavior. However, a
consideration of the anatomical organization of DA
systems in conjunction with the results of studies of
the behavior of animals with altered DA activity re-
veals some insights that provide the basis for inte-
grating apparently diverse laboratory and clinical ob-
servations. The following paragraphs present a possi-
ble mechanism for DA-mediated learning; then the
anatomy of DA systems will be discussed briefly.
This will be followed by a consideration of the
relationship between this anatomy and the mech-
anism of incentive learning. Finally, brief comments
on the relevance of this information to clinical obser-
vations of Parkinsonian and psychotic individuals will
be presented.

5.2 A possible mechanism

A mechanism for DA-mediated learning of a long-
term nature has been described by researchers em-
ploying the sucrose gap in vitro recording tech-
nique!!2.113, These studies looked at the responses of
the efferent cells of the rabbit superior cervical gan-
glion to various pharmacological agents. This gan-
glion contains cholinergic afferents and DA interneu-
rons that both synapse on the efferent cells. It was
found that a brief superfusion of the ganglion with
DA resulted in a long-lasting enhancement of the
cholinergic response; employing conventional elec-
trophysiological recording techniques, researchers
recently have replicated these resultsS. This type of
effect has been termed heterosynaptic facilitation%.
Additionally, data revealed that this DA-produced
change was mediated intracellularly by the activation
of a DA-receptor-linked adenylate ¢yclase that stim-
ulated the formation of cyclic adenosine monophos-
phate (AMP) from adenosine triphospate. Although
the exact mechanism remains unknown, it is possible
that the DA-stimulated cyclic AMP enhances the re-
sponse of the cell to acetylcholine by altering the
‘. . .synthesis of certain proteins having specific
functional roles in synaptic physiology. This might
constitute one component of the mechanism by



which long-term information storage (i.e. learning)
and retrieval (i.e. memory) can occur’”3.

Although the demonstration of a cyclic AMP-me-
diated DA-produced heterosynaptic change in re-
sponsiveness to acetylcholine involved the peripheral
nervous system (PNS), recent data indicate that
some CNS DA receptors also are coupled to adeny-
late cyclase and that activation of these receptors by
DA stimulates the formation of cyclic AMP2.73,
137,166, This DA-stimulated cyclic AMP may play a
similar role in producing long term changes in the
CNS as those described in the PNS165. Since DA may
be involved in incentive learning, it is further possible
that this type of learning may be mediated by the ad-
enylate cyclase-coupled DA receptor. It is perhaps
worth noting that there are at least two types of cen-
tral DA receptors, termed D-1 and D-2, denoting the
DA receptor that is linked to DA-sensitive adenylate
cyclase and the DA receptor that is not adenylate cy-
clase-linked, respectively?’. This classification
scheme has been elaborated recently3s.170,179,

5.3. Anatomy of the basal ganglia

The hypothesis that DA-mediated incentive learn-
ing might be produced by a central heterosynaptic
mechanism similar to that described in the PNS is fur-
ther supported by the anatomy of the dopamine ter-
minal regions. One of the striking aspects of the ni-
grostriatal and mesolimbic DA systems is that they
can be considered to terminate at stimulus-response
interfaces in the brain. Thus, the nigrostriatal system
projects to the neostriatum, an area that receives
massive input from all major sensory areas of the
neocortex?7-100,195 and sends its efferents to important
motor nuclei, the globus pallidus and zona reticulata
of the substantia nigra30.88.130, Similarly, the me-
solimbic DA neurons project to the ventral striatum,
viz., the nucleus accumbens and olfactory tubercle;
these areas receive sensory input from allocortical
structures including the entorhinal and pyriform cor-
tex (olfactory) and the hippocampuss2.105. In turn,
they project to the ventral pallidum (that includes
part of the substantia innominata), an area that may
serve a motor functiond!.82 and to the substantia ni-
gra, an important motor area!33. The DA projection
to the frontal cortex is more difficult to characterize;
although the frontal cortex is extensively intercon-
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nected with other cortical regions that are sensory in
nature and projects to the neostriatum and brainstem
areas that could be viewed as motor, the function of
this area and of its DA afferents from VTA is still
poorly understood®.116, However, the similarities in
the organization of the terminal regions of the nigro-
striatal and mesolimbic systems are striking and have
been emphasized by several authors’6.81.82.132 Fyr-
ther, it should be noted that there is a relatively small
number of DA cell bodies in their nuclei of origin and
that these cells arborize extensively, forming many
en passant synapses in their terminal regions; human
DA cells may form as many as 500,000 synaptic con-
tacts125. This suggests that the DA systems act en
masse rather than serving a specific information
processing function.

Anatomical studies have revealed that there are
cholinergic neurons within the striatum, nucleus ac-
cumbens and olfactory tubercle and that they are
most likely interneurons’$.101. Additionally, it has
been found that these striatal cholinergic interneu-
rons are influenced by cortical afferents!’s, Hassler?6
reviewed a large number of ultrastructural studies
and concluded that striatal interneurons and DA af-
ferents synapse on common cells, possibly striatal ef-
ferents. These interneurons may be cholinergic and
the receptors they affect are muscarinic24. Finally
DA stimulated adenylate cyclase is found in the DA
terminal regions33,73,106.137,166,

From the above considerations it is possible to see
that all the elements of the peripheral heterosynaptic
mechanism demonstrating a role for DA in learning
may be found in the CNS. Specifically, these el-
ements include cells receiving both DA and musca-
rinic cholinergic afferents and having the enzyme,
adenylate cyclase linked to DA receptors. Further-
more, a variety of neurochemical interactions be-
tween acetylcholine and DA within the striatum have
been described!85. A recent study, using [*H] (—)
3-quinuclidinyl benzilate to identify striatal musca-
rinic receptors reported that the DA agonist, apo-
morphine enhanced binding by converting low to
high affinity receptors. Further pharmacological
characterization of this effect revealed that it was an-
tagonized by anti-DA drugs known to block D-1 re-
ceptors (e.g. cis-flupenthixol) but not by specific D-2
receptor blockers (e.g. sulpiride)s2. Although DA
was found to enhance the effectiveness of muscarinic
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cholinergic receptors via the activation of a DA re-
ceptor-linked adenylate cyclase in the PNS as de-
scribed in Section 5.2, the exact mechanism was not
known. These new findings using CNS tissue suggest
the possibility that DA changes the effectiveness of
cholinergic synapses by converting low to high affini-
ty receptors.

5.4. Possible synaptic events underlying the establish-
ment of incentive learning

If DA mediates incentive learning in the CNS, the
normal sequence of events might be as follows. As an
animal moves through its environment, the stimuli
impinging on its senses constantly change and, there-
fore, the pattern of activity in sensory neurons keeps
changing. Since neurons from all sensory areas of the
neocortex and allocortex project into the (dorsal and
ventral) striatum?77.82,100,105,195 where they influence
cholinergic interneuronst’, the subset of activated
interneurons also keeps changing; their particular
muscarinic synapses are active accordingly. When a
primary incentive stimulus is encountered, the DA
system may be activated en masse resulting in a het-
erosynaptic change, viz., an increase in the number
of high affinity receptors at those muscarinic syn-
apses that were most recently active (see below). Asa
result, in the future only those stimuli that activate
the cholinergic interneurons with modified synapses
will be conditioned incentive stimuli; i.e., they will

. have enhanced ability to activate operant response
systems represented by striatal efferents.

For this model to work it is necessary that DA-me-
diated changes in cholinergic receptors occur only at
the subset of cholinergic synapses that was most re-
cently active. A possible mechanism for this time
coupling has been demonstrated in the isolated rat
retina26, It was shown that the cholinergic agonist,
carbachol potentiated DA-stimulated cyclic AMP
formation. If a similar mechanism operated in the
striatum, then when the DA systems were discharged
{(by a primary incentive stimulus), the most recently
active cholinergic synapses would be most strongly
altered because they would have enhanced the
amount of DA-stimulated cyclic AMP by potentiat-
ing the coupling of adenylate cyclase to nearby DA
receptors on the same cell?6; therefore, the most re-
cently encountered stimuli will become the strongest

incentive stimuli (see Fig. 1). Although adequate
data are not yet available, it is possible that guanyl
nucleotides participate in the cholinergic influence
on coupling of adenylate cyclase to DA receptors.
Thus, muscarinic receptors are known to influence
the synthesis of guanyl nucleotides?. Furthermore,
endogenous guanyl nucleotides have been shown to
mediate the coupling of adenylate cyclase to DA re-
ceptors32.

The results of some recent electrophysiological
studies provide further evidence for a modulatory
role for DA in the brain. The responses of nucleus ac-
cumbens cells to stimulation of the amygdala or VTA
were recorded. Note that as the amygdala receives
extensive semsory input!3 the amygdala-accumbens
projection may be viewed as sensory in nature. It was
observed that the accumbens cells’ response to amyg-
dalar stimulation was decreased if it was immediately
preceded by VTA stimulation. Furthermore, it was
shown that these modulatory effects of VTA stimula-
tion were mediated by DA. The authors concluded
that DA may play an important role in mediating the
extent to which (sensory) limbic structures can exert
an influence on motor output via the nucleus accum-
bens205. Although these results showed that DA pro-
duced a decrease in responsiveness whereas the pres-
ent model might predict an increase, it is possible for
example that the recorded cells were postsynaptic to
those cells modified by DA. Nevertheless, the obser-
vations are relevant in the present context and are
consistent with the proposal that DA modulates the
influence that various sensory events have on motor
output.

It is interesting to note that Deutsch and his col-
leagues®!, based on extensive psychopharmacolog-
ical research, have concluded that central muscarinic
cholinergic synapses are modified as a result of learn-
ing and that the modification involves increased cho-
linergic sensitivity of the postsynaptic membrane. It
is tempting to speculate that the time course of learn-
ing and forgetting that they ascribe to these synapses
is the time course of the possible DA-produced
change underlying incentive conditioning. It is be-
yond the scope of this paper to review the literature
implicating acetylcholine in behavior and learning.
The interested reader should consult the excellent re-

views already available (see ref. 22).
Perhaps it is worth mentioning at this point that the
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Fig. 1. A: intrastriatal connections that may be involved in incentive motivational learning. Here the term ‘striatum’ refers to both the
dorsal and ventral striatum as discussed in Section 5.3 of the text. As depicted, each individual neuron presumably represents a set of
neurons in the brain. B: possible mechanism through which environmental stimuli may influence the coupling of adenylate cyclase to
dopaminergic (D-1) receptors. Thus, when a tone is present in the environment, stimulation of sensory pathways may lead to activa-
tion of a set of cortical neurons that may influence a set of striatal cholinergic interneurons, as indicated by the heavy lines. The square
to the right represents an enlargement of the connections inside the broken square on the diagram to the left; through an as vet un-
known process, stimulation of muscarinic receptors by acetylcholine (ACh) may enbance the coupling of adenylate cyclase (AC) to
DA receptors, as shown by the broken lines and arrows (see Section 5.4 in the text). C: possible mechanism through which DA-stimu-
lated adenylate cyclase may alter the strength of cholinergic synapses. Presentation and ingestion of a food pellet results in stimulation
of sensory neurons possibly leading to activation of cortical cells that influence striatal interneurons (heavy lines leading from food
peliet’) and in ‘reinforcement’ involving activation of DA neurons. Since the tone was the most recent environmental event preceding
food, presumably DA receptors common to the cells activated by the tone have enhanced coupling to AC (see B). In the square to the
right in C, the action of DA at these receptors leads to the formation of cyclic adenosine monophosphate (cAMP) from adenosine tri-
phosphate (ATP) which may lead to an enhancement of the affinity of nearby cholinergic receptors (see Section 5.3 in the text), de-
picted by filled rectangles. D: the tone has become a conditioned incentive motivational stimulus, having enhanced ability to influence
striatal efferents. This change is represented in the diagram to the left by the membrane thickening shown on striatal efferents acti-
vated by the tone. The possible structural basis, shown to the right, is an increased number of high affinity cholinergic receptors (filled
rectangles). Note that prior conditioning would have similarly enhanced the incentive properties of stimuli produced by the food pellet
itself, as also shown in B, C and D,

same DA neurons may mediate both the locomotor
and learning functions ascribed to them in this re-
view. Thus, when no primary incentive stimuli are
present, the tonic level of activity in DA cells may
mediate the level of locomotor activity in the animal,
or, from the sensory point of view, the level of re-
sponsiveness to unconditioned stimuli. The obser-
vation that brain DA activity shows a circadian rhyth-
micity, being highest during wakefulness in ratsé® and
monkeys!38 is consistent with this view. Presumably,

little incentive learning is occurring as a result of this
tonic DA activity. When a primary incentive stimulus
is encountered, activity in these same DA neurons
may be increased and under the influence of the re-
sultant higher concentrations of DA, incentive learn-
ing may occur. According to the model developed
here, the strongest learning would be produced by
those DA synapses that most effectively stimulate
the formation of cyclic AMP. This would occur at
precisely those synapses where the coupling of D-1
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receptors to adenylate cyclase had been enhanced,
i.e., those synapses most recently activated by envi-
ronmental stimuli. Thus, those stimuli become condi-
tioned incentive stimuli. As DA also influences loco-
motor activity, enhanced DA release resulting from
the presentation of a primary incentive stimulus, be-
sides producing incentive learning, should also cause
a transient elevation in general locomotion. It is grat-
ifying to note that the unconditioned activating ef-
fects of primary incentive stimuli are well docu-
mented24.119,

5.5. Possible synaptic events underlying extinction

As has been discussed above, intact DA systems
appear to be required both for the establishment and
maintenance of incentive learning. However, once
incentive learning is established it, for a time, can
maintain responding even when DA function is dis-
rupted; in the continued absence of normal DA func-
tioning, as in the extinction situation, exposure to
conditioned incentive stimuli results in a loss of their
ability to elicit responses until eventually the learned
behavior no longer occurs.

The temporary independence of established incen-
tive learning from DA can be understood with refer-
ence to the model presented in the previous para-
graphs. Thus, the structural basis of incentive learn-
ing may be modified muscarinic synapses. Specifical-
ly, DA may mediate a heterosynaptic change by acti-
vating a receptor-linked adenylate cyclase; this may
lead to an increase in the number of high affinity mus-
carinic receptors on the postsynaptic side of the stria-
tal cholinergic interneurons most recently activated
by environmental stimuli. Possibly, when DA recep-
tors subsequently are blocked, or when the primary
incentive stimulus no longer is presented, condi-
tioned incentive stimuli can maintain responding via
these modified muscarinic synapses for a time but
with continued use they lose their effectiveness.
What structural changes might underlie this eventual
loss of effectiveness of conditioned incentive stimuli?

Unfortunately, to my knowledge data directly rel-
evant to the answer to this question are not yet avail-
able. One possibility is that the proposed DA-me-
diated heterosynaptic change leading to an increase
in the number of high affinity muscarinic receptors is
reversed when those receptors are used repeatedly in

the absence of augmented DA neurotransmission
produced by reinforcement. Although the intracellu-
lar mechanisms that mediate DA-produced changes
in affinity of muscarinic receptors remain to be
worked out in detail, it has often been suggested that
the metabolic consequences of DA-stimulated ad-
enylate cyclase include protein phosphorylation
through activation of protein kinases”. If the phos-
phorylated proteins were themselves the muscarinic
receptors, it is possible that this reaction is responsi-
ble for the affinity change. If the binding of ace-
tylcholine to the muscarinic receptor resulted in de-
phosphorylation, this could provide a mechanism un-
derlying the gradual loss of incentive conditioning
through repeated use when DA function is blocked.
Some recent studies showing that a myofibrillar pro-
tein becomes phosphorylated in response to S-adren-
ergic agonists and dephosphorylated in response to
muscarinic agonists’> provide indirect support for the
proposed mechanism.

6. CLINICAL IMPLICATIONS

Schizophrenia is a debilitating human disease. It is
characterized by a period of active psychotic symp-
tomatology including delusions, hallucinations, or
certain disorders of thought and having a duration,
with residual phases, of at least 6 months!82. There
are several lines of evidence that suggest that hyper-
functioning of DA underlies this disease. These in-
clude the original observations that gave rise to the
DA hypothesis of schizophrenia; viz., DA agonists
such as D-amphetamine and cocaine are psychoto-
genic and DA receptor blockers such as chlorproma-
zine are successful in the treatment of the dis-
easel76-178 Additionally, recent studies of post-mor-
tem brain tissue from schizophrenic patients provide
support for the DA hypothesis. Thus, receptor bind-
ing studies have shown that there is an abnormally
high level of DA receptors associated with the dis-
ease44.108,170.178,

It should be noted that the results from several of
the binding studies suggest that there is an overabun-
dance of D-2 receptors in the schizophrenic brain.
Furthermore, the average clinical dose of DA recep-
tor blocking drugs used in the treatment of schizo-
phrenia is highly correlated with their ability to inhibit
by 50% the specific binding of [3H]haloperidol (ICs,)



to homogenerates of caudate nucleus!’%; [3H}halope-
ridol is thought to label D-2 receptors. Additionally,
the correlation of average clinical dose of neurolep-
tics with ability to inhibit DA-stimulated adenylate
cyclase (D-1 receptors) is poorl?™. Taken together,
these data suggest that the D-1 receptor may play no
important role in the development of schizophre-
nial’s,

On the other hand, a role for D-1 receptors cannot
yet be ruled out. Thus, DA receptor blockers that are
highly specific for D-1 receptors, e.g. cis-flupenthix-
ol87, are reported to be effective in the treatment of
schizophrenia®>. Furthermore, although the correla-
tion between average clinical dose of neuroleptics
and ICs; values on D-2 receptors is high, there is
usually a delay of a number of days between the onset
of neuroleptic therapy and improvement in the dis-
ease condition!!7. From these observations it seems
possible that D-1 receptors may be involved in schiz-
ophrenia and that blocking of D-2 receptors may not
be necessary to successfully treat the disease. How-
ever, the resolution of this question of the role of D-1
and D-2 receptors in schizophrenia awaits further re-
search. Nevertheless, if overactivity at DA synapses
does take place in the brains of individuals suffering
from schizophrenia, some of the classical symptoms
may be understood with reference to inappropriate
incentive learning.

Based on the results of a wide range of psychologi-
cal studies, many authors have concluded that schizo-
phrenics suffer from an inability to ignore irrelevant
stimuli®?.126.152_ As outlined in Section 3.3, DA seems
to play a key role in incentive learning, i.e., the ac-
quisition by neutral stimuli of an enhanced ability to
elicit operant responses. If there was an overstimula-
tion of DA receptors in the brains of schizophrenics,
DA-mediated incentive learning might alter indis-
criminantly the ability of stimuli to influence re-
sponse systems. A consequence of this inappropriate
incentive learning might be that the affected individ-
ual would lose his or her ability to ignore irrelevant
stimuli.

It should be noted that stimulus—stimulus associa-
tive learning appears to be independent of DA func-
tion; if this type of learning remains intact in schizo-
phrenics, it is possible that the paranoia or delusions
of grandure, often observed in these individuals, are
elaborate cognitive interpretations of the apparent
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meaningfulness of stimuli that normally should be ir-
relevant. The Parkinsonian would represent the oth-
er side of the coin; for this individual, incentive learn-
ing might fail to occur. In spite of intact abilities to
recognize and associate stimuli, the untreated Par-
kinson’s patient may be impaired in his or her ability
to access response systems except, perhaps, under
conditions of danger168.169,

One of the main features of the model developed
here is that, once established, DA-mediated incen-
tive learning can influence behavior for a time even
after DA neurotransmission has been blocked. This
may explain one of the most perplexing problems
with the theory that schizophrenia results from DA
hyperfunctioning; that is that neuroleptics, although
immediately affecting DA receptors, do not produce
therapeutic effects for a number of days after the ini-
tiation of treatment!!?, Just as previously established
conditioned incentive stimuli can for a time maintain
responding in animals with disrupted DA function,
perhaps aberrant incentive learning in schizophren-
ics can continue to influence behaviour for a time;
possibly in both cases, conditioned incentive stimuli
lose their effectiveness when repeatedly used in the
absence of excessive DA activity. A further consid-
eration of potential clinical relevance is that, until
used in the absence of reinforcement, conditioned in-
centive stimuli retain their response eliciting ability.
As discussed in Section 3.3.3, this has been shown in
experiments reporting that a conditioned incentive
stimulus could reinstate responding in neuroleptic-
treated rats that had ceased to respond®67. With ref-
erence to the treatment of a schizophrenic, this might
suggest the following. In the individuals home and
work environment, aberrant incentive learning may
be occurring because of DA hyperfunctioning and
symptoms of schizophrenia ensue. The individual is
then hospitalized, treated with neuroleptics and the
symptoms subside. However, when returned to the
home and/or work environment, even with continued
medication the symptoms would reappear at least
transiently, because of previous incentive learning.
These considerations would suggest that the most ef-
fective treatment strategy would be to administer
neuroleptics in the environments originally asso-
ciated with the development of the disease.
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7. SUMMARY

The discovery that the brain contains neurons uti-
lizing dopamine (DA) as their transmitter has led to
studies of the behavioral function of these neurons.
Changes in overall level of activity of DA neurons
appear to produce parallel changes in locomotor ac-
tivity. Additionally, DA neurons seem to mediate in
part the effects of biologically significant (reinfor-
cing) stimuli on learning. One way in which reinfor-
cing stimuli produce learning is to increase the incen-
tive motivational (response-eliciting) properties of
neutral stimuli associated with them; also, reinfor-
cing stimuli maintain the incentive motivational prop-
erties of previously conditioned incentive stimuli.
Normal DA functioning appears to be required for
the establishment and maintenance of incentive
learning in naive animals. Previous incentive learn-
ing in trained animals can influence behavior for a
time even when the function of DA neurons is dis-
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