
Psychopharmacology (1992) 107:160-174 Psychopharmacology 
© Springer-Verlag 1992 

Complex motor and sensorimotor functions of striatal 
and accumbens dopamine: 
involvement in instrumental behavior processes 

John D. Salamone 

Department of Psychology, University of Connecticut, Storrs, CT 06269-1020, USA 

Received May 9, 1991 / Final version September 6, 1991 

Abstract. The suggestions that dopamine (DA) systems 
are involved in "motor control" and "reward" represent 
the classic working hypotheses on the behavioral func- 
tions of these systems. The research generated by these 
hypotheses has yielded results that are far more com- 
plicated than the simplest form of either hypothesis 
would indicate. Pharmacological or lesion-induced inter- 
ference with DA function does not suppress all aspects 
of movement control, nor all aspects of reward, nor all 
aspects of motivation. The deficits produced by inter- 
ference with DA systems are selective and dissociative in 
nature, affecting some aspects of motor or motivational 
function, but leaving others basically intact. In some 
sense the hypotheses that DA is involved in "motor" or 
"reward" or "motivational" processes are partly correct, 
but the processes to which these terms refer are too broad 
to offer an accurate and detailed description of the be- 
havioral functions of brain DA. A review of the literature 
on the behavioral pharmacology of DA suggests that the 
behaviors most easily disrupted by DA antagonists are 
highly activated and complex learned instrumental re- 
sponses that are elicited or supported by mild con- 
ditioned stimuli, and maintained for considerable 
periods of time. It is proposed that DA in accumbens and 
striatum modulates the ability of neocortical and limbic 
areas involved in sensory, associative, and affective 
processes to influence complex aspects of motor func- 
tion, and also modulates the execution of complex motor 
acts organized by the neocortex. Thus, interference with 
DA systems produces a "subcortical apraxia", which 
dissociates complex stimulus processes from complex 
motor processes, but leaves aspects of those processes 

intact. 
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The purpose of this paper is to offer a theoretical discus- 
sion of the behavioral functions ofmesolimbic and nigro- 

striatal dopamine (DA) systems. However, there are 
some general conceptual problems that one must con- 
sider in order to elucidate the behavioral functions of any 
brain system. One such problem is the limitations imposed 
by the bewildering array of concepts and terms that are 
used. Language generated from psychology or physiolo- 
gy often was developed in one particular scientific or 
historical context, and may have limited applicability 
outside of that original context. Physiologists or pharma- 
cologists with a genuine interest in behavior may be 
daunted by the subtleties and complexities of psychologi- 
cal terms. Some psychological concepts developed purely 
from behavioral work may not be useful in describing the 
functions of a particular brain system, or the effect of a 
particular drug. Yet it also is true that behavioral analy- 
sis and theory is necessary for organizing our under- 
standing of brain function. Scientific understanding of 
the behavioral functions of brain DA systems probably 
has been limited by just such conceptual difficulties (see 
Neill 1982). Considerable discussion over the last several 
years has focussed on the question of whether DA an- 
tagonists suppress instrumental behavior because of ef- 
fects on "reward", "motivation", or "motor" processes. 
One implication of this issue is that these constructs are 
independent and exclusive categories, and that this in- 
dependence applies to physiological as well as behavioral 
analysis. However, it has been argued that motivation 
and motor control are constructs that overlap consider- 
ably, and share common brain mechanisms (Broekkamp 
1975; Mogenson et al. 1980; Salamone 1986, 1987, 1988, 
1991). In addition, there are problems with the use of 
terms like reward, motivation, or motor control, because 
these terms refer to very complex phenomena, which 
involve the combined operation of several different func- 
tions. 

The key to understanding the behavioral functions of 
brain DA systems may lie in our ability to identify and 
define the relevant behavioral functions in a more precise 
manner, with reference to what we know from physiolog- 
ical or pharmacological experiments. In turn, this revised 
understanding of behavioral processes may lead us to 
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re-define theoretical aspects of how the brain controls 
behavior. In order to move toward this goal, the present 
paper will offer a discussion of the role of striatal and 
accumbens DA in the behavioral processes involved in 
instrumental conditioning. 

Hypothesized motor and reward functions of brain DA 
systems 

The behavioral functions of brain DA systems have been 
the subject of considerable research, and several hypoth- 
eses have been offered to organize our understanding of 
this work. The present paper is not intended to provide 
a detailed description of these hypotheses, because they 
have been the subject of several other reviews. Neverthe- 
less, it is important to outline some of the more influen- 
tial hypotheses. 

Several lines of evidence suggest that DA in striatum 
and nucleus accumbens is involved in motor functions. 
Depletion of striatal DA leads to severe motor problems, 
which often are so debilitating that organisms are akinet- 
ic, aphagic, adipsic, and relatively unresponsive to some 
stimuli (Ungerstedt 1971; Marshall et al. 1976; Stricker 
and Zigmond 1976). Nucleus accumbens DA depletion 
does not produce debilitating motor effects, nevertheless, 
DA depletion in accumbens can suppress spontaneous 
and amphetamine-induced locomotion (Kelly et al. 1975; 
Koob et al. 1978). Parkinson's disease has been linked 
conclusively to a depletion in striatal DA (Hornykiewicz 
1972), and can be accompanied by a depletion of DA in 
limbic areas. Administration of DA antagonists gener- 
ally suppresses various motor activities. It has been sug- 
gested that interference with DA function impairs motor 
functions such as the initiation or maintenance of move- 
ment, or the execution of complex motor acts (Rolls et 
al. 1974; Fibiger et al. 1976; Ahlenius 1979). Relatively 
high doses of neuroleptics decrease locomotion and 
produce a state of cataleptic immobility (Janssen et al. 
1965). Moderate doses of neuroleptics suppressed feed- 
ing and drinking (Janssen et al. t965; Rowland and 
Engle 1977), and aversive and appetitive instrumental 
behavior (Posluns t962; Neimegeers and Schelekens 
1965; Rolls et al. 1974; Fibiger et al. 1976; Monti and 
Hance 1976; Wise 1982; see review by Salamone 1987). 

The major alternative to the "motor hypothesis" of 
neuroleptic action is the "anhedonia hypothesis". Ac- 
cording to this view, DA is important for the neural 
systems that mediate the rewarding impact of reinforcers 
such as food, water, drugs of abuse, and electrical brain 
stimulation (Wise et al. 1978a, b; Bozarth and Wise 
I981a, b, 1986; Wise 1982, 1985). Early evidence in favor 
of this view came from studies showing that DA an- 
tagonists cause operant responding to decline over time 
in a way that is similar to extinction on some schedules 
of reinforcement (Wise et al. 1978a; b). This proposed 
deficit in reward processes has been described as being 
distinct from the motor effects of DA antagonists (Wise 
1982, 1985). Rats pressing a lever to obtain food, or rats 
injected with the widely abused drug Cocaine, both 
showed increases in extracellular DA in nucleus accum- 

bens (Hernandez and Hoebel 1988). A variety of drugs 
of abuse have been shown to increase extracellular DA 
in nucleus accumbens (Di Chiara and Imperato 1986; 
Imperato and Di Chiara 1986; Hernandez and Hoebet 
1988; Chen et al. 1990), and rats will self-administer 
amphetamine if it is injected directly into nucleus accum- 
bens (Hoebel et al. 1983). Nucleus accumbens has re- 
ceived particular attention in research on the involve- 
ment of DA in reward processes, probably because this 
structure has important limbic inputs, and the limbic 
system is traditionally linked with emotion and motiva- 
tion. 

The anhedonia hypothesis has undergone consider- 
able revision since it was first proposed. Initially, the 
hypothesized effects of DA antagonists on primary rein- 
forcers were emphasized (Wise et al. 1978a, b). The im- 
plication of the use of the term "anhedonia" is that DA 
antagonists were thought to reduce the subjective plea- 
sure produced by primary reinforcers, and that this effect 
was responsible for a neuroleptic-induced decline in op- 
erant resonding. According to Wise et al. (1978a, p 263) 
"neuroleptics appear to take the pleasure out of normally 
rewarding brain stimulation, take the euphoria out of 
normally rewarding amphetamine, and take the 'good- 
ness' out of normally rewarding food". Subsequently, 
Gray and Wise (1980) suggested that DA antagonists 
interfere with "incentive-motivation" processes. By using 
the term incentive-motivation, Wise was employing con- 
cepts developed by Bindra (1974, 1978) that were design- 
ed as alternatives to the traditional response-reinforce- 
ment view of operant conditioning. Several researchers 
have used the concepts of incentive, or incentive-motiva- 
tion, to explain some of the behavioral effects of DA 
antagonists (see discussion below). More recently, Wise 
(1988) has emphasized other ways in which interference 
with DA systems affects reward processes. According the 
the theory of Glickman and Schiff (1967), reinforcing 
events are those that facilitate activity in neural systems 
mediating species-specific consummatory acts. Wise 
(1988; Wise and Bozarth 1987) has suggested that DA 
antagonists may interfere with this type of reinforcement 
mechanism; he has observed that many drugs of abuse 
act by increasing DA activity and has suggested that the 
psychomotor activation thus produced is related to their 
reinforcing properties. Even some "sedative" drugs of 
abuse, such as ethanol, have behavioral stimulant 
properties at low doses (Sanders 1976; Sanders et al. 
1978; Imperato and Di Chiara 1986). 

Problems with the classic hypotheses of DA function 

The suggestions that DA systems are involved in "motor 
control" and "reward" represent the classic working 
hypotheses in this area. In fact, there are several other 
hypotheses that will be considered below. Nevertheless, 
it is along the lines of these two seemingly incompatible 
views that much of the research on the behavioral func- 
tions of DA systems has been conducted. The research 
generated by the hypotheses that DA is involved in mo- 
tor or reward processes has demonstrated that the situa- 
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tion is far more complicated than the simplest form of 
either hypothesis would indicate. Pharmacological or 
lesion-induced interference with DA function does not 
suppress all aspects of movement control, nor all aspects 
of reward, nor all aspects of motivation. In order to 
understand this research, it is important to emphasize 
functions that are preserved after interference with DA 
systems, as well as those that are impaired. 

DA depletion or administration of DA antagonists 
does not produce a true paralysis. Interference with DA 
systems can suppress movement under some conditions, 
but the organism still retains considerable residual motor 
capacity, which can be demonstrated under different 
stimulus conditions. Environmental stimulation was able 
to reverse the decline in locomotor activity observed in 
haloperidol-treated rats (Lynch and Carey 1987). Parkin- 
sonian patients who are akinetic or bradykinetic can 
show movement in response to intense stimuli (Schwab 
and Zieper 1965). Rats made akinetic with DA depleting 
brain lesions are capable of being activated by cold baths, 
tail pinch or forced swimming (Antteman et al. 1976; 
Marshall et al. 1976; Keefe et al. 1989). These data 
indicate that the response-suppressing effects of DA an- 
tagonists or DA depletion, even in extreme cases, can be 
overridden by changing the sensory input. The preserva- 
tion of residual response capadty is even more evident 
in studies of instrumental behavior that involve moderate 
interference with DA systems. Doses of neuroleptics that 
impair active avoidance responses leave escape responses 
basically intact (Posluns 1962), despite the fact that the 
motor acts involved in these responses are similar. Neu- 
roleptic-treated animals that have "extinguished" re- 
sponding in operant tasks will show increased respond- 
ing if they are exposed to a stimulus paired with rein- 
forcement (Franklin and McKoy 1978; see review by 
Wise 1982). These results argue against the notion that 
DA systems directly mediate the execution of motor acts 
that are necessary for the performance of instrumental 
behavior, and make it difficult to explain all the effects 
of DA antagonists in terms of a direct interference with 
motor output. 

A thorough examination of the literature reveals that 
there also is considerable evidence against the hypothesis 
that interference with DA systems blocks the "hedonic 
impact" of rewarding stimuli (see reviews by Salamone 
1987, 1991). After the initial findings suggesting that DA 
antagonists produce effects that resemble extinction, 
numerous reports indicate that neuroleptic drugs and 
extinction do not produce equivalent effects (Phillips 
and Fibiger 1979; Mason et al. 1980; Tombaugh et al. 
1980; Faustman and Fowler 1981, 1982; Evenden and 
Robbins 1983a; Asin and Fibiger 1984; Gramling et al. 
1984; Ettenberg and Carlisle 1985; Salamone 1986, 
1988; Spivak and Amit 1986; Willner et al. 1988). It has 
been suggested that the effects of interference with DA 
systems may" resemble the effects of pre-feeding (Willner 
et al. 1988). However, the effects of  DA depletion and 
haloperidol were shown not to resemble the effects of 
pre-feeding on a food consumption task (Salamone et al. 
1990b) or an instrumental food-choice procedure (Sala- 
mone et aI. 1991). Appetitive taste reactivity to sweet 

solutions in rats was preserved after extensive depletion 
of forebrain DA (Berridge et al. 1989). Kirkpatrick and 
Fowler (1989) used a force-proportional reinforcement 
paradigm to study the hypothesized effects of pimozide 
on reinforcement processes in rats, and observed that 
pimozide did not disrupt the emission of higher forces for 
sweeter sucrose solutions. Using an operant psychophys- 
ical procedure, Martin-Iverson et al. (1987) observed that 
haloperidol did not lower the perceived quantitity of 
food in a way that was consistent with a decrease in 
perceived reward value. 

Several important aspects of appetitive motivation are 
left intact after DA antagonism or DA depletion. Dis- 
crimination performance is relatively spared after sys- 
temic neuroleptic administration (Beninger 1982; Tom- 
baugh et al. 1983; Bowers et al. 1985). Low doses of DA 
antagonists that markedly suppressed the instrumental 
behavior of lever pressing for food or water did not 
suppress consumption of freely available food or water 
(Rolls et al. 1974; Fibiger et al. 1976; Ljungberg 1988, 
1989, 1990). Gramling and Fowler (I985) reported that 
a conditioned instrumental licking response was more 
easily disrupted by neuroleptic drugs than was consum- 
matory licking. In behavioral paradigms that offered 
separate indices of response rate or speed and response 
choice, DA antagonists impaired response rate or speed 
at doses that did not impair response choice (Evenden 
and Robbins 1983a; Tombaugh et al. 1983; Bowers et al. 
1985). Doses of DA antagonists that impair lever press- 
ing for brain stimulation have much less effect if nose- 
poking is the instrumental response (Ettenberg et aI. 
1981; Mekarski 1989). Salamone (1986, 1988) demon- 
strated that haloperidol disrupted food-induced loco- 
motor activity but did not disrupt the instrumental re- 
sponse of simply being in proximity to the food dish. 
Thus, interference with DA systems does not produce a 
global disruption or all aspects of appetitively motivated 
behavior, nor a global interference with the effects of 
rewarding stimuli. 

As described above, the reward process that is said to 
be interfered with in the anhedonia hypothesis has been 
described in several ways since it was first formulated. In 
some ways, this reflects the ambiguous understanding of 
the reinforcement process, which is due to the formidable 
scientific difficulty of identifying the characteristics of 
stimuli that can make them reinforcers. The intuitively 
attractive hypothesis that stimuli are reinforcing because 
they are hedonic does not command general assent. Al- 
though it should be obvious that such a proposition 
would be rejected by radical Skinnerians, a hedonic view 
of reinforcement also was rejected by learning theorists 
such as Hilgard and Marquis (1940) and by Meehl 
(1950). Non-hedonic descriptions of the effects of rein- 
forcers have been offered, including drive reduction, ac- 
tivation of consummatory responses, drive induction, 
changes in sensation, or behavior-releasing effects. It has 
been suggested that reinforcing activities are those that 
are relatively highly preferred (Premack 1959) or de- 
prived (Timberlake and Allison 1974). 

The term "incentive" also has been defined in several 
ways by various theorists. According to Spence (1956) 



incentive was used to describe the energizing effects of 
conditions such as amount of reward. Logan (1960, p 3) 
stated that incentive referred to the "expectation of re- 
ward". According to Logan and Wagner (1965, p 26) 
incentive learning refers to "a learning process that de- 
pends directly upon special incremental and decremental 
effects on performance that are produced by reward and 
punishment respectively". Cofer and Appley (1964) re- 
lated incentive both to anticipation of reinforcement and 
invigoration of behavior. More recently, the term incen- 
tive has continued to be used to describe several different 
characteristics of the behavioral effects of stimuli. Stimuli 
act as incentives in that they are goals or hedonic stimuli 
towards which behavior is directed (Bindra 1974, 1978). 
Through associative processes, conditioned incentive 
stimuli can lead to expectation or anticipation of  rein- 
forcement (Bolles 1972; Bindra 1974, 1978). In addition, 
incentive stimuli act to activate or invigorate behavior 
(Cofer and Appley 1964; Bindra 1972; Cofer 1972; 
Killeen 1981). 

Whether one considers "reward", "incentive-motiva- 
tion" or "consummatory acts" as the basis for the behav- 
ioral phenomenon of reinforcement, there is not substan- 
tial evidence that impairment of DA systems produces a 
general or fundamental interference with all aspects of 
these processes. At moderate levels of interference with 
DA systems, there are too many effects of reinforcing 
stimuli that are left intact. As described above, at low 
doses of DA antagonists that impair instrumental lever 
pressing on most schedules for a variety of reinforcers, 
animals can engage in consummatory behavior, show 
taste preferences for and behavioral reactivity to sweet 
stimuli, lever press on a DRL schedule, show preserved 
response choice and discrimination, and show simple 
approach responses as the instrumental behavior. Most 
rats with forebrain DA depletions spend more time feed- 
ing than control rats (Salamone et al. t990b). These 
features of behavior are not some epiphenomena, or 
some peripheral idiosyncracies of a particular operant 
task. Rather, approach, consummatory behavior and 
time allocation are fundamental to the process of ap- 
petitive motivation and reinforcement, as emphasized by 
Baum (1969), Bindra (1978), Glickman and Schiff (1967), 
Schneirla (1959) and Thorndike (1911). 

Dopaminergic involvement in aversively motivated 
behavior 

The ability of DA antagonists to interfere with instru- 
mental responses is not unique to positively reinforced 
behavior. Numerous studies have demonstrated that DA 
antagonists interfere with active avoidance responses, 
whether the particular response is running in alleyways 
(Posluns 1962; Janssen et al. 1965; Beninger et al. 1980b) 
or pressing a lever to avoid shock (Niemegeers et al. 
1969). Niemegeers et al. (1970) demonstrated that the 
DA antagonists haloperidol and chlorpromazine re- 
versed the response-enhancing effects of amphetamine on 
a Sidman avoidance task. DA systems become activated 
during stressful or aversive stimulation. Very large in- 
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creases in DA release or metabolism occur in the frontal 
cortex of rats exposed to footshock (Thierry et al. 1976; 
Fada et al. 1978; Abercrombie et al. 1989a; b). Increases 
in DA release and metabolism in nucleus accumbens re- 
sulting from shock stress also have been reported (Fa- 
da et at. 1978; D'Angio et al. 1987; Abercrombie et al. 
1989a, b). The 30-60% increases in DA release or metab- 
olism in nucleus accumbens that occur after shock are 
considerably smaller than the large (>  100-200%) in- 
creases observed in frontal cortex. However, the mag- 
nitude of the changes in nucleus accumbens DA activity 
resulting from aversive stimulation are comparable to 
those produced in this same structure by naturally-occur- 
ring rewards (Hernandez and Hoebel 1988). 

In general, there is a striking similarity between the 
characteristics of dopaminergic involvement in appetive 
and aversive motivation. Instrumental responses of both 
types are impaired by DA antagonists. The decline in 
responding over time that is shown when neuroleptics 
impair appetitive responses also is shown when DA an- 
tagonists impair avoidance responding (Sanger 1986). In 
both cases, the direct response to the motivational stimu- 
lus is less easily disrupted than the instrumental response 
that is related to that stimulus. For example, feeding is 
less easily disrupted by neuroleptics than lever pressing 
for food (Rolls et al. 1974; Fibiger et al. 1976), and 
escape is less easily impaired by neuroleptics than avoid- 
ance (Posluns 1962). As with appetitive stimuli, doses of 
neuroleptics that impair instrumental response rate or 
latency in avoidance tasks have little effect on discrim- 
ination (Ahtenius 1979; Corradini et al. 1984). Periodic 
presentation of shock (Abercrombie et al. 198%) or food 
(McCullough et al. 1990) both increase accumbens DA 
release. Although it is true that DA antagonists have 
been shown to block the place preference produced by 
some drugs of abuse (Spyraki et al. 1983; Spyraki and 
Fibiger 1988), it has also been demonstrated that halo- 
peridol blocked the place aversion produced by the an- 
xiogenic compound FG 7142 (Di Scala and Sandner 
1989). Thus, there is considerable evidence that DA sys- 
tems are involved in responding to aversive as well as 
appetitive stimuli, and may be involved in processes that 
are common to both aspects of motivation. 

Additional hypotheses of DA function 

The deficits produced by interference with DA systems 
are selective and dissociative in nature, affecting some 
aspects of motor or motivational function, but leaving 
others basically intact. In some sense the simple state- 
ments that DA is involved in "motor" or "reward" or 
"motivational" processes are partly correct, and partly 
incorrect. Clearly, the processes to which these terms 
refer are too broad to offer an accurate and detailed 
description of the behavioral functions of brain DA. 
Therefore, it is important to consider hypotheses of DA 
function that are more specific than the global hypoth- 
eses described above. 

Some investigators have characterized the behavioral 
functions of striatal DA as being sensorimotor, rather 
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than purely motor in nature (e.g. Ungerstedt and Ljung- 
berg 1974; Lidsky et al. 1975). Teuber and Proctor (1964) 
described some of the deficits associated with basal gan- 
glia dysfunction in humans as being neither sensory or 
motor, but rather reflecting sensory-motor interaction. 
Considerable evidence indicates that depletion of striatal 
DA, particularly in the lateral striatum, reduces respon- 
sivity to stimuli (Marshall et al. 1976; Dunnett and Iver- 
sen 1982; White 1986; Fairley and Marshall 1987). It has 
been hypothesized that neuroleptic drugs reduce the 
"efficacy" of stimuli (Dews and Morse 1961 ; Clody and 
Carlton 1980). 

Marsden (1982) hypothesized that the basal ganglia 
are involved in "the automatic execution of learned 
motor plans" (p 514). In supporting this hypothesis, 
Marsden (1982) relied heavily on studies indicating that 
Parkinsonian patients have little difficulty in selecting 
correct motor responses (Angel et al. 1970), or executing 
slow or simple movements, but had great difficulty in 
executing sequential motor acts or performing two simul- 
taneous voluntary motor acts (Schwab et al. 1954). Fowl- 
er and his colleagues have conducted several studies of 
learned limb and paw movements in rats, in which the 
instrumental response involves depression of a lever or 
small disk attached to a force transducer. Haloperidol 
was shown to increase response duration by slowing paw 
withdrawal (Fowler et al. 1986b). Fowler et al. (1986a) 
observed that DA antagonism has greater effects on the 
temporal characteristics of response output, as opposed 
the ability to exert high levels of force. 

As has been noted by several authors (Wise 1982; 
Salamone 1986; Sanger 1986; Ettenberg 1989; Liao and 
Fowler 1990) a general feature of the effect of neuroleptic 
drugs is that they cause progressive impairments in re- 
sponding. Rats treated with DA antagonists show dif- 
ficulty maintaining movement induced by aversive stimu- 
lation (Anisman et al. 1979). Gaddy and Neill (1977) 
noted that DA depletion had greater effects on sustained 
behaviors than on behaviors that are emitted briefly. 
Salamone (1987) suggested that the duration of periods 
of movement was an important parameter that was sen- 
sitive to disruption by interference with DA systems. DA 
antagonism reduced the duration of bursts of feeding 
(Salamone 1988; Salamone et al. 1990c). Also, consider- 
able evidence indicates that DA systems are involved in 
features of the temporal organization, sequencing or 
patterning of movement (Lyon and Robbins 1975; Koob 
et al. 1978 ; Cools 1980; Robbins and Everitt 1982; Even- 
den and Robbins 1983b; Kelley and Stinus 1985; Sala- 
mone 1988). 

Mogenson et al. (1980) proposed that the nucleus 
accumbens represents a functional interface between the 
limbic system and the motor system, thereby providing 
a link between motivational and motor processes. Since 
it was originally offered, this view has gained consider- 
able support from anatomical, physiological and behav- 
ioral studies. The nucleus accumbens receives inputs 
from hippocampus and amygdala (Kelley and Domesick 
1982; Kelley et al. 1982; Yim and Mogenson 1982). 
Activation of ventral tegmental DA neurons decreases 
the exitatory effects of hippocampal stimulation on some 

accumbens neurons (Yang and Mogenson 1984). The 
nucleus accumbens, via actions on the ventral paltidum, 
can exert influence upon the pedunculopontine nucleus, 
which is involved in the control of locomotion (Swanson 
et al. 1984; Garcia-RitI 1986; Yang and Mogenson 
1987). 

Beninger (1983) hypothesized that DA is involved in 
the process of reward-related or incentive learning. Ac- 
cording to this view, DA neurons are involved in modu- 
lating the response-eliciting properties of neutral stimuli, 
and the maintenance of the response-eliciting properties 
of previously conditioned stimuli. Concepts and ter- 
minology related to incentive processes also have been 
employed by Blackburn, Phillips and their colleagues 
(e.g. Blackburn et al. 1987, 1989) as a part of their 
emphasis on the importance of mesolimbic DA for 
preparatory behaviors. Using a conditioned feeding par- 
adigm, pimozide and metoclopramide were shown to 
affect the latency and frequency of entry into the feeding 
niche at doses that did not alter food consumption 
(Blackburn et al. 1987, 1989b). Blackburn et al. (1989a) 
observed that DA metabolism in nucleus accumbens 
increased during exposure to a stimulus associated with 
food, but was not during food consumption. 

The notion that mesolimbic DA is important for 
secondary reinforcement and for mediating some of the 
behavioral effects of "conditioned incentives" has also 
received considerable support (Taylor and Robbins 
1984, 1986; Cador et al. 1989; Everitt 1990; Everitt et al. 
1989). Systemic administration ofpimozide disrupted the 
establishment of conditioned reinforcement (Beninger 
and Phillips 1980). Systemic or intra-accumbens injec- 
tions of amphetamine increased the effects of secondary 
reinforcement (Robbins 1978; Taylor and Robbins 
1984). Nucleus accumbens DA depletion reduced the 
effects of amphetamine on responding to secondary rein- 
forcement (Taylor and Robbins 1986). In addition, the 
effects of amphetamine on responding to secondary rein- 
forcement reflect interactions between amygdala and 
nucleus accumbens (Cador et al. 1989; Everitt et al. 
1989). 

Salamone (1988) suggested that low doses of DA 
antagonists impair activational aspects of motivation 
(response rate, vigor, or persistence), but have less effect 
upon relatively simple goal-directed features of behavior. 
This view is supported by studies, reviewed above, in- 
dicating that moderate-to-low doses of DA antagonists 
have minimal effect upon measures of response choice, 
discrimination, or food and water consumption. De- 
pletion of accumbens DA reduced various activities in- 
duced by scheduled food presentation (Robbins and 
Koob 1980; Mittteman et al. 1990). Low doses of halo- 
peridol suppressed schedule-induced motor activity, but 
not simple approach responses for food (Salamone 1986, 
1988). Schedule-induced activity is accompanied by in- 
creases in DA release and metabolism in accumbens and 
striatum (Church et al. 1987; Salamone et al. 1989; 
McCullough et al. 1990). 

It is useful to discuss the relations between the various 
hypotheses that have been offered. Some of the hypoth- 
eses described above (e.g. Marsden 1982; Fowler et al. 
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1986a, b) suggest that DA systems are involved in subtle 
features of motor control. Because there are several dif- 
ferent aspects of motor control, there is little precision 
and no uniformity in the use of the term "motor deficit". 
It is a mistake to assume that an impairment of motor 
function implies paralysis, or a complete loss of motor 
capacity, because the exact nature of a motor deficit 
depends upon where in the nervous system the dysfunc- 
tion is, and which functions are performed by the im- 
paired structure. Flaccid paralysis, spastic paralysis, 
apraxia and difficulty with organizing and planning 
movement all represent impairments in aspects of motor 
function that are quite different from each other. In 
addition, it should also be recognized that there is con- 
siderable overlap between motivational and motor 
processes (Duffy 1963; Corer and Appley 1964; Cofer 
1972; Stricker and Zigmond 1976, 1984; Salamone 1986, 
1987, 1988; Salamone et al. 1989). Broekkamp et al. 
(1977) stated that it was arbitrary to draw an absolute 
dichotomy between brain mechanisms involved in motor 
control and motivation. 

Many of the hypothesized functions of DA systems 
are compatible with each other. For example, it is pos- 
sible to integrate the hypotheses offered by Blackburn et 
al. (1987) and Salamone (1988) by considering that both 
instrumental and consummatory responses have activa- 
tional and directional characteristics. The hypothesis 
that DA is involved in preparatory behavior (Blackburn 
et al. 1987) is related to the hypothesis that DA is in- 
volved in conditioned reinforcement (Taylor and Rob- 
bins 1984, 1986; Cador et al. 1989; Everitt et al. 1989), 
because many preparatory behaviors are supported by 
conditioned stimuli. Possibly, DA is more involved in 
mediating the activational effects of  conditioned, as op- 
posed to unconditioned, stimuli. One can integrate 
several of the hypotheses described above by stating that 
the behaviors most easily disrupted by DA antagonists 
are highly activated and complex learned instrumental 
responses that are elicited or supported by mild con- 
ditioned stimuli, and maintained for considerable 
periods of time. In contrast, the behaviors that are most 
resistant to disruption by DA antagonists are relatively 
simple and often unlearned responses to intense uncon- 
ditioned stimuli. This summary statement is in general 
agreement with much of the work described above, and 
would suggest that the behavioral functions of brain DA 
are multifaceted. This may seem unparsimonious to 
some readers, but to others it may merely reflect the 
intricacies of the research findings themselves. 

Behavioral model of instrumental processes 

It is difficult to describe the behavioral functions of brain 
DA without reference to a particular set of behavioral 
terms and concepts. This section will describe a model of 
instrumental behavior that is consistent with much of the 
research on the role of DA systems in motivation. Motiva- 
tion has been defined in several different ways, but for the 
present discussion it is defined as the processes that en- 
able the organism to regulate the availability, probabil- 

ity, or proximity of stimuli (Salamone 1991). Defined in 
this way, motivation is not described in terms of hypo- 
thetical states, drives, desires or euphoria, nor is it used as 
an explanation of behavior. Rather, motivation is meant 
to describe the set of sensory, motor and other processes 
that characterize the interaction of the organism with its 
environment. It should be obvious that this is a very 
broad definition, which includes most behaviors demon- 
strated by whole organisms. It is because of this breadth, 
and the numerous processes involved in motivation, that 
one cannot simply state that a drug impairs motivation. 
Rather, it is more useful to identify the specific aspects 
of motivation that are influenced by a particular con- 
dition. 

The definition of motivation given above did not offer 
a hedonic view, in which organisms are thought to seek 
stimuli because they are "pleasurable", The precise rela- 
tion between emotion and motivation remains uncertain. 
Emotional effects of a stimulus can be the result of 
complex cognitive and physiological interactions 
(Schachter and Singer 1962; Schachter 1964). Cabanac 
(1971) suggested that "pleasure" may be a signal of the 
usefulness of a stimulus. Emotion, like motivation, is a 
difficult term to define, and I will define emotions as "the 
internal stimuli that occur in organisms in motivation- 
ally-relevant situations". Thus, emotions can be con- 
sidered as an aspect of the sensory processes involved in 
motivation, involving sensation of visceral reactions, 
metabolic factors, facial expressions, inputs from various 
exteroceptive processes, and also cognitive processes. 

The behavior of organisms regulates the environment 
such that stimuli are increased or decreased in probabil- 
ity, and through approach, escape or avoidance behav- 
iors stimuli are either brought more proximal or placed 
further away. These properties of behavior may be so 
fundamental, and so essential to life processes, that there 
is not one single factor that determines the valence of 
motivational stimuli, and no simple or universal answer 
to the question of why some stimuli are motivationally 
relevant. Even the obvious motivational stimulus that is 
common to all organisms, food, is not regulated in a 
simple manner. Several stimuli are involved in food moti- 
vation, including blood glucose and other metabolic fac- 
tors, taste, and gastric distention. Usually, food, water 
and sex are considered to be the naturally occurring 
motivational stimuli, yet several experiments indicate 
that behavior can be directed towards other types of 
sensory stimuli as well (Montgomery 1954; Berlyne 
1967). Thus, appetitive motivation involves the tendency 
to approach or to increase the probability of occurrence 
of certain stimuli, and there appear to be many factors 
that cause organisms direct their behavior towards these 
stimuli. 

Typically, the behaviors required for regulating stimu- 
li involve chains of responses. The terminal end of the 
sequence involves some direct interaction with the moti- 
vational stimulus, including direct sensory experience, 
some consummatory response, or both. However, unless 
the motivational stimulus is freely and immediately avail- 
able, there are responses that must occur in order for the 
terminal sensations or consummatory responses to oc- 
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cur. These responses are called instrumental behaviors, 
because the behavior of the organism is instrumental in 
obtaining access to a particular stimulus. Thus, if an 
organism is directed towards a stimulus, the organism 
will engage in sequences of responses that initially in- 
volve instrumental behavior, but which eventually lead 
to a direct interaction with that stimulus. 

There is an important relation between directional 
aspects of motivation and the process of instrumental 
reinforcement. Thorndike (1911), in describing the law of 
effect, defined a "satisfier" as a stimulus that "the animal 
does nothing to avoid, often doing such things as to 
attain and preserve it". Premack (1959) noted that rein- 
forcing activities are those that occur with a relatively 
high probability. Glickman and Schiff (1967) described 
positive reinforcers as stimuli that induce species-specific 
approach responses. According to Bindra (1978) positive 
reinforcers reliaNy produce approach reactions. How- 
ever, organisms are not merely directed towards stimuli 
in a diffuse manner. In many cases, organisms can learn 
to emit very specific responses that lead to particular 
outcomes. Organisms can acquire novel combinations of 
responses and specific motor skills through instrumental 
learning, which may depend upon response-reinforce- 
ment associations (Mackintosh 1974, 1978; Colwill and 
Rescorla 1986; Stokes and Balsam 1991). Traditionally, 
the definition of reinforcement is restricted to the effect 
of the stimulus on the instrumental responses of the 
organism; thus, a positive reinforcer is said to increase 
response probability. However, if there is a contingent 
relation between the response and the reinforcer, then it 
must also be true that the organism is increasing the 
probability of reinforcement by engaging in the instru- 
mental response. Consistent with this notion, a motiva- 
tional corollary of the empirical law of effect is that a 
reinforcer is a stimulus that is increased in probability by 
the organism. Therefore, instrumental behavior is 
characterized by an organism-environment system in 
which the organism is regulating its environment, and 
responses of the organism are in turn modified by their 
environmental consequences. 

Instrumental behavior often is initiated when the goal 
stimulus is not immediately present nor easily available. 
Conditioned stimuli are necessary for instigating and 
supporting many complex instrumental behaviors, and 
for providing information about access to motivational 
stimuli, and the response-reinforcement relation (Rescorla 
1990). Also, energy barriers separate organisms from 
stimuli towards which they are directed, just as energy 
barriers prevent some chemical reactions from occurring 
spontaneously. Thus, instrumental behavior can involve 
considerable amounts of work. Rats will forage over 
wide areas of space, or vigorously press levers, to increase 
the availability of food. Scheduled food presentation or 
stimuli associated with food can induce a very high level 
of various motor activities (Campbell and Sheffield 1953; 
Staddon and Simmelhag 1971; Killeen 1975; Salamone 
1988). The vigor and persistence of instrumental behav- 
ior, including those behaviors instigated by conditioned 
stimuli, can enable organisms to overcome the obstacles 
separating them from significant stimuli. 
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Fig. 1. A model depicting the interaction of an organism with three 
different appetitive stimuli. Different instrumental responses with 
distinct energetic and temporal requirements are necessary to ob- 
tain access to each stimulus. The particular instrumental response 
selected will be influenced by the value of each rewarding stimulus 
and the requirements of each of the different responses 

The process of behavioral regulation typically in- 
volves several different stimuli and instrumental re- 
sponses over time. Foraging animals can have several 
food sources, and in a complex environment food is only 
one of several stimuli that are available. In addition, 
different instrumental responses vary in terms of their 
difficulty, the general energetic requirements, and the 
time they take to execute (Fig. 1). According to optimal 
foraging theory, the profitability of a food source, in 
terms of the ratio of food gained to the expenditure of 
energy necessary to obtain it, is an important deter- 
minant of foraging patterns (Krebs 1978). Researchers 
using operant procedures or "economic" models of be- 
havior also have emphasized how responding is affected 
by the balance between reinforcement value and response 
factors such as response costs, constraints, or temporal 
characteristics of responding (Herrnstein 1974; McDow- 
ell and Kessel 1979; Staddon 1979; Kaufman 1980; 
Rachlin 1981 ; Hursh et al. 1988; Timberlake et al. 1988). 
The allocation of responses with relation to various 
stimuli represents the highest level of motivational con- 
trol. 

At this point, it should be evident that the effects of 
motivationally relevant stimuli are multifarious. Motiva- 
tional stimuli are regulated by the instrumental behavior 
of the organism; they are stimuli towards which behavior 
can be directed, and they can facilitate the acquisition of 
novel motor acts. Learned instrumental behavior can 
involve an elaborate associative structure linking con- 
ditioned stimuli, instrumental responses, and reinforcers 
(Rescorla 1990). The activating properties of motivation- 
al stimuli can feed back to the organism to support the 
maintainence of further responses. Motivational stimuli 
can produce internal effects that we label as emotions, 
which may be part of the stimulus processing involved in 
motivation, and may serve as internal discriminative 
stimuli that control instrumental behavior. Psychologists 
employ terms such as "incentive" and "reinforcement" to 
summarize these effects, but the fact that we can invent 
a term to describe a process does not make that process 
a simple phenomenon, or an elemental substrate for drug 
action. 
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Involvement of striatal and accumbens DA in 
motivational processes 

The behavior of organisms is characterized by sensory- 
motor interactions at various levels of function. Reflexes 
represent the lowest level of sensory-motor integration. 
Classical conditioning involves another, more complex 
type of sensory-motor process. Motivational processes 
involve a variety of sensory-motor interactions. Some 
consummatory responses involve simple, often stereo- 
typed patterns of motor activity. In many cases it has 
been determined that features of these responses are 
organized at spinal and brainstem levels. For example, 
decerebrate rats can consume food if it is placed in their 
mouth (Flynn and Grill 1983). Aspects of the motor 
pattern for locomotion are organized in the brainstem 
(Garcia-Rill 1986). 

In its most complex sense, motivation involves the 
control of stimuli by the use of a variety of intrumental 
responses, ranging from simple locomotion to intricate 
manipulation of objects with the digits, forepaws or 
mouth. Organisms are capable of allocating these re- 
sponses in relation to a vast array of stimuli. Many of the 
processes involved in motivation, such as coordination 
of learned motor acts in a temporal sequence, motor 
planning, execution of variable motor acts that achieve 
certain functional outcomes, conditioning, evaluation of 
density or rate of various reinforcers, or decision-making 
processes based on cost/benefit analyses, probably de- 
pend heavily on functions involving the neocortex, limbic 
system and basal ganglia. In order to generate adaptive 
behavior, these forebrain structures must influence the 
activity of brain areas directly involved in the execution 
of motor acts. It is proposed that DA in accumbens and 
striatum modulates the processes that enable neocortical 
and limbic areas to influence various aspects of motor 
function (Fig. 2). 

The striatum and nucleus accumbens receive major 
inputs from the neocortex, cingulate cortex, hippocam- 
pus and amygdala. One major output of the striamm is 
directed at brainstem nuclei that have been implicated in 
aspects of motor control including oral behavior, rota- 
tion, locomotion, and control of trunk musculature 
(Redgrave et al. t980; Taha et al. t982; Vaccarino et al. 
1985a, b; Garcia-Rill 1986). A second major output is 
directed at the frontal lobes. An important feature of the 
anatomy of the frontal cortex and basal ganglia is a series 
of parallel, segregated circuits that form partially closed 
"loops" linking specific frontal cortical areas with specif- 
ic striatal subregions via connections in the globus pal- 
lidus and thalamus (Alexander et al. 1986). The functions 
of the frontal lobes are quite complex, and can include 
involvement in cognitive, affective and motor control 
processes. Although the specific details of frontal lobe 
organization depend upon the species, and the precise 
functions of each area remain to be determined, there is 
considerable evidence that the motor control functions 
of the frontal lobe are organized in a hierarchical fashion 
(see Kolb and Whishaw 1990). The frontal lobes of rats, 
non-human primates and humans are involved in 
processes ranging from control of fine distal and limb 
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Fig. 2. Motor and sensory systems are organized in a hierarchical 
manner, with interactions at various levels. At the highest level is 
the ability to allocate responses with relation to the value of various 
stimuli. DA in accumbens and striatum is seen as modulating the 
ability of some high level sensory processes to influence aspects of 
motor control 

musculature, to planning of movements, to the temporal 
organization of movements. 

There is considerable evidence that DA modulates the 
activity of neurons in accumbens and striatum, and it has 
been suggested that DA could serve a "gating" function, 
in which the ability of afferent neurons to influence out- 
put is partiMly regulated by DA. DA in accumbens and 
striatum inhibited the excitatory effects of cortical or 
limbic inputs on intrinsic neurons (Hirata et al. 1984; 
Vives and Mogenson t986; Mogenson et al. 1988). Am- 
phetamine modified the effects of sensory stimulation on 
striatal cells (Abercrombie and Jacobs 1985), and DA 
was shown to modulate the effects of glutamate and 
GABA on striatal cells (Chiodo and Berger (1986)). Rolls 
et al. (1984) observed that the inhibitory effects of DA 
on striatal movement related neurons could act to en- 
hance the signal to noise ratio of these neurons, or set the 
threshold for their activation. The suggestion that DA 
modulates synaptic processes in accumbens and striatum 
is important in view of the fact that these structures are 
viewed as regulators of motor function. According to 
Neafsy et al. (1978) the basal ganglia do not directly 
cause movements to occur, but instead are involved in 
facilitating or enabling movements and regulating their 
organization. Salamone (1987) and Carli et al. (1989) 
suggested that striatal and accumbens DA does not par- 
ticipate directly in the selection of particular responses, 
but rather exerts a modulatory influence over features of 
response output. 

DA in striatum and accumbens is seen as modulating 
the ability of some sensory, associative, and affective 
processes to influence complex aspects of motor function 
(Fig. 3). Thus, interference with DA systems produces a 
"subcortical apraxia", which dissociates complex stimu- 
lus processes from complex motor processes, but leaves 
aspects of sensory and motor processes essentially intact. 
Highly coordinated motor acts that have a high degree 
of temporal organization, and that are related to cortical 
mechanisms, are impaired by interference with DA sys- 
tems (Marsden 1982; Evenden and Robbins 1984; Sabol 
et al. 1985; Whishaw et al. 1986; Salamone et al. 1990b). 
Temporal organization and planning are particularly 
disrupted in Parkinsonian patients (Ogden et al. 1990). 
Striatal and accumbens DA are seen as having little 
direct involvement in detection of sensory stimuli (Carli 
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Fig. 3. Schematic representation of the behavioral functions of DA 
in accumbens (ACC) and striatum (STR). It is suggested that DA 
in nucleus accumbens and striatum modulates the ability of cortical 
and limbic processes to instigate complex instrumental behavior. 
The connections shown are highly oversimplified, and are not meant 
to imply that accumbens and striatum perform the same functions 
(see text) 

et al. 1985, 1989) and affect. DA is not seen as necessary 
for most aspects of stimulus-stimulus associative process- 
es (Beninger et al. 1980a, b; Beninger 1983; Weiner et al. 
1987; Weiner 1990). The residual motor capacity present 
after severe DA dysfunction occurs because striatal DA 
synapses are several steps removed from the motor neu- 
rons themselves, and because more powerful sensory stim- 
ulation can activate movement through processes that 
do not require DA. Thus, interference with accumbens 
or striatal DA is less likely to impair relatively simple 
responses to intense unconditioned stimuli (e.g. escape 
responses, forced swimming). An organism with a 
moderate impairment of DA function still is directed 
towards stimuli such as food provided that the intru- 
mental and consummatory responses are relatively sim- 
ple, and direct food-related stimuli are present (e.g. sight 
or smell of food). 

Interference with DA has a pronounced effect on the 
ability of conditioned stimuli to elicit instrumental be- 
havior. The effects of DA antagonists on place preference 
for food (Spyraki et al. 1982), avoidance (Posluns 1962), 
secondary reinforcement (Beninger and Phillips t980) 
and response-reinstating effects of food during extinction 
(Horvitz and Ettenberg 1989) may all reflect a decrease 
in responsiveness to conditioned stimuli, or a deficit in 
the establishment of response-eliciting properties of con- 
ditioned stimuli. The hypothesized involvement of DA in 
learning about incentive stimuli (Beninger 1983, 1991) 
and in some aspects of memory for response-reinforce- 
ment relations (Packard and White 1991) may reflect 
dopaminergic involvement in sensory-motor integration 
or response-stimulus associations. It is not necessary to 
consider that these effects stem from a global interference 
with primary reinforcement or hedonia, but rather they 
can be considered as deficits in complex sensory-motor 
function. 

Although it is useful to consider the overall behavioral 
functions of striatal and accumbens DA, it is necessary 
to emphasize that each particular DA terminal region is 
involved in distinct functions that reflect the different 
inputs and outputs of each region (Divac 1972; Simon 
and Le Moal 1988). However, it does not seem quite 
accurate to state merely that DA in striatum has a "mo- 
tor" function, whereas accumbens DA is related to "lira- 

bic" or "motivational" types of functions. Neostriatum 
also receives limbic inputs (Kelley et al. 1982; Grabiel 
1990), and the outputs of nucleus accumbens as well as 
striatum lead to motor areas of the brain. In addition, it 
may be inaccurate to assume that limbic inputs to accum- 
bens and striatum are necessarily involved in "emotion", 
because limbic areas also are involved in memory/ 
cognition. It may not be useful to make a simple dichot- 
omy between the behavioral functions of accumbens 
versus striatum, because each of these areas may be 
composed of several functionally distinct subregions. 
Further research will be necessary to identify more pre- 
cisely the behavioral functions of DA in each of the 
various subregions of nucleus accumbens and striatum. 
The lateral striatum of rodents and the putamen of pri- 
mates may function in close association with motor cor- 
tex to control manipulation of objects and highly coor- 
dinated use of the forelimbs. The ventrolateral striatum 
of the rat is particularly involved in forelimb and oral 
motor control (Evenden and Robbins 1984; Sabol et al. 
1985; Whishaw et al. 1986; Jicha and Salamone 1991; 
Kelley et al. 1988; Pisa 1988a, b; Salamone et al. 1990a, 
b). In rats, extensive depletion of DA in nucleus accum- 
bens decreases spontaneous locomotion (Koob et al. 
1978), whereas depletions in ventrolateral striatum do 
not (Jicha and Salamone, 1991). DA in nucleus accum- 
bens is involved in responding for secondary reinforce- 
ment (Taylor and Robbins 1986), and complex aspects 
of movement involving planning and organization may 
be more related to caudate or nucleus accumbens DA. 
Possibly, different subregions of nucleus accumbens and 
striatum are organized in a hierarchical fashion that 
mimics the organization of the motor system in general 
and the frontal lobe in particular. The functions per- 
formed by each subregion could be dependent upon the 
types of stimulus inputs (e.g. conditioned versus uncon- 
ditioned, distal versus proximal stimuli) and the features 
of motor control (e.g. large versus small behavioral units, 
locomotion versus manuipulation) being regulated. 

Behavior is regulated with relation to a variety of 
available reinforcers, and each of these stimuli can only 
be obtained by overcoming the obstacles associated with 
the particular stimulus. It has been suggested that DA, 
particularly in nucleus accumbens, is involved in the 
process through which organisms forage or exert effort 
in gaining access to significant stimuli (Rosenblatt et at. 
1979; Neill and Justice 1981 ; Sinnamon 1982; Kelley and 
Stinus 1985; Salamone 1987, 1988, 1991). Recently, rats 
were observed in a choice procedure in which the subjects 
could press a lever to obtain a more-preferred food, or 
approach and consume a less-preferred food that was 
freely available (Salamone et al. 1991). Normally, rats in 
this procedure press the lever to obtain the preferred 
food, and eat little of the less preferred food. However, 
intra-accumbens hatoperidol or depletion of accumbens 
DA shifted the behavior of these rats, such that lever 
pressing was decreased but consumption of the less- 
preferred food increased. These results suggest that DA 
activity sets constraints upon the particular instrumental 
response that is selected in a given situation. The DA- 
depleted rat that was not pressing the lever was still 



169 

directed towards food acquisition and consumption, thus 
the rat reorganized its behavior and selected a new 
"path" to obtain food. 

Conclusions 

Rather than assuming that there is an absolute dichot- 
omy between motivational and motor function, it is 
suggested that the brain mechanisms for these processes 
overlap, and that brain DA is important for modulating 
functions that are common to motivation and motor 
control. DA is involved in aspects of sensory-motor func- 
tion, in the broadest sense of these terms. Thus, depend- 
ing upon the particular terminal region, DA could act to 
facilitate the ability of cutaneous stimuli to elicit discrete 
body movements, or to enhance reactivity to rewarding 
stimuli. In a sense, the involvement of DA in facilitating 
the ability of conditioned stimuli to promote instrumen- 
tal responding, or in acting to modulate a limbic-motor 
interface, represent special cases of this sensory-motor 
function. 

It can be argued that some of the functions of DA 
represent more than just the stimulation of movement 
per se, but also represent the facilitation of particular 
interactions with the environment. Many of the behav- 
iors that can be enhanced by stimulant drugs, such as 
lever pressing, nose poking, and gnawing are not simply 
muscle acts; these are activities that are dependent upon 
the presence o f  features of the environment. Stimulant 
stereotypies can be influenced by a variety of environ- 
mental conditions (Lyon and Randrup 1972; Ellinwood 
and Kilbey 1975; Kelley et al. 1986). Also, the relation 
between DA release and motor activity is diffuse. The 
activity of most substantia nigra or ventral tegrnental DA 
ceils is not associated with particular movements, but 
these cells have been shown to become generally active 
during periods of motor activity (Steinfels et al. 1983; 
Nishino et al. 1987). According to Buchwald et al. (1975) 
the basal ganglia act to affect the bias of neurons in other 
parts of the motor system, so that these neurons become 
more responsive to other inputs. These observations sug- 
gest that DA release in some regions may not simply 
instigate muscle acts themselves, but rather it may estab- 
lish a state in which certain stimuli will be more able to 
elicit movement. 

The complex nature of motivation and the variety of 
factors that can influence instrumental behavior has im- 
portant implications for the role of DA in reward 
processes. The threshold for brain stimulation reward 
has been suggested as an index of the reward value of a 
stimulus that is independent of motor function (Ed- 
monds and Gallistel 1974; Wise 1982). Thus, if a DA 
antagonist raises the stimulation threshold it is inter- 
preted as a selective effect on "reward" processes. How- 
ever, it has been shown that stimulation threshold is not 
a pure measure of reward, and can be increased by motor 
factors such as task difficulty (Frank and Williams 1985; 
Fouriezos et al. 1990). Another paradigm that has been 
used to assess the behavioral effects of DA antagonists 
is response-reinforcement matching, in which the rela- 
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Fig. 4. Hypothetical data from a response-reinforcement matching 
experiment. Rats are exposed to VI schedules with different rein- 
forcement densities, and response rate is related to reinforcement 
density. The RLso is the reinforcement level that generates a re- 
sponse rate that is 50 % of the maximum rate. Administration of DA 
antagonists has been shown to increase the RLs0. This effect could 
represent a decreased behavioral reactivity to a reinforcing stimu- 
lus, and thus may be a manifestation of the sensory-motor functions 
of DA. The ability of the neuroleptic-treated animal to obtain 
normal maximum response rates at higher densities of reinforce- 
ment reflects the reversibility of the behavioral effects of DA an- 
tagonists with increasing sensory input. (- [] -) Control; @ * @ DA 
antagonist 

tion between responding and reinforcement density on 
VI schedules is described by a rectangular hyperbola 
(Herrnstein 1974; Heyman and Monaghan 1987). Low 
doses of neuroleptics have been shown to change the 
response-reinforcement relation (Heyman 1983; Hey- 
man et al. 1986; but see Morley et al. 1984) by causing 
an increase in the parameter that represents density of 
reinforcement necessary to maintain a half-maximal re- 
sponse rate (RL50, see Fig. 4). Although this parameter 
has been used as an index of the rewarding impact of the 
stimulus, it may not be a pure index of reward, and may 
instead reflect several factors. An analogy can be drawn 
to the ED50, a parameter in pharmacology that is very 
widely used. Although the ED50 is an index of potency, 
this parameter is determined by many factors such as 
affinity, drug penetration, and duration of action. Sim- 
ilarly, the behavioral parameters derived from curve- 
fitting analyses of VI responding probably do not reflect 
one single factor such as the hedonic value of the stim- 
ulus. The self-stimulation threshold or the RL50 may 
simply be indices of relative behavioral reactivity to rein- 
forcing stimuli under specific conditions. As such, the 
effects of DA antagonists on these measures can be inter- 
preted as a particular manifestation of the sensory-motor 
functions of DA systems (Salamone 1991). 

Manipulation of DA systems could have powerful 
indirect effects on affective processes. Reduced function- 
al activity in accumbens and striatal DA would leave the 
organism less able to avoid aversive stimuli and less able 
to obtain positive stimuli, which would generate a less 
positive affective state (Willner 1985; Salamone 1991). In 
addition, enhanced DA transmission, as produced by 
activating stimuli or low doses of stimulant drugs, would 
render the organism more able to avoid aversive stimuli 
and more able to obtain positive stimuli, which would 
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genera te  a m o r e  pos i t ive  affective state.  I t  is poss ib le  tha t  
one o f  the  func t ions  o f  emo t ions  is to act  as in te rna l  
s t imuli  t ha t  con t ro l  and  elicit  i n s t rumen ta l  behav io r ,  
much  as ex te rna l  d i sc r imina t ive  s t imuli  and  drugs  can.  
Thus ,  in terference wi th  D A  systems m a y  lessen the 
p r o b a b i l i t y  tha t  in te rna l  s t imuli  re la ted  to emot ions  will 
ins t iga te  adap t ive  ins t rumenta l  behaviors .  
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