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Abstract

Studies addressing behavioral functions of dopamine (DA) in the nucleus accumbens septi (NAS) are reviewed. A role of NAS DA in
reward has long been suggested. However, some investigators have questioned the role of NAS DA in rewarding effects because of its
role in aversive contexts. As findings supporting the role of NAS DA in mediating aversively motivated behaviors accumulate, it is
necessary to accommodate such data for understanding the role of NAS DA in behavior. The aim of the present paper is to provide a
unifying interpretation that can account for the functions of NAS DA in a variety of behavioral contexts: (1) its role in appetitive
behavioral arousal, (2) its role as a facilitator as well as an inducer of reward processes, and (3) its presently undefined role in aversive
contexts. The present analysis suggests that NAS DA plays an important role in sensorimotor integrations that facilitate flexible approach
responses. Flexible approach responses are contrasted with fixed instrumental approach responses (habits), which may involve the
nigro-striatal DA system more than the meso-accumbens DA system. Functional properties of NAS DA transmission are considered in
two stages: unconditioned behavioral invigoration effects and incentive learning effects. (1) When organisms are presented with salient
stimuli (e.g., novel stimuli and incentive stimuli), NAS DA is released and invigorates flexible approach responses (invigoration effects).
(2) When proximal exteroceptive receptors are stimulated by unconditioned stimuli, NAS DA is released and enables stimulus
representations to acquire incentive properties within specific environmental context. It is important to make a distinction that NAS DA is
a critical component for the conditional formation of incentive representations but not the retrieval of incentive stimuli or behavioral
expressions based on over-learned incentive responses (i.e., habits). Nor is NAS DA essential for the cognitive perception of
environmental stimuli. Therefore, even without normal NAS DA transmission, the habit response system still allows animals to perform
instrumental responses given that the tasks take place in fixed environment. Such arole of NAS DA as an incentive-property constructor
is not limited to appetitive contexts but also aversive contexts. This dual action of NAS DA in invigoration and incentive learning may
explain the rewarding effects of NAS DA as well as other effects of NAS DA in a variety of contexts including avoidance and
unconditioned / conditioned increases in open-field locomotor activity. Particularly, the present hypothesis offers the following interpreta-
tion for the finding that both conditioned and unconditioned aversive stimuli stimulate DA release in the NAS: NAS DA invigorates
approach responses toward ‘safety’. Moreover, NAS DA modulates incentive properties of the environment so that organisms emit
approach responses toward ‘ safety’ (i.e., avoidance responses) when animals later encounter similar environmental contexts. There may
be no obligatory relationship between NAS DA release and positive subjective effects, even though these systems probably interact with
other brain systems which can mediate such effects. The present conceptual framework may be valuable in understanding the dynamic
interplay of NAS DA neurochemistry and behavior, both norma and pathophysiological. © 1999 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Brain dopamine (DA) has been linked to rewarding
processes in the brain for three decades. Two decades ago,
Wise [299] and Wise et a. [304] suggested a pleasure or
hedonic role for brain DA. Since then, extensive research
on the functions of DA has refined such ideas, and our
thinking about DA functions has evolved substantially
[16,21,68,136,162,181,208,219,290,303]. Although there is
no robust evidence to support direct involvement of DA in
hedonic effects, which resemble the consummatory aspects
of reward phenomena, many lines of evidence suggest that
the DA neurons from the ventra tegmental area (VTA)
that innervate the nucleus accumbens septi (NAS), referred
to as the meso-accumbens DA system, play an important
role in mediating reward-seeking effects by presently un-
known mechanisms.

However, some workers have questioned such a role of
NAS DA because of its involvement in other functions,
especially aversive functions. For example, Gray et al. [88]
stated that ‘* We believe. .. that there is no special rela-
tionship between dopamine release in the nucleus accum-
bens and positive reinforcement’” (p. 1548). Hence, an
essential question is whether or not NAS DA is involved
in both reward-seeking effects as well as other effects in
negative contexts that seem apparently incompatible with
the former effects. The aim of the present paper is to
review findings regarding the behavioral functions of NAS
DA and to examine whether a unified conception of NAS
DA in both reward-seeking and yet unidentified functions
in aversive contexts can be constructed. The present paper
shall focus on the functions of DA in the NAS as clarified
primarily through research on laboratory rats.

Studies employing systemic manipulations of DA sys-
tems are not comprehensively reviewed in the present
paper. Obvioudly, systemic manipulations can modify ac-
tivity not only in the meso-accumbens DA system but in
other systems as well, particularly the physically more
robust DA system of the nigro-striatal continuum. Al-
though DA synapses in the NAS (a portion of the ventral
striatum) and caudate—putamen (the dorsal striatum) share
similarities in cytoarchitectural organizations, these regions
receive distinct afferent inputs and send distinct efferent
projections [91]. Such differential anatomical connections
reflect functional differences between the NAS and cau-
date—putamen (e.g., Refs. [7,8,39,40,47,59,127,210,220,
273]), including reward-related effects being clearly
elaborated by NAS circuitry but not so in various other
DA terminal regions [31,32,34,37,126,247,260].

The major aim of this paper is to focus on the specific
functions of NAS DA, cultivating the emerging recogni-
tion that different components of ascending DA systems
may govern quite different aspects of psychobehavioral
integration within the brain, while not denying that such
diverse functions may all be subsumed under the broad
conceptual umbrella that all brain DA systems promote

widespread sensory—motor arousal and competence within
the brain. The major claim of this paper is that available
evidence indicates that NAS DA is an essential neuro-
chemical system for animals to flexibly approach various
rewards, both positive as well as avoidance of negative
states, and to construct learned incentive structures in the
brain. Our goal is aso to provide an extensive literature
review embedded in relevant historical perspectives to
allow new investigators to become conversant with the
many lines of work and those that are relevant for this rich
field of inquiry. However, before discussing specific func-
tional issues, we shall provide a brief summary of relevant
methodological and anatomical considerations.

1.1. Methodological and conceptual background issues

Several behavioral test procedures provide major
methodological frameworks for modern neurobiological
investigations of DA function. These methodologies allow
investigators to quantify behavioral responses and to de-
fine responses in relation to specific environmental
changes. Of course, existing conceptual frameworks con-
strain the ways in which empirical findings are interpreted.

Pavlov [180] developed an ingenious experimental pro-
tocol that enabled investigators to study the learning of
stimulus—response association using a simplified method-
ology. In the Pavlovian (or classical) conditioning proce-
dure, biologically important stimuli are defined as uncon-
ditioned stimuli because they can trigger unconditioned
responses, that are ‘inborn’ or ‘species-typical’ reflexes
[180]. Examples of unconditioned stimuli are food, water,
and various noxious stimuli. When other comparatively
neutral sensory stimuli precede the presentation of such
unconditional stimuli, and this pairing is repeated, condi-
tioning occurs. Conditioned responses that were not pre-
sent prior to such pairings can be now observed when the
previously neutral sensory stimuli are presented alone. The
sensory stimuli are now referred to as conditioned stimuli.
An important feature of this paradigm is that the resulting
learned responses of organisms (i.e, conditioned re-
sponses) have no consequence on the presentation of un-
conditioned stimuli (even though they may have conse-
guences on how organisms cope with such stimuli). This
paradigm can be used to study factors and neural mecha-
nisms involved in the formation of central states that
anticipate future events [102] (i.e., even subjectively expe-
rienced causal relationships among environmental stimuli).

Another important methodology is the operant proce-
dure. Reinforcers are those stimuli or events that increase
the future probability of the occurrence of responses, when
those responses are associated with the presentation or
removal of some biologicaly important stimuli (i.e., un-
conditioned stimuli in the Pavlovian procedure). For exam-
ple, animals increase responses that result in the presenta-
tion of incentive stimuli such as food and sexua stimuli
(positive reinforcers), as well as responses that result in the
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removal of noxious stimuli (negative reinforcers). Skinner
[237] made a distinction between responses that are elicited
by stimuli (i.e., the Pavlovian procedure) and responses
that are emitted by organisms (as measured by the operant
or instrumental procedure). Skinner refers to the former as
respondents and the latter as operants, with both yielding
conditioned responses. On this foundation, Skinner created
a rigorous methodology to study operant or instrumental
responses, which, to this day, are contrasted with condi-
tioned responses of the Pavlovian variety (see Ref. [204]).

Still another procedure that has been utilized frequently
for studying neural mechanisms of rewarding effects is the
place-conditioning paradigm (see Ref. [36,99,223,268]).
During the conditioning phase, animals receive a stimulus
in one compartment of the place-conditioning chamber,
and typically receive a control stimulus in another com-
partment. For the testing phase, no stimulus is presented
and animals are free to go to either compartment. Place-
preference can be produced by positive reinforcers such as
food, sexual stimuli and drugs of abuse; typicaly, animals
spend more time in the compartment paired with positive
reinforcers. Place-avoidance can be obtained by negative
reinforcers, animals spend less time in the compartment
paired with the aversive events. Thus, the conditioning
phase of this procedure appears to be based on long
time-frame Pavlovian contingencies, but the responses
measured during testing are more akin to instrumental
response; thus, this procedure can be viewed as a blend of
instrumental and Pavlovian conditioning.

The same stimuli such as food, sexual, and noxious
stimuli may be labeled somewhat differently depending on
the research paradigm used. To unify related concepts, this
paper refers to these biologically relevant stimuli as uncon-
ditioned stimuli. Moreover, those unconditioned stimuli
that elicit approach responses are defined as rewards. The
reward concept is useful because NAS DA appears to be
involved in the acquisition of Pavlovian conditioning
[211,274], operant conditioning (see Section 6.3) and per-
haps place conditioning as well. There are, however, some
serious concerns in the use of the reward concept. First,
the term ‘reward’ has been defined quite differently de-
pending on theoretical positions or phenomena being stud-
ied (e.g., Refs. [286,293]). Second, it can carry additional
excess meaning for certain subjective effects such as plea-
sure. In the present paper, reward is simply used to refer to
unconditioned stimuli that can evoke approach behavioral
effects as defined above, without necessarily implying any
subjective positive hedonic effects.

1.2. Anatomical considerations

DA in the NAS is released by the neurons whose cell
bodies are located in the ventromedial mesencephalon
(A10) (Refs. [50,65,77,139,270]; for review, see Ref.
[164]), primarily in a zone commonly known as the VTA
[193]. Fig. 1A depicts the location of the meso-accumbens
DA system in relation to other structures. The NAS can be
divided into two major sub-regions: the shell (the ventro-

Afferents to NAS

Afferents to VTA

Fig. 1. Schematic diagrams of the rat brain. (A) Ascending projections of A10 DA neurons (localized in the VTA) innervating to limbic regions including
the NAS (the mesolimbic DA system) as well as cortical regions (the mesocortical DA system). (B) Major efferent projections of the NAS. (C) Afferent
projections to the NAS. (D) Afferent projections to the VTA. Abbreviations — AMY, amygdala; BST, bed nucleus of stria terminais; C,
caudate—putamen; CC, corpus calosum; DB, diagona band of Broca; DN, dentate nucleus; DR, dorsal raphe; ET, entopeduncular nucleus; FC, frontal
cortex; HC, hippocampus; IC, inferior colliculus; LH, lateral hypothalamus; LPO, lateral preoptic area; MPR, mesopontine reticular nuclei; OB, olfactory
bulb; PAG, periaqueductal gray; PFC, prefrontal cortex; PN, parabrachial nucleus; SC, superior colliculus; S, substantiainnominata; SN, substantia nigra;

TH, thalamus; VP, ventral pallidum.
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medial part) and the core (the dorsolateral part) which
have different connectivities [92,312]. The shell sends
efferent projections to the ventromedial ventral pallidum,
extended amygdala (including the bed nucleus of stria
terminalis, central amygdaloid nucleus, and interconnect-
ing sublenticular area), lateral preoptic area, lateral hypo-
thalamus, entopeduncular nucleus, VTA, mediodorsal
substantia nigra pars compacta, mesopontine reticular for-
mation, and periagueductal gray. The core sends major
efferent projections to the dorsolateral ventral pallidum,
entopeduncular nucleus, lateral part of VTA, and substan-
tial nigra. Fig. 1B summarizes efferent projections of the
NAS.

The VTA and NAS receive afferent inputs from a
variety of regions throughout the brain (see Fig. 1C and
D). The inputs from these structures influence the trans-
mission properties of NAS DA circuitry. The VTA
[171,192] receives afferent inputs from many forebrain
regions: the prefrontal cortex, NAS, bed nucleus of stria
terminalis, diagona band of Broca, substantia innominata,
lateral preoptic area, and lateral hypothalamus. The lower
brainstem projections to the VTA include the superior
colliculus, substantia nigra, dorsal raphe, parabrachia nu-
cleus, and dentate nucleus of cerebellum. The NAS [91]
also receives afferent inputs from forebrain structures (in-
cluding the medial prefrontal cortex, amygdala, hippocam-
pus, thalamus) as well as mesopontine areas (including
VTA, dorsa raphe, and mesopontine reticular formation)
(see Ref. [157] for differential afferents between the shell
and core).

2. A brief overview of empirical findings on NAS DA
and behavior

Many lines of evidence support the role of NAS DA in
reward-seeking processes. However, we presently need to
identify more precisely those psychobehavioral processes
in which NAS DA are specifically involved, since emerg-
ing evidence indicates that NAS DA is aso involved in
some types of aversive processes.

2.1. Reward-related functions

The most compelling evidence that supports the role of
NAS DA in rewarding effects is that animals self-adminis-
ter chemicals that mimic DA (i.e., direct DA receptor
agonists) or increase extracellular DA (i.e., indirect ago-
nists, e.g., amphetamine) directly into the NAS. In operant
procedures, the response contingent delivery of DA ago-
nists directly into the NAS can serve as a reinforcer for
that response (i.e., increase its future probability of occur-
rence or strength of association). Hoebel et al. [98] and
Phillips et al. [191] reported that rats self-administer p-
amphetamine, which increases extracellular DA, within the
NAS. Carlezon et a. [35] showed that rats self-administer

nomifensing, a DA reuptake blocker, into the NAS, and
Ikemoto et al. [107] found that rats acquire and maintain
self-administration of direct DA receptor agonists, a mix-
ture of SKF 38393 (a D1-type agonist) and quinpirole (a
D2-type agonist), into the NAS. Within the NAS sub-re-
gions, the shell appears to be responsible for mediating the
reinforcing effect of both direct [107] and indirect [35] DA
agonists.

Using the place-preference procedure, rewarding effects
of p-amphetamine and direct DA agonists have also been
shown. Given a choice between environments where ani-
mals previously received microinjections of DA agonists
(direct or indirect) into the NAS or environments where
they received intraNAS injections of vehicle, animals
spend more time in the drug-paired environments
[37,38,287]. Such place-preference effects are selective to
the NAS. Place-preference conditioning did not occur when
the drug was delivered into various other DA terminal
regions including the media prefrontal cortex, caudate—
putamen, amygdala or area postrema [37]. Thus, these
studies using self-administration and place-conditioning
paradigms suggest that facilitation of NAS DA transmis-
sion can serve as a reward.

The brain-stimulation reward paradigm played a major
role in initiating the idea of brain DA being a centra
substrate of brain reward (Refs. [49,137,140]; aso see the
early antecedents of specific DA theoriesin Refs. [66,295]),
which had their origin in the broader catecholamine theory
of reward [246]. Briefly, animals can readily learn to make
an arbitrary response (e.g., lever-pressing) when a brief
electrical stimulation into a discrete region of the brain
follows these responses [172] (hence, this is referred to as
self-stimulation and the stimulation as brain-stimulation
reward). Along the media forebrain bundle, a major path-
way interconnecting the midbrain and forebrain, animals
would exhibit remarkably vigorous self-stimulation behav-
ior. Rats readily acquire a response rate of 100 min~* for
contingent electrical stimulation and sustain such levels of
responding for hours until physical exhaustion.

Systemic manipulations of brain DA receptors have
marked effects on self-stimulation behavior [46,72,74—
76,248]. DA agonists and antagonists, respectively, facili-
tate and disrupt self-stimulation behavior. Additional stud-
ies indicated that such effects produced by systemic
manipulations of DA systems appear to be largely medi-
ated by the NAS. IntraNAS injections of amphetamine
and DA antagonists, respectively, facilitate and disrupt
self-stimulation behavior [31,45,247,248], while microin-
jections of these drugs into the caudate—putamen have
little or no effect. These manipulations do not merely
effect motoric aspects of self-stimulation. Antagonist-
treated animals can exhibit a normal level of responding if
the intensity of electrical stimulation is increased. These
results are consistent with the role of NAS DA in reward
facilitation. It should also be noted that the application of
brain stimulation in the media forebrain bundle results in
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increases of NAS DA levels, whether rats administer the
stimulation [23,188,189,199,254] or experimenters deliver
it non-contingently [84,93,199].

Further support comes from research on substance abuse.
Mammalian species readily acquire and maintain self-ad-
ministration of psychostimulants such as amphetamine and
cocaine [231]. Amphetamine and cocaine are known to
stimulate DA release and block DA reuptake in the NAS,
respectively. Indeed, the meso-accumbens DA system ap-
pears to play a critical role in mediating reinforcing effects
of these psychomotor-stimulants (for review, see Refs.
[133,297]). Depletion of DA by 6-hydroxydopamine (6-
OHDA) lesions within the ventral striatum, whose major
component is the NAS, abolishes or severely disrupts
intravenous self-administration of these drugs [33,145,
183,212,213]. The potential importance of NAS DA in
substance abuse is further highlighted by findings that
many other drugs of abuse, including ethanol, opioids,
nicotine and cannabis, share the ability to selectively stim-
ulate DA release within the ventral striatum (e.g., Refs.
[34,115,116,184,259,278,301,308]). In summary, these
highly consistent lines of evidence affirm that NAS DA
plays an important role in rewarding processes, but its
precise nature remains controversial.

2.2. Other functions of NAS DA

Severa other recent lines of evidence highlight the need
for a more specific conceptualization of NAS DA in the
control of behavior. Ikemoto and Panksepp [112] reported
results that challenge conventional understandings of the
role of NAS DA in specific aspects of rewarding effects.
In the experiment, rats were initialy trained to traverse a
runway in which the opportunity to consume sucrose
solution was given in a goa box. In a session, rats were
given five trials; each trial consisted of the opportunity to
run to the goal box and the opportunity to consume a
sucrose solution for 60 s. Running speed and the consump-
tion of sucrose solution were monitored. After establishing
a stable baseline of responding, effects of intra-NAS injec-
tions of the DA antagonist, cis-flupentixol (a-flupenthixol),
were examined (see Fig. 2). The highest dose of flupen-
tixol (25 wg/side) severely disrupted the instrumental
response for the reward, while having no apparent effect
on the sugar consumption. These results raise problems for
any smplistic conception of NAS DA involvement in
rewarding processes. As is well-established, a distinction
between instrumental responding for rewards (conditioned
appetitive behaviors) and the consumption of rewards is
needed. Similar patterns of results have long been evident
after systemic administration of DA receptor antagonists,
raising the classic concern as to whether the nature of the
resulting deficits is related to motoric or rewarding effects
(e.g., Refs. [67,72,215,298,305]). Such debates cannot be
resolved until the brain dynamics of motoric and reward-
ing processes has been more clearly distinguished.

Approach Speed Sucrose Intake

60 35
50 3.0
025
o 40 %
o Z20
~ 30 ©
g E 1.5 —(O~ Vehicle
20 €10 Vo 1ug
10 A~ 5w
0.5 M- 25,9
0 0.0 — —_—
1 2 3 4 5 1 2 3 4 5
Trial Trial

Fig. 2. Effects of DA receptor blockade in the NAS on running speed and
consumption of sucrose solution. Rats were trained to traverse on a
runway to obtain a reward. After each run, they were permitted to
consume sucrose solution from a sipper for 60 s. Five trials were given in
a session. Rats received intrasNAS injections of one of pharmacological
treatments (1, 5, or 25 pg/side cis-flupentixol, a DA receptor antagonist,
or vehicle) in each session. Microinjections of 25 wg cis-flupentixol
markedly decreased running speed for the reward, while having no
apparent effect on the consumption of sucrose solution. Figures are based
on data [112]. *p < 0.05, compared to respective point with vehicle
treatment.

Furthermore, the lkemoto and Panksepp study suggests
that intra-NAS injections of DA antagonists have no appar-
ent effect on instrumental responding on the first trial of
the session but ever increasing effects on subsequent trials.
Similar experience-dependent effects have been long ob-
served with systemic administration of DA antagonists
(e.g., Refs. [71,284,304,305]). For example, Fouriezos et
al. [71] reported that after systemic treatment of the DA
antagonist, pimozide, initial response rates of self-stimula-
tion were not affected; self-stimulation only deteriorated as
testing progressed. Using a water-maze escape paradigm,
Whishaw et al. [284] found an experience-dependent
decrement of water-maze performance between sessions
with systemic treatment of DA antagonists. Animals that
have been treated with DA antagonists but have not been
given the water-maze test do not exhibit any deficit in
subsequent sessions in a drug-free state. Although these
systemic studies do not indicate the relevant action sites of
DA antagonists, the |kemoto and Panksepp study suggests
that the NAS is at least one of the sites mediating experi-
ence-dependent performance deficits.

Another line of research that challenges certain tradi-
tional ideas regarding NAS DA in reward is that respond-
ing for different reinforcers is not uniformly affected by
chronic destruction of the meso-accumbens DA system.
Although acute manipulations of NAS DA by microinjec-
tion techniques produce some initial effects on instrumen-
tal responses for some rewards, 6-OHDA-induced NAS
DA lesions have only transient effects on responding
maintained by food reward [141,239], responding main-
tained by brain-stimulation reward [303], and the self-ad-
ministration of ethanol [64,109,201] or opioids [58,78,183].
Sustained deficits are not apparent even in cases with
depletions of NAS DA of 90% or greater.
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Finally, NAS DA also appears to play some functions
in aversive contexts (see Refs. [217,219)). First, DA re-
lease in the NAS appears to be facilitated by aversive,
‘stressful’ stimuli such as foot shock and tail pinch
[1,17,154,262] and some anxiogenic pharmacological ma-
nipulations including betaCCE and FG 7142 (Refs.
[17,152]; but see Ref. [11]). Second, presentations of envi-
ronmental cues associated with aversive events are aso
sufficient to trigger NAS DA release [105,222,289,
309,311]. Third, conditioned avoidance behavior is dis-
rupted by DA depletion with intraaNAS 6-OHDA injection
[154] as well as by microinjection of the D2 antagonist,
sulpiride, into the NAS but not the caudate—putamen [273].
Finally, Ikemoto and Goeders [108] reported that microin-
jections of DA agonists into the NAS at lower doses than
into the caudate—putamen or media prefrontal cortex pro-
duce heightened plasma levels of the ‘stress hormone,
corticosterone. How will al of these diverse effects be
explained coherently with a single integrative concept?
After a brief review of the history of this field, we will
develop the idea that this can be achieved by the postula-
tion that NAS DA is essential for invigorating approach
behaviors and the formation of incentive representations in
the brain.

3. A brief conceptual history of brain DA and behav-
ioral function

The aim of this section is to provide a brief overview of
classical literature within which the specific functions of
NAS DA will be discussed. In other words, to further
clarify the specific role of NAS DA in the control of
behavior, it is necessary to specify the types of natural
brain functions in which NAS DA normally participates in
animals every-day affairs. We will first review several
traditional concepts for the basic functional organization of
the central nervous system (CNS) in the mediation of
appetitive behaviors. Then the appetitive motivational per-
spective will be divided into two dominant themes: one
emphasizing neuroethology and the other emphasizing
learning mechanisms. The former perspective provides a
global approach-seeking concept, of which DA neurotrans-
mission in the NAS is one component, and the latter
highlights the manner in which brain DA systems interface
with learning mechanisms of the brain.

3.1. Appetitive and consummatory concepts, and approach
and withdrawal concepts

Sherrington [235], who pioneered research on neural
mechanisms of spina reflexes at the turn of the century,
also provided a general conceptual scheme for how the
CNS generated adaptive behavior. Specifically, Sherring-
ton categorized behavior globally in terms of anticipatory
and consummatory reactions. Proximal tactile and taste

receptors were envisioned to inform organisms about how
they should react immediately to enhance their welfare,
yielding consummatory reactions such as ingestion of vari-
ous nutrients and withdrawal from life-threatening events.
On the other hand, the visual, auditory, and olfactory
receptors — what he called ‘distance-receptors — pro-
vide information at a spatiotempora distance, giving
organisms the opportunity to prepare for environmen-
tal changes (anticipatory reactions). In that scheme, con-
summatory reactions were roughly equivaent to Pavliov's
unconditioned responses, whereas anticipatory reactions
included conditioned responses. More recent data [15]
suggest that consummatory reactions are largely processed
by the sensorimotor integrative systems within the lower
levels of the neuroaxis, such as the hindbrain and spinal
cord, while higher levels of the CNS, the forebrain and
midbrain, are more essential for anticipatory reactions.
This is not to suggest that the higher CNS is not involved
in consummatory decisions, or the lower CNS is not
necessary for the expression of anticipatory reactions. Both
of these processes are hierarchically organized through
much of the CNS, but the primary focus of control is
largely at different levels of the neuroaxis (see also Ref.
[95]). In summary, Sherrington’s conception yielded initial
ideas on how various intrinsic functions of the CNS pre-
pare organisms to cope with for constantly changing,
dynamic environments.

In addition to Sherrington’s consummatory and antici-
patory conceptions, the emergence of approach and with-
drawal concepts needs to be mentioned. Schneirla [224]
was among the first to argue for two fundamental behav-
ioral processes: one for approach and another for with-
drawa that might be completely distinct systems. He
stated [224]: ‘*Much evidence shows that in al animals,
the species-typical pattern of behavior is based upon bipha-
sic, functionally opposed mechanisms insuring approach or
withdrawal reactions according to whether stimuli of low
or high intensity, respectively, are in effect. This is an
oversimplified statement; however, in general, what we
shall term the A-type of mechanisms, underlying ap-
proach, favors adjustments such as food-getting, shelter-
getting, and mating; the W-type, underlying withdrawal,
favors adjustments such as defense, huddling, flight, and
other protective reactions. Also, through evolution, higher
psychological levels have arisen in which through on-
togeny such mechanisms can produce new and qualita-
tively advanced types of adjustment to environmental con-
ditions’ (p. 4).

In sum, it appears that there should be consummatory as
well as anticipatory components for both approach and
withdrawal brain systems. Indeed, Konorski [132] classi-
fied basic organismic activities into four categories: ‘ pre-
servative preparatory’, ‘ preservative consummatory’, ‘ pro-
tective preparatory’, and ‘ protective consummatory’. The
term ‘preservative’ corresponds to approach, while the
term ‘protective’ corresponds to withdrawal. Like Sher-
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rington, consummatory refers to terminal responding in
both appetitive as well as aversive contexts.

3.2. Discovery of brain self-stimulation phenomena and
ethological approach concepts

The discovery of self-stimulation phenomena (men-
tioned above) by Olds and Milner [173] dramatically ad-
vanced our understanding of the neural mechanisms of
reward. The additional discovery of some very perplexing
behavioral aspects of the arousal that could be achieved by
stimulating along the lateral hypothalamic medial forebrain
bundle (LH MFB) generated various new theoretical per-
spectives for conceptualizing brain sdf-stimulation and
related phenomena. Electrical stimulation of the LH MFB
can elicit appetitive approach as well as consummatory-re-
lated behaviors (e.g., feeding, drinking and gnawing), while
stimulation at those site is aso reinforcing (i.e., yielding
self-stimulation). Glickman and Schiff [79] offered a bio-
logical reinforcement theory that makes an explicit connec-
tion between approach responses and positive reinforce-
ment, suggesting common underlying neural mechanisms.
In their words, ‘‘These species-specific response se-
quences [approach and withdrawal] are part of the organ-
ism’'s evolutionary heritage. If one accepts the biological
wisdom of evolution, it is not circular to suggest that the
performance of these approach and withdrawal sequences
are, respectively, positively and negatively reinforcing’’ (p.
102).

According to Glickman and Schiff’s view, each of these
approach-type behaviors has its own distinct circuits at the
level of the lateral hypothalamic area. Trowill et al. [266]
proceeded to argue that self-stimulation could be sub-
sumed under a unitary incentive construct. Indeed, Vaen-
stein et al. [271] demonstrated that various, seemingly
specific, goal-directed manifestations of these system dur-
ing electrical stimulation (e.g., feeding, drinking and gnaw-
ing) were, in fact, functionally completely interchangeable
with each other. It highlighted how contextua variables
could mold the behavioral manifestations induced by artifi-
cial arousal of what appeared to be a functionally unitary
behavioral control system (for full discussion, see Refs.
[177,179], and for a different conception, see Ref. [296]).

Although Vaenstein chose not to offer any theoretical
resolution of this matter, claiming only that the underlying
systems were plastic, others did try to resolve issues in
theoretically coherent ways and postulated that the brain
contained a coherently operating general-purpose foraging
system that aroused unconditional behavioral tendencies to
seek out and to anticipate rewards in the environment
[174-177,179). Panksepp [177] wrote ‘‘one of the main
functions of transhypothalamic ‘reward’ circuits may be
the elaboration of anticipatory behavior. At the highest
cognitive levels, the activity of this system may be ex-
pressed in the elaboration of expectancies and the quality
of vigilance states. At a lower level of organization, this

system may activate an organism’'s tendency to approach
and investigate its environment. At the lowest levels of
neural organization, this same system may control the
gating of activity within incoming sensory and outgoing
motor reflex systems’ (p. 301). In sum, Panksepp
[175,177,179] dso hypothesized that the ascending DA
systems help constitute a general-purpose foraging system,
which lies at the core of a postulated ‘ expectancy sensori-
motor command system’.

Ikemoto and Panksepp [113] studied trajectories of LH
MFB systems, including prefrontal cortex and mesopontine
reticular formation, to examine the relationship between
brain-stimulation reward and approach responses, and their
findings led to further elaboration of such an approach
system concept. One important characteristic of the system
is its organization being broadly diffused through much of
the brain, including perceptual, attentional, learning, and
cognitive processes that have to be coordinated for suc-
cessful approach responses. In other words, for successful
approach, organisms must be able to recognize environ-
mental stimuli and to discriminate distinct forms of extero-
ceptive input, in addition to the ability to change behavior
as a function of experience in order to maximize the
probability of obtaining material resources needed for sur-
vival. Thus, the overall approach system presumably con-
sists of motoric, attentional, motivational, emotional,
memorial and other cognitive sub-processes. Although each
one of these sub-processes can be studied separately, we
shall argue that in normally functioning organisms, a global
system helps coordinate all of the sub-processes needed for
adaptive approach toward goals. More recently, from a
more psychodynamic perspective, this system has been
caled the SEEKING system [174,178]. Here we shall
continue to advocate the view that the meso-accumbens
DA system is a part of such preparatory approach-seeking
system.

Across the years, such approach concepts have been
applied by various investigators for understanding brain
DA functions but only recently has the evidence ap-
proached definitive status. Mogenson et al. [162] conceptu-
alized that ** Limbic forebrain structures and the hypothala-
mus are essential in the initiation of food-seeking, escape
[i.e., avoidance] from predators and other behaviors essen-
tial for adaptation and survival ... the nucleus accumbens
is akey component of this neural interface [between limbic
and motor systems]'’ (p. 91, brackets added). Particularly,
DA in the NAS was thought to be the key molecule that
coordinated such interface processes. Wise and Bozarth
[300] applied the ideas of Glickman and Schiff to drug
reinforcement and postulated the meso-accumbens DA sys-
tem to be a key mechanism.

The views summarized above are the direct intellectual
antecedents of the theoretical perspective advocated in this
paper. Indeed, we think there is presently a growing
consensus on the general point of view that will be de-
scribed here, even though there are abundant details that
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remain controversial and unresolved. In any event, we
offer the present theoretical integration as a testament to
the emerging synthesis.

3.3. Incentive motivation and brain DA

Another important theoretical line of thought that needs
to be incorporated into the present discussion is the behav-
ioral incentive motivational concept elaborated by Bindra
[18,19] and Bolles [25]. Incentive motivation concepts
arose from traditional learning paradigms (where one had
to account for the powerful and systematic effects on
behavior of varying the quantity, quality and delay of
reward). However, as incentive concepts came to be viewed
as potential brain processes, rather than simply the proper-
ties of material objects, investigators tried to account for
adaptive behavior ever increasingly by emphasizing invisi-
ble underlying brain processes that presumably control
behavior. As Bindra [18] stated, ‘‘The sway that the
response-reinforcement framework (Spencer, Thorndike,
Hull, Skinner) has held on the behaviora sciences for
nearly a hundred years is finally ending. The strength of
this framework lays in providing concepts and methods for
studying the effects of hedonic (reinforcing) stimuli on the
repetition of specified responses acquired in instrumental
training situations of various kinds. Its weakness lays in
the invalidity of its central assumptions, stimulus—response
association and response-reinforcement, which could not
dea with motor equivalence and flexibility (or ‘intelli-
gence') in behavior’ (p. 41). Since incentive motivation
concepts have been applied to account for the function of
brain DA [13] and more specifically for that of the meso-
limbic DA system [68], it is important to describe what
incentive motivation is (see Ref. [18] for discussion on
differences between response-reinforcement vs. incentive
motivational perspectives).

The present version of incentive concepts is based on a
series of theoreticad works by Bindra [18], Bolles [25],
Dickinson [57] and Toates [265]. In brief: Incentive moti-
vation is a cognitive and affective state triggered by stim-
uli associated with the perception of unconditioned stimuli.
In other words, incentive motivation is a process in which
approach or avoidance responses are generated by stimuli
that predict the proximity or availability of unconditioned
stimuli (positive or negative). The formation of incentive
motivation triggered by a specific environmental stimulus
typically results from contingent presentation of a stimu-
lus, detected by distance receptors, just prior to presenta
tion of unconditioned stimuli, typically detected by proxi-
mal receptors.

As recently elaborated by White [285], the present
paper also seeks to make a clear distinction between
incentive learning and two other types of learning. First,
animals have the ability to learn the relationship among
environmental stimuli without the intervention of uncondi-
tioned reward stimuli. This type of learning is referred to

as declarative learning (or stimulus—stimulus learning),
whose magjor neural substrates are the hippocampus and
anatomically closely related cortical areas [243,244]. It
provides a propositional knowledge base for animals con-
cerning the structure of the external world. There are other
types of learning systems, and one that is fairly well-docu-
mented is habit learning (the traditional stimulus—response
learning or R—S* of Bolles [25] may correspond to this
process), whose major neura underpinnings may emerge
from the caudate—putamen and related neura systems
[89,95,131,288].

There are yet other learning systems, but they are
beyond the scope of the present paper. In summary, incen-
tive learning or mativation in the present paper refers to
processes involving environmental stimuli detected by dis-
tance receptors predicting the perception of unconditioned
stimuli (usually detected by proximal receptors), which
allow animals, on future occasions, to effectively seek out
and anticipate various rewards in their environments (both
material objects as well as immaterial ones, like safety).

3.3.1. The error signal hypothesis

Supplementing the learning mechanism tradition, a sig-
nificant related hypothesis concerning brain DA functions
has recently been proposed by Schultz [225] and Schultz et
al. [228,230]. According to this view [228], DA released by
neurons in the substantia nigra and VTA serves as a
teaching signa ‘‘to code for a deviation or error between
the actual reward received and predictions of the time and
magnitude of reward’’ (p. 1594). Further, they adapt the
Rescorla—Wagner learning model to conceptualize the role
of brain DA. Thus, Schultz et al.’s hypothesis concerns the
strength of association between conditioned and uncondi-
tioned stimuli. As we shall review below, their hypothesis
is supported by a great deal of data relating behavioral
observations with concurrently harvested electrophysiolog-
ical data from DA neurons. However, such data are subject
to other interpretations (e.g., Ref. [203]).

The Schultz et a. hypothesis concerns us somewhat
with respect to its lack of functional specificity for differ-
ent DA systems; i.e., it does not provide any clear and
necessary distinction among ascending DA projection sys-
tem functions. Indeed, microdialysis data suggest that DA
releases in various projection regions of the substantia
nigra and VTA respond differentialy as a function of the
presentation of unconditioned stimuli [1,10,117,289]. In
other words, their hypothesis does not deal with possible
differences in DA release among the projection regions
including the NAS, caudate—putamen, and prefrontal cor-
tex. As mentioned above, various lines of data indicate that
NAS DA and caudate—putamen DA [89,131,288] are in-
volved in different aspects of associative learning (incen-
tive learning vs. habit learning in our terms).

The view advocated by Schultz et a. aso fails to
handle the increasingly large number of findings on the
role of brain DA in negative contexts since they claim that
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brain DA is solely involved in positive, reward learning.
Moreover, the theory does not provide any explanation for
the role of DA systems in spontaneous motoric responses.
For example, it cannot explain why injections of DA
agonists (localy into the brain or systemically) can pro-
duce vigorous behavioral activation.

3.4. Synthesis of approach and incentive motivational per-
spectives

The two perspectives described above, emphasizing
distinct aspects of appetitive motivation processes, have
recently been explicitly combined by Berridge and Robin-
son [16] to highlight how brain DA may be involved in
rewarding processes. Because the present paper also com-
bines the two theoretical perspectives, it is important to
detail the Berridge and Robinson thesis.

According to their view, three psychological processes
are postulated to account for motivational and rewarding
phenomena: hedonic activation processes (liking), asso-
ciative learning processes (Pavlovian conditioning), and
incentive salience attribution (wanting) processes. By
incentive salience, ‘‘they mean processes that transform
a perceived and ‘liked” stimulus into one that is also
‘wanted’ and able to €elicit voluntary action” (p. 332, Ref.
[16)).

The meso-accumbens and nigro-striatal DA systems are
postulated to mediate the attribution of incentive salience
but not the other two processes. DA ‘‘transforms the
brain’s neural representations of conditioned stimuli, con-
verting an event or stimulus from a neutral ‘ cold’ represen-
tation (mere information) into an attractive and ‘ wanted'
incentive that can ‘grab attention’’’ (p. 313, Ref. [16]).
Thus, Berridge and Robinson clearly delineate not only the
process for hedonic evaluation of unconditioned stimuli
and the process for incentive salience attribution, but also
the associative learning and incentive attribution processes,
yielding a variety of explicit predictions. Although we
agree with many aspects of their thesis, we do have some
concerns. First, their claim that striatal DA is not involved
in Pavlovian associative learning is not consistent with
empirical findings as far as NAS DA is concerned. Deple-
tion of NAS DA transmission attenuates or abolishes the
acquisition of Pavlovian conditioning tasks such as devel-
opment of displacement responses [211,274] and facilitates
latent inhibition, presumably dependent on a Pavlovian
conditioning process [86,87,240,275,276]. Their claim, that
DA is not involved in Pavlovian conditioning, seems to be
based on their finding that animals can till exhibit condi-
tioned taste aversions [16] which, of course, is just one of
many possible examples of Pavlovian conditioning and not
directly relevant to positively motivated appetitive ap-
proach issues. As elaborated below, our interpretation is
that Pavlovian conditioning can consist of several distinct
associative mechanisms, and NAS DA is only involved in
certain ones.

Second, using the results obtained with oral hedonic
tests, Berridge and Robinson [16] provide a compelling
argument against simple hedonic account of DA function.
However, they still try to understand certain behavioral
effects of unconditioned stimuli using the framework of
certain other positive subjective effects. According to their
view, DA isinvolved in the wanting process, while non-DA
processes are responsible for detecting hedonic subjective
effects of stimuli (liking), and, in turn, the liking process
turns on incentive salience attributions that govern the
wanting process. As we will discuss (Section 7.1), it is by
no means yet clear whether or how subjective affective
effects of unconditioned stimuli exert control over animal
actions. In other words, as they themselves emphasize at
various points in their discussion, it may be premature to
make a causal link between subjective affective effects of
stimuli and the types of basic appetitive conditioning that
can be studied so effectively in animal models. Although
we most certainly remain open to such possibilities, the
evaluation of such issues must ultimately include human
models based on basic behaviora neuroscience research
[174]. In any event, their conception may have difficulty
accounting for recent findings on the involvement of DA
in aversive situations, which presumably produce negative
subjective effects.

Another noteworthy issue is that the incentive salience
hypothesis does not make explicit functional distinctions
between NAS DA and caudate—putamen DA. Thus, it may
be difficult for the incentive attribution hypothesis to
explain why animals still exhibit normal instrumental re-
sponses for the first couple of trials before exhibiting
profound instrumental deficits, when DA transmission is
disrupted (e.g., Refs. [71,155,304,305]) particularly in the
NAS (see Fig. 2[112]). According to the incentive salience
attribution or ‘ wanting’ view, performance of instrumental
responses should be affected from the very beginning of a
session. Another problematic example is the recent finding
by Floresco et a. [70] that intra-NAS injections of halo-
peridol do not disrupt delayed spatial win-shift foraging
task while having severe effects on random foraging. We
believe that the incentive salience hypothesis should have
predicted that disruption of NAS DA transmission should
disrupt a win-shift foraging task as much as random
foraging (see Section 6.6 for detailed discussion). In short,
even though we believe that the ‘incentive salience’ hy-
pothesis of DA function is generally on the right track,
there is considerable room for refinement of hypotheses,
especialy as far as the specific functions of the NAS DA
system are concerned.

3.5. Other hypotheses on NAS DA

A variety of other recent hypotheses on NAS DA
functions do not fit clearly into the intellectual traditions
described above. However, they deserve to be briefly
mentioned within the present context.
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3.5.1. Switching hypotheses

The concept of switching between alternative behaviors
was introduced to account for the functions of the ascend-
ing DA systems [170,203,208]. As Oades [170] summa-
rized, ‘‘an increase of DA activity promotes the likelihood
of switching between alternative sources of information. ..
The effect is likely to be seen either in the change of the
temporal patterning of a behavioral sequence or in the
initiation of new responses’’ (p. 268). This version of the
switching hypothesis does not specify what types of re-
sponses are being switched by the facilitation of the as-
cending DA activity. Presumably, it could be anything:
Thus, one could imagine that DA release could facilitate
switching between feeding and drinking, between eye-lid
blinking and sniffing, or between rearing and grooming.
Bos et al. [26] and Bos and Cools [27] have further defined
the switching hypothesis for the meso-accumbens DA
system, stating that NAS DA is involved in switching to
cue-directed responses. Although the Bos and Cools ver-
sion capture some functions of NAS DA, this hypothesis
needs to be further defined so that it provides a broad and
fundamental framework for analyzing the underlying pro-
Cesses.

3.5.2. The anergia hypothesis

Salamone et d. [219] have characterized the behavioral
functions of NAS DA with a variety of techniques and
paradigms, and concluded that NAS DA ‘‘is involved in
higher-order motor and sensorimotor processes that are
important for activational aspects of motivation, response
allocation, and responsiveness to conditioned stimuli’’ (p.
352). Although this hypothesis also captures many aspects
of NAS DA functions, it needs to be further refined so as
to provide more specific predictions, as well as incorporat-
ing al of the relevant data that exist in this research arena.

4. A unifying interpretation of NAS DA functions
4.1. An updated hypothesis of specific NAS DA functions

Fig. 3 summaries a conceptual model that highlights the
role of NAS DA in behavioral control. A key feature of the
model is that it has distinct sensorimotor paths for ap-
proach and consummatory responses. It is assumed that the
same approach response system is engaged when animals
escape from negative incentives and develop the ability to
avoid such stimuli. Key sub-systems underlying the ap-
proach responses include declarative perceptions, habits,
and incentive-cue formation systems. The declarative-per-
ception system is a complex assembly of heterogeneous
cognitive processes, outside the scope of the present dis-
cussion, that represent knowledge about the environment
allowing animals to acquire and recall the relationships
among environmental objects and events without the es-
sential intervention of unconditioned stimuli (i.e., stimu-

ENVIRONMENTAL STIMULI

U U

Proximal Distance
Receptors Receptors

Consumrrlatory Declarat_ive o Habit
Appraisal @| | Perception Processes
[©]

Processes Processes

EIE)
®le

NAS DA |

® o () [

9
Consummatory }7 | Approach
Motor (S] o Motor

Generators | Generator

y Jod

CONSUMMATORY FLEXIBLE FIXED
RESPONSES APPROACH APPROACH
RESPONSES RESPONSES

Fig. 3. A conceptual model illustrating the role of NAS DA in incentive
motivation modulation. The role of NAS DA is defined in relation to
major sub-systems involved in generating conditioned and unconditioned
responses. The plus signs in circles indicate excitatory input, while the
minus signs indicate inhibitory inputs.

lus—stimulus or declarative learning). It can also detect
salience of environmenta stimuli (i.e., novel stimuli, con-
ditioned stimuli, and innately salient stimuli) by contrast-
ing present input with previous memories. It is possible
that frontal corticall DA systems are important in such
brain functions, but that is outside the scope of the present
coverage.

The habit system allows animals to acquire and main-
tain procedural performance. The nigro-striatal DA system
appears to be a key structure involved in habit formation
(stimulus—response learning) [89,95,131,288]. Thus, an
important feature of the current view is the recognition of
two distinct types of approach response systems. a habit
response system which operates in well-trained animals
and a flexible response system which operates preferen-
tially when animals are learning about incentive contingen-
cies in their environments. The role of NAS DA is to
arouse unconditional appetitive (exploratory-seeking) arou-
sal and to help declarative knowledge gain access to
incentive construction processes. In other words, NAS DA
can facilitate flexible approach responses in the presence
of various salient stimuli (e.g., incentive stimuli and novel
stimuli). In summary, the primary role of NAS DA is to
facilitate flexible approach responses by modulating incen-
tive motivation processes. Let us develop this idea further
by describing two stages of instrumental approach perfor-
mance.
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4.1.1. Invigoration effects

NAS DA transmission plays a critical role in invigorat-
ing flexible approach responses when organisms encounter
salient stimuli (e.g., incentive and novel stimuli). The
declarative-perception system detects various salient stim-
uli (e.g., arising from al novel events) and arouses NAS
DA release, invigorating flexible approach-seeking re-
sponses. Fig. 4 highlights proposed routes of control in-
volved in such processes. When NAS DA transmission is
artificially enhanced using such methods as local tissue
microinjections of various substances (e.g., amphetamine),
it would activate a state of incentive motivation and ex-
ploratory arousal, thereby generating flexible approach-
seeking behaviors toward salient environmental stimuli.

Conversely, the disruption of NAS DA transmission
should blunt the ability of organisms to approach salient
stimuli. It is not that animals lose the ability to recognize
salient stimuli. Their perception and memory-retrieval pro-
cesses remain intact, even though it is likely that some
aspects of their attentional resources are compromised.
Such animals simply are not aroused into sustained atten-
tional-investigatory patterns by novel stimuli. It is also not
the case that animals lose the physical capacity to perform
instrumental tasks or consummatory responses. Clearly,
animals lacking NAS DA are not behaviorally incompe-
tent. Rather, their deficits may arise from NAS DA no
longer being able to amplify behaviorally energized states
of expectancy. In other words, the output of the declara-
tive-perception system to the approach motor system is
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compromised. Also, there may be deficits of positive
feedback between the incentive modulator and the declara-
tive-perception system. On the other hand, well-established
conditioned responses in familiar environment contexts
(i.e., habits) do not appear to be disrupted by decreased
NAS DA transmission. In sum, the NAS DA system is
more involved in addressing unfamiliar situations or stim-
uli which deserve to be investigated and determining
whether novel stimuli predict rewards rather than in deal-
ing with familiar situations where organisms already have
stable behavioral priorities (i.e., they have habits).

4.1.2. Incentive learning effects

It appears that the brain is organized in such a way that
the detection of unconditioned stimuli can automatically
promote learning. The brain is tuned to the appearance of
novel stimuli, and NAS DA is aroused especially by those
that are associated with beneficia life-sustaining or life-
impairing events. Although these associations are not es-
sential to consummatory reactions per se, they do establish
an implicit knowledge of situations within which consum-
matory behaviors can be optimally expressed. NAS DA
transmission appears to be critically involved in such
incentive learning processes. More specifically, changes in
NAS DA transmission may first be involved in investiga-
tory activities and more gradualy in signifying the impor-
tance of environmental stimuli because of their association
with opportunities for consummatory behaviors. This link-
ing of external events with opportunities to stimulate vari-
ous proximal sensory receptors is here conceptualized as
the ‘incentive learning effect’. Thus, heightened levels of
NAS DA transmission add incentive properties to declara-
tive knowledge so environmental stimuli that are predic-
tive of unconditioned stimuli come to facilitate and ener-
gize approach (or avoidance) responses. Normal levels of
NAS DA, on the other hand, maintain such incentive
motivation; thus, a decrease in NAS DA transmission
re-organizes neural mechanisms involved in incentive rep-
resentations of declarative knowledge so that environmen-
tal stimuli that are not predictive of the perception of
unconditioned stimuli will no longer activate approach (or
avoidance) responses.

Thus, NAS DA plays an important role in integrating
reward-related information on specific aspects of the envi-
ronment into conditioned approach-seeking reactions. Once
such conditioning has been established in a specific con-
text, however, heightened NAS DA transmission is no
longer necessary for its expression, unless organisms expe-
rience new opportunities for consummatory responses in
those contexts. Thus, in well-trained animals, incentive
stimuli can still trigger learned approach responses (e.g.,
the habit response system) despite the disruption of NAS
DA transmission. Fig. 5 highlights key routes involved in
such incentive modulation processes. As described above,
NAS DA is only involved in learning in the sense that it
modulates the initial behavioral responses to potentia in-
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centives, and the development of conditional incentive
stimuli (i.e,, the automatic valuation of neutral environ-
mental events). It does not appear to be involved in
declarative memory formation or retrieval (but see Ref.
[234]) nor in procedural learning.

Here, the role of NAS DA is described largely in terms
of instrumental performance. It is assumed that the devel-
opment of stable instrumental performance requires both
the flexible approach system and the habit approach sys-
tem. During initia learning (the acquisition phase), NAS
DA plays an important role in invigorating exploratory-
seeking behaviors and the formation of new incentive
motivational linkages to specific environmental stimuli in
contexts in which effective instrumental responses can take
place. As instrumental behavior becomes streamlined (a
key component of this process is probably DA arousal in
the caudate—putamen), NAS DA plays less and less of a
role in the ingtigation of instrumental acts. In other words,
unless there are some new environmental factors to be
incorporated into the instrumental performance, NAS DA
is not essential for maintaining performance. For example,
when animals are subjected to extinction contingencies,
NAS DA may play an important role in facilitating learn-
ing of such new environmental contexts. In this case, the
lowering of extracellular NAS DA may facilitate extinc-
tion learning. Parenthetically, the commonly observed ini-
tial energization of responding at the very beginning of
extinction may reflect an acute NAS DA novelty response.

The model described above can be applied to both
positive and negative incentive motivational contexts (a
similar view is expressed by Dickinson [56]). For positive
contexts, incentive processes are formed such that organ-
isms direct approach responses toward unconditioned stim-
uli. For negative contexts, incentive processes are formed
such that organisms direct approach responses away from
unconditioned stimuli (i.e., toward ‘‘ safety’’). Further dis-
cussion of this issue is found below in the Section 4.3,
following a discussion of the potential role of NAS DA in
mediating reinforcement.

4.2. Reinforcing effects

How can intra-NAS injections of DA agonists contin-
gent on operant responses be reinforcing? According to
our hypothesis, intraaNAS delivery of DA agonists pro-
motes the addition of incentive properties to associated
environmental stimuli. Thus, when animals move about the
test cage and recognize the incentive stimuli previously
associated with the delivery of unconditioned stimuli, the
incentive stimuli, in turn, trigger flexible approach re-
sponses toward them, which are typically likely to increase
the probability of further delivery of the reinforcer (Thisis
most strongly supported by findings from conditioned
reinforcement studies discussed in Section 6.3.). Particu-
larly those environmental contexts presented just prior to
or at the time of marked changes of NAS DA transmission
may be ‘stamped in’ as objects worthy of approach-inves-
tigatory behaviors. Moreover, the stimulation of NAS DA
receptors directly invigorates flexible approach responses
that are not necessarily directed toward specific stimuli
(the invigoration effect described above). Thus, the dual
action of incentive learning and invigoration allows ani-
mals to engage in a variety of flexible approach-seeking
responses particularly toward the environmental stimuli
that are most clearly associated with the delivery of rein-
forcers. In sum, this hypothesis aspires to explain the role
of NAS DA in operant reinforcement by the combination
of the incentive learning, which gives direction, and invig-
oration, which ‘energizes reward seeking.

4.3. How are aversive stimuli involved in NAS DA?

To achieve a unified viewpoint, recent findings con-
cerning NAS DA activation during aversive paradigms
also need to be explicated. How can animals learn to
approach some stimuli and to avoid others when both
appetitive and aversive unconditioned stimuli can evoke
similar types of arousal in the meso-accumbens DA sys-
tem? Although the underlying neural mechanisms have not
been as well-studied, available data suggest that common
brain mechanisms may be shared between appetitive and
avoidance abilities, with NAS DA being one of the shared
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components. In other words, avoidance can be conceptual-
ized as approach toward ‘safety’. Indeed, a closer look at
conditioned responses regulated by aversive stimuli sug-
gests the activation of many approach elements, even
though there are obviously other elements such as freezing
that could impair approach to safety in various situations,
especialy during early learning trials. Indeed, it is worth
noting in this context the data reported by Wilkinson et al.
[289]. The study reports that brief aversive foot shock
delivered for the first time does not increase NAS DA, but
NAS DA levels increase more and more as animals experi-
ence the stimulus for the second and third times. This
finding may be interpreted that with succeeding trials,
animals develop more effective approach to safety strate-
gies.

At present, there appears to be general agreement among
investigators that no unitary concept adequately explains
aversive conditioning [204]. Fear conditioning and avoid-
ance learning can be readily dissociated (see Ref. [159]).
Indeed, in their defense motivation system account of
avoidance learning, Masterson and Crawford [150] postu-
lated the existence of analogous principles between posi-
tive and negative reinforcement when they stated that:
‘*Essentially, we are proposing that aversions behave like
appetites. Obvioudly, the activation of aversions and ap-
petites follows different rules. However, once activated,
aversions, like appetites, potentiate appropriate responses
and establish the appropriate consummatory stimuli as
positive reinforcers’ (p. 668). Similarly, Gray [85] raised
the possibility that active avoidance learning may be based
on a positive reward mechanism. Most importantly, it is
behaviorally evident that some of the anticipatory avoid-
ance reactions to aversive stimuli are quite similar to
appetitive approach responses. In other words, in aversive
situations, one major goa toward which behavior is di-
rected is ‘safety’. Thus, both avoidance and appetitive
behaviors may share the arousal of an approach-seeking
system in order to promote life-sustaining states of affairs.

Findings from Beer and Lenard [12] support the idea
that anticipatory reactions produced by aversive stimuli
consist of two or more neuro-behavioral systems. Intraven-
tricular injections of 6-OHDA resulted in severe disruption
of shock avoidance responses that had been acquired prior
to the lesions [12]. Since the manipulation did not impair
the capacity to escape from the shock, consummatory
responses were intact. However, the lesions markedly dis-
rupted avoidance performance; if anything, with repeated
trials, avoidance performance got worse. Thus, the study
suggests that there are two behavioral tendencies (i.e.,
active seeking for ‘safety’ and passive freezing) generated
as anticipatory reactions to shock, and that after central
catecholamine lesions, the anticipatory tendency to ap-
proach to ‘safety’ is disrupted while the anticipatory ten-
dency to freeze is spared.

The present hypothesis suggests the following account
of these behavioral effects. Brain evolution may have

taken advantage of a DA-based behavioral energization
and guidance system to regulate responses in both positive
and negative situations, because the fundamenta survival
concerns were similar. Aversive stimuli arouse NAS DA
release because it can invigorate the production of new
approach responses that may lead to avenues to safety
while aso facilitating conditioned preparatory processes
for the establishment of new approach responses in spe-
cific environmental contexts (incentive learning). In other
words, incentive learning consists of selective invigoration
of seeking responses in specific contexts. Indeed, we would
note that many approach behaviors in natural environments
are hindered by intervening obstacles, and it has been
repeatedly seen that NAS DA release is especially vigor-
ous in thwarting contexts, most especialy when a male rat
is physically prevented from gaining access to a nearby
receptive female [186].

Our finding, that intra-NAS injections of DA agonists
can increase plasma corticosterone [108], aso fits into the
present hypothesis. Plasma glucocorticoids play an impor-
tant role in providing metabolic energy needed for vigor-
ous physical movements [167]. Although stress is typically
discussed in negatively valenced contexts, in a more gen-
eral sense, stress responses are adaptive reactions that are
necessary to cope with all changing environments. Thus, it
may not be surprising that the activation of the brain
substrates of approach processes would also promote in-
creased glucocorticoid level in order to prepare the body
for increased energy expenditures. Indeed, it has been
documented that disruption of normal glucocorticoid re-
sponses can diminish the rewarding effects of various
appetitive stimuli (for reviews on the relationship between
glucocorticoid and reward, see Refs. [81,194]). In sum-
mary, the elevation of plasma glucocorticoids by intrasNAS
injections of DA agonists can be interpreted to be in
accord with the present hypothesis.

How about the role of NAS DA in pain perception? It
has been reported that DA systems are involved in anal-
gesic processes for certain types of pain [138,166]; i.e., the
activation of DA systems appears to attenuate responses to
some types of pain. Franklin et a. have provided further
evidence that such analgesic effects may be mediated by
the meso-limbic DA system [73,165] or more specifically,
the meso-accumbens DA system [44]. The evolutionary
perspective that we have discussed above in this section
can be applied here as well. Amit and Galina [4] argue that
analgesia induced by a variety of stimuli including stress-
ful ones is an adaptive response of organisms, and they
suggest that ‘“ the effect of the analgesia seems to be highly
adaptive in that it allowed the animals to dea efficiently
with a dangerous situation and respond more appropriately
to any changes in the environment both when danger
became imminent as well as when the danger was termi-
nated’’ (p. 957). In our terms, it is reasonable to think that
when animals are in the midst of pursuing important goals
(whether different types of prey, other necessities of life,
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or safety), it would be adaptive for them to be not inter-
rupted by pains. Any interruption may promptly compro-
mise the opportunity to obtain such goas. As discussed
above, NAS DA is an important component of such flexi-
ble approach behavioral processes, and it would be most
reasonable if the system would help counteract influences
that might detract from the adaptive pursuit of goals. Of
course, such speculative hypotheses need to be fully exam-
ined empirically before earning any credibility. One pre-
diction that we might make here is that animals exhibiting
flexible approach responses (i.e., approaching goals in
rather unpredictable environments) would tend to exhibit
higher pain thresholds than those that were not.

4.4. Pavlovian conditioned responses

Although Skinner [237] and others postulated that dif-
ferent learning processes underlie appetitive Pavlovian and
operant conditioning, we agree with the view advocated by
Bindra [20] that essentially the same learning processes
may underlie the two conditioning procedures. Of course,
both Pavlovian and operant procedures probably recruit
multiple learning systems, but the differences between the
two may lie in the relative strengths of the underlying
components. It is postulated that all forms of appetitive
Pavlovian conditioning involving forward locomotion are
heavily dependent on the sensorimotor facilitation afforded
by the flexible NAS DA approach response system,
whereas operant procedures depend only initially on that
response system but with training, there is increasing
reliance on the ‘fixed' habit system (see Figs. 3-5). In this
context, it is important to highlight that NAS DA is not
involved in all forms of Pavlovian conditioning, especialy
conditioned taste aversions.

Typically, conditioned taste aversion tests are per-
formed by pairing the ingestion of novel-flavored food or
fluid and the administration of lithium chloride, which
induces gastric malaisg; i.e., animals are given the opportu-
nity to consume novel-flavored food or fluid, followed by
the administration of lithium chloride. In a subsegquent
session, animals are given the opportunity to consume the
unconditioned stimulus; however, because of the associa-
tion of gastric malaise, animals exhibit little or no intake of
the illness-associated unconditioned stimuli.

Several studies reviewed below support the idea that the
meso-accumbens DA system is not involved in condi-
tioned taste aversions. (1) Mark et al. [146] report that
presentation of the conditioned aversive stimulus, i.e.,
associated with lithium-chloride-induced sickness, if any-
thing, decreased NAS DA levels. Thus, this result is not
consistent with the findings that, as discussed in Section
2.2, conditioned stimuli associated with certain other aver-
sive unconditioned stimuli can readily increase DA levels
[222,309,311]. (2) Ellenbroek et al. [59] reported that
intraNAS injections of pD-amphetamine do not disrupt
latent inhibition involving lithium-chloride-induced taste-
aversion conditioning, while intra-striatal injections of p-

amphetamine do disrupt it. (3) IntraeNAS injections of
D-amphetamine produce place preference conditioning but
not taste preference or taste aversion, while microinjec-
tions of p-amphetamine in the area postrema region in the
hindbrain produce conditioned taste aversion but not con-
ditioned place preference [37]. (4) 6-OHDA lesions of
NAS enhance place-preference conditioning induced by
systemic apomorphine injections (apparently due to en-
hanced receptor sensitivity of NAS DA), while the NAS
DA depletion had no apparent effect on conditioned taste
aversions induced by apomorphine [272]. (5) 6-OHDA
lesions of the forebrain do not impair associative learning
between palatable food and lithium-chloride-induced sick-
ness, which enhances aversive reactions and attenuates
hedonic reactions to saccharin/polycose taste [16]. (6)
Finally, Mirenowicz and Schultz [161] report that a drop of
hypertonic saline placed in the mouth of primates does not
readily stimulate phasic responses of DA neurons.

In summary, these results indicate that the acquisition
of conditioned taste aversions is not controlled by NAS
DA. Although it is possible to interpret these results as
evidence to support lack of involvement of NAS DA in
Pavlovian associative learning (e.g., Ref. [16]), the present
hypothesis interprets these data to affirm the traditional
view that Pavlovian conditioning is simply not a unitary
phenomenon. The present conception predictsthat all forms
of Pavlovian conditioning that do not involve conditioning
of approach-seeking responses (e.g., autonomic condition-
ing, eyelid conditioning [263]) do not require the meso-ac-
cumbens DA system. Let us highlight this issue in a
specific context: when dogs are subjected to a Pavlovian
conditioning with an environmental stimulus followed by
food reward, the animals not only exhibit conditioned
sdlivary responses but aso increased skeletal motor ap-
proach responses as well as various other bodily responses
(see Ref. [6]). We predict that approach-related responses
such as skeletal motor responses and perhaps even visceral
motor responses (i.e., respiratory and cardiac changes),
that are thought to be important for vigorous approach,
will not be as readily conditioned as consummatory-related
responses (i.e., salivary secretions) in the absence of nor-
mal NAS DA transmission.

Now that our theoretical framework has been summa-
rized, we will detail relevant empirical findings concerning
NAS DA functions. We will, first, review correlational
studies of behavioral and NAS DA interrelations and then
behavioral consequences of directly manipulating NAS
DA activities. The results of such studies will be concur-
rently discussed with reference to the present theoretical
viewpoint.

5. Behavior / environment correlates of NAS DA

Three major techniques have been used to explore
correlational relationship between the meso-accumbens DA



S Ikemoto, J. Panksepp / Brain Research Reviews 31 (1999) 6-41 21

system and behavior. Unit recordings have identified DA
neuron activity changes in behaving animals. Measurement
of action potentials in millisecond time frames provides an
opportunity to explore detailed tempora relationships be-
tween DA neuron activities and behavior. Some caution
needs to be exercised in interpreting such results because it
is not certain how well activities of the DA cell body
translate to DA release at nerve endings in the NAS (but
see Refs. [42,252]). In addition, all DA neurons do not
necessarily respond to precisely the same conditions, which
raises obvious difficulties for making interpretations about
genera functions.

Current voltammetry techniques enable DA detection at
terminal region with time resolutions of about a second.
However, it is not always certain how precisely the elec-
trochemical species detected by this method reflects DA,;
thus, the data obtained by this method must always be
interpreted with some reservations.

The advantage of yet another widely used technique, in
vivo microdialysis, is that it can detect DA without such
ambiguities. The disadvantage of microdialysis is that the
technique lacks fine time resolution, requiring detection
periods on the order of minutes.

In subsequent sections, we will critically discuss the
information obtained by these techniques. One also needs
to keep in mind that DA levels at the terminas are
detected in the extracellular space, not necessarily in the
synaptic spaces. Indeed, DA levels in the synaptic and
extracellular space may be regulated differently, and DA
may play differential functional roles at these loci [82].

5.1. Unit activity

DA neurons in the ventral tegmentum typically exhibit
a stable rate of tonic firing in animals kept in a quiet state.
A variety of environmental challenges can elicit phasic
changes in the firing of these neurons. An emerging pic-
ture is that the activity of DA neurons does not correlate
with any fixed movements or fixed sensory stimuli
[169,226]. Rather, firing patterns of DA neurons change as
a function of repeated experiences. Such dynamic charac-
teristics of DA neuronal activity have been well-char-
acterized in the ventral tegmentum of fully awake mon-
keys (for a recent review, see Ref. [225]). When monkeys
unexpectedly receive a reward such as highly palatable
food, the reward markedly stimulates phasic firing of the
majority of DA neurons [160]. What is remarkable is that
as the contingent presentation of environmental stimuli
followed by a reward is repeated, phasic firings of DA
neurons produced by the delivery of reward decrease and
eventually return to tonic baseline levels [101]. However,
now, the mere presentation of the predictive environmental
cues (i.e., conditioned stimuli) triggers phasic firing of DA
neurons [143,144,160,227]. Furthermore, if the reward is
not presented at the time it normaly occurs, a brief

reduction of DA activity occurs [143,227]. In addition to
rewards, physically salient novel stimuli can also stimulate
phasic activity of DA neurons [104,144,216,229], but these
responses rapidly habituate with repeated presentations
[144].

In summary, DA neurons respond to salient novel stim-
uli, food rewards, and gradually to predictive cues. The
ability of these stimuli to trigger phasic firing is apparent
very dependent on specific contexts. However, phasic re-
sponses of DA neurons do not discriminate between stim-
uli; whether a response is elicited by a reward, conditioned
stimulus, or novel stimulus, changes in the pattern of firing
appear to be remarkably uniform [225].

What has not been characterized adequately is how DA
neurons respond to a large variety of aversive stimuli in
such paradigms. Although Mirenowicz and Schultz [161]
reported that aversive air puffs to the hand or drops of
hypertonic saline in the mouth do not readily stimulate DA
neuron responses, suggesting that rewards preferentially
activate phasic firing of DA neurons while aversive stimuli
do not. Unfortunately, the extent to which air puffs to the
hand or drops to hypertonic saline is aversive was never
clearly characterized. According to the present hypothesis,
aversive unconditioned stimuli, which provoke directed
escape or avoidance behaviors, should trigger phasic firing
of DA neurons projecting to the NAS, and such activity of
DA should facilitate integrative processes for seeking av-
enues for avoidance. Indeed, Trulson and Preussier [267]
reported in freely moving cats that conditioned stimuli
associated with an aversive event increased firing of VTA
DA neurons. Moreover, the data obtained by the voltam-
metry and microdialysis methods (see below, Section 5.2)
are not in accord with the conclusion made by Mirenowicz
and Schultz [161]. Thus, further research is needed to
examine whether or not stimuli that provoke explicit
avoidance responses have similar phasic firing in exactly
the same neurons that respond to reward-related stimuli. If
they were a dightly different population, we would not
feel it would compromise our position, but that would
require some fine-tuning of the present theoretical view.

5.2. Microdialysis / voltammetry

In vivo microdialysis and voltammetry techniques have
revealed a variety of stimuli that can provoke NAS DA
release, most extensively in the context of feeding. Reli-
able increases of extracellular DA in the NAS are usually
observed when extracellular NAS DA levels are monitored
during combined anticipatory and consummatory phases of
feeding; i.e., marked increases of NAS DA have been
observed in animals exhibiting instrumental responding for
food and eating it [94,130,151,218,238]. Increased DA
levelsin the NAS were also observed in animals receiving
scheduled deliveries of small pieces of food at fixed time
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intervals (i.e., a Pavlovian procedure), while NAS DA
levels were not elevated when animals received the same
amount of food all at once [153,200].

Some have sought to tease out which phase (consumma
tory vs. preparatory) is more influential in arousing NAS
DA release. Blackburn et al. [22] argued that telencephalic
DA, especially NAS DA, is more important for the antici-
patory phase of feeding than the consummatory phase.
Postmortem data indicated that DOPAC /DA ratios were
elevated more in the NAS during anticipatory, than con-
summatory, periods. Indeed, environmental cues predicting
food delivery rather consistently stimulate DA release in
the NAS [130,147,187,205,291], while no comparable in-
crease in extracellular NAS DA is routinely observed
during feeding (i.e., the consummatory phase) [41,153,218].
However, quite a few studies do report that food consump-
tion can stimulate extracellular DA release [43,93,148,
255,281,282,291,307]. Of course, it is possible that ani-
mals that are eating fluctuate repeatedly between brief
appetitive and consummatory phases of feeding. Thus, as
far as these microdialysis studies are concerned, the antici-
patory—consummatory controversy remains unresolved.

Electrophysiological studies discussed above indicate
that phasic firing of the DA neurons triggered by signaled
food presentation habituates as a function of repeated
experience. This finding may suggest that NAS DA release
is triggered primarily when animals are fed unexpectedly
in novel contexts provoking brain mechanisms which can
learn the relationship between food rewards and contextual
cues. As animals are habituated to the particular feeding
context, food delivery loses its ability to trigger NAS DA
release. However, Wilson et al. [291] reported that after 10
days of a timed feeding procedure consisting of a 10-min
anticipatory phase followed by a 20-min feeding phasein a
test chamber, a robust increase of extracellular DA in the
NAS was dtill evident during the consummatory period.
Unfortunately, Wilson et al. slightly changed the procedure
for the testing from the conditioning phase: The anticipa
tory phase was increased from 10 min (during condition-
ing) to 20 min (for testing). Electrophysiologica data
indicate that a dlight temporal delay in the occurrence of
food reward stimulates phasic DA neuron activity that is
otherwise not seen because of habituation [100]. Thus, it is
not clear whether or not the increase of extracellular DA
during consumption in the Wilson et a. study might
attenuate after repeated consummatory experience as in
many of the other microdialysis studies.

On the other hand, Bassareo and Di Chiara [10] re-
ported that novel, highly paatable food (i.e., snack with
high fat contents) increases extracellular NAS DA in non-
food deprived rats, while previous experience with the
novel food significantly attenuates the NAS DA increase.
This finding is consistent with electrophysiology data that
repeated presentation of food reward decreases phasic
activity of tegmental DA neurons [101]. However, in their
paradigm, Bassareo and Di Chiara [10] did not find in-

creased DA release in the NAS during the anticipatory
phase, but since their animals were not food-deprived, they
may not have entered a strong state of anticipatory eager-
ness.

Recent voltammetry studies have revealed additiona
dynamic relationship between NAS DA release and instru-
mental responses [130,205]. As found with the microdialy-
sis method, similar elevations of extracellular DA are
found during operant feeding sessions using voltammetry:
Within a few minutes, NAS DA levels plateau and remain
elevated for the entire operant session. The DA levels
gradually decrease to baseline values after the termination
of each session. Response-by-response analyses have re-
veded the following fine dynamics within a session
[130,205] — when a stimulus that indicates the start of an
operant session comes on, an electrochemical signa of
NAS DA promptly starts to increase. As animals continue
to lever-press and eat, the voltammetric signal continues to
increase. But this increasing pattern only last for the next
couple of bouts of lever-pressing and food consumption.
The voltammetric signals then begin to exhibit biphasic
responses. A minute or so before a lever response, the
signal starts to increase, peaking at the time of lever
response. As animals eat earned food, the signal decreases
until the onset of the next bout of responding. These
results suggest that NAS DA s initidly released into
extracellular space during both anticipatory and consum-
matory phases, but as animals are habituated to response—
reward patterns, gradually the NAS DA release largely
occurs during the anticipatory phase.

Table 1 summarizes various factors that influence extra-
cellular NAS DA release in animals that are given the
opportunity to feed. Both electrophysiological and voltam-
metry approach indicate the importance of previous experi-
ence on NAS DA increases that accompany the consump-
tion of food. Apparently, food consumption stimulates the
meso-accumbens DA system only if feeding in a particular
context has not been well-established. Thus, the meso-ac-
cumbens DA system may play an important role in learn-
ing the cues of environmental contexts in which feeding
occurs. As an animal becomes habituated to certain feed-
ing regimens, the meso-accumbens DA system gradually
no longer responds to the reward per se. This idea may
largely explain the discrepancy found with the microdialy-
sis methods that food consumption does or does not in-
crease extracellular NAS DA levels. The problem is that
most microdialysis studies did not take into account the
importance of the environmental context in which food
was delivered. The importance of conditioned stimuli in
stimulating the meso-accumbens DA system is consistent
among the three methods except in the study by Bassareo
and Di Chiara [10], where, as mentioned aready, the
animals may not have been eagerly anticipating the food
since they were not food-deprived.

In addition to food and its related stimuli and responses,
increases in NAS DA are also found using the microdialy-
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Table 1
Factors highly associated with extracellular NAS DA increase in the context of feeding
Factor Microdialysis Voltammetry Electrophysiology @
(order of minutes) (order of seconds) (order of milliseconds
to seconds)
Consummatory

Consumption of food

1 [10,43,93,148,255,
281,282,291,307]
< [41,153,218]

1 1st piece [130,205]

| Several pieces
later [130,205]

1 prior to establishing
conditioning [143,144,160,227]
< inthe context fully
established [143,160,169,227]

Quality of food 1 [148]
(taste?, nutritional
value?, novelty?)
Food deprivation 1 [291]

Anticipatory + consummatory
Amount of food

presented in relation to
expecting amount
Consumption during
scheduled delivery

(every 45 s)

Instrumental response

and consumption

1 [153,200]

1 [94,130,151,218,238]

Anticipatory
Presentation of cues
associated with
feeding

Instrumental response
and/or voluntary
approach to food
Increased response
requirement for food

1 [147,291]

1 No food [205]
| More[205]

1 [130,187,205]

1 [130,205]

| No food [143,227]

1 [143,144,169,216,
226,227,229]

1 [169,216,226,227,229]

ft [205]

#Based on an assumption that firing of DA neurons in the ventral tegmentum is well-correlated with extracellular DA release in the NAS; 1 increase; <

no change; || decreased.

sis and voltammetry methods with a variety of other
reward stimuli. These include water consumption in thirsty
rats [307,310], salt intake in salt-deprived animals [97],
copulation [53,149,158,185,280], brain-stimulation reward
[23,188,189,199,254], administration of drugs of abuse
[55], and novel environments [202].

Moreover, the microdialysis and voltammetry methods
have revealed that many aversive stimuli can readily in-
crease extracellular NAS DA. They include forced whole-
body immobility [117,118], tail or foot shock [1,123,
222,309,311], social defeat [264], and administration of
anxiogenic drugs including beta-CCE and FG 7142 [17,
152]. Similar to conditioned stimuli associated with feed-
ing, increased extracellular DA in the NAS can be trig-
gered by conditioned stimuli associated with sexual behav-
ior [53,185] as well as aversive stimuli [222,309,311].
Interestingly, releasing animals from restraint stress also
results in a robust increase of extracellular DA in the NAS
[114,117].

In summary, extracellular NAS DA increase may not be
attributed to either fixed environmental factors or move-
ments, or either fixed rewarding or aversive stimuli. How-
ever, more detailed information, particularly in relation to
aversive stimuli, needs to be collected for definite conclu-

sions. At present, it may be provisionally concluded that
increased extracellular NAS DA takes place during the
occurrence of significant environmenta stimuli (i.e., novel
stimuli, unconditioned stimuli and conditioned stimuli,
positive or negative) that are not clearly anticipated by
organisms but which evoke appetitive engagement — in
other words, during conditions that have not yet been
incorporated into an animal’s habitual behavioral reper-
toire.

It should be noted that compared to the core, the shell
region of the NAS is typically more responsive to the
stimuli discussed above; i.e., more rapid and more pro-
nounced increases in DA level are routinely found in the
shell, when direct comparisons are made between the shell
and core in animals eating palatable food [258], lever-re-
sponding for food [238], exploring novel environment
[202], administering substances of abuse [55], and receiv-
ing foot shock [123].

6. Behavioral effects of direct NAS DA manipulations

Two major interventions have been used to elucidate
functions of NAS DA: the brain microinjection technique
and the 6-OHDA lesion approach. The microinjection
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technique allows experimenters to manipulate discrete re-
gions of the brain pharmacologically without significantly
affecting other parts of the brain directly. An advantage of
this technique is that behavior can be assessed immedi-
ately, giving a minimal time for the nervous system to
compensate for manipulations. A disadvantage of the tech-
nigue is that the specific effects at intended sites are often
short-lasting because of drug diffusion adjacent sites. Thus,
it is essential to have anatomical controls, which allow
investigators to determine whether the effects produced by
the manipulation of target sites can actualy be attributed
to these sites.

The 6-OHDA lesion approach has made significant
contributions for understanding the functions of NAS DA.
However, it is not aways easy to interpret the data ob-
tained by this method because of many issues. First,
6-OHDA lesions typically have poor anatomical selectiv-
ity. Particularly, 6-OHDA injected into the NAS will
deplete not only DA in the NAS but DA in the prefrontal
cortex, since many DA projections to the prefrontal cortex
go through the NAS. Moreover, a high DA depletion level
in the NAS inevitably depletes, in part, DA in other nearby
regions including the olfactory tubercles and ventrolateral
and dorsomedial striata. Second, 6-OHDA damage is usu-
ally assessed by dissecting tissues (using rough landmarks)
and measuring tissue contents of amines. This method is
not optimal for specifying the precise sites of lesions.
Particularly, the NAS shell is localized in the ventromedial
region (i.e., inner layer) of the NAS; and, many older
studies may have overlooked it. Third, 6-OHDA lesions
have poor pharmacological selectivity. Even if animals are
treated with specific reuptake inhibitors to protect ascend-
ing norepinephrine systems, the 6-OHDA treatment does
not leave norepinephrine systems completely intact. Fourth,
qualitatively different effects of 6-OHDA lesions may be
produced depending on the degree of DA depletion. For
example, moderate depletion of DA (= 60%) can facilitate
locomotor activity in open field test, while more severe
DA depletion (> 80%) decreases it [122]. Fifth, effects of
6-OHDA change as a function of time. The 6-OHDA
lesions typically have larger effects just after the treatment,
and the effects dissipate over time (i.e, over days to
weeks) (e.g., Ref. [154]). Transient effects of 6-OHDA on
some behavioral measures suggest reorganization of the
lesioned site as well as the rest of the nervous system to
compensate for loss of the mechanisms disturbed by the
manipulation (see Discussion Section of Ref. [109]). In
summary, these issues make the interpretation of 6-OHDA
data challenging and all too often controversial.

Ambiguous results can also be generated when behav-
iora paradigms employed do not fully capture functions of
NAS DA. For example, if prior experiences of food con-
sumption in particular environments (i.e., expectancies)
play a critical role in extracellular release of NAS DA,
mixed results are expected when relevant variables are not
clearly evaluated.

6.1. Locomotor activity, exploration and nowvelty-seeking
behaviors

One consistent hallmark effect of microinjections of DA
and DA receptor agonists into the NAS is heightened
locomotor activity [120,121,196-198,245]. According to
the present hypothesis, animals exhibit heightened locomo-
tor activity after intraaNAS injections of DA agonists
because the manipulations facilitate approach-investigation
processes as described in Fig. 4. Thus, depending on
environmental conditions, the stimulation of NAS DA may
arouse different responses. In typical locomotor activity
chambers, without any specific objects with which animals
can interact, such manipulations might simply stimulate
rearing and digging (if there is some bedding) and forward
locomotion (e.g., Refs. [40,253]). Accordingly, the effects
of DA agonists may be better characterized as elevations
in general exploration rather than general motor activity. In
other situations, the same manipulations may facilitate
other types of approach tendencies such as conditioned
responses in operant tasks [32,126,261,306] and invigo-
rated preparatory responses in the presence of sexua cues
[62,63].

In contrast to agonist treatments, intra-NAS injections
of DA receptor antagonists [3,112] or NAS DA depletion
by 6-OHDA [61,69,134,208] can reduce locomotor activ-
ity. However, the magnitude of this hypoactivity effect is
dependent on testing conditions [61,257]. The present hy-
pothesis provides the following explanation. When animals
are tested in an environment with salient stimuli (e.g.,
novel stimuli and incentive stimuli), the control animals
would exhibit heightened locomotor activity while experi-
mental animals would not readily respond to such stimuli,
yielding reductions in their activity levels. However, the
hypoactivity effects would not reflect general locomotor
deficits (see also Section 6.2), but rather, failures to facili-
tate approach responses in the presence of salient environ-
mental stimuli.

The present theoretical perspective is consistent with
the view advocated by Bardo et al. [9] that the meso-accu-
mbens DA system is involved in novelty-seeking behavior.
Moreover, intraNAS injections of DA antagonists may
abolish novelty-induced hyperactivity, while having no
effect on genera activity [103]. However, the issue of
whether NAS DA-depleted rats exhibit exploratory deficits
needs additional evaluation. Some have found exploratory
deficits [69,195,208,257], while others have not [279,292].
The discrepancy may be attributed to differences in the
areas lesioned [292]. Indeed, those studies that failed to
find such effects appear to have lesioned the dorsomedial
NAS (i.e., the core) based on the sterectaxic coordinates
provided. Recent studies support differential DA dynamics
in different sub-regions of the NAS. An increased trans-
mission of NAS DA, particularly in the shell, was ob-
served during initial exploration of novel areas while a
slower response was evident within the core region [202].
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6.2. Food consumption

Modulations of NAS DA transmission may influence
food consumption, but such effects may be mediated indi-
rectly by modulation of approach processes. Phillips et al.
[190] examined effects of intra-NAS injections of the D1
agonist, SKF 38393, the D2 agonist, quinpirole, and com-
binations of these drugs on both locomotor activity and
food intake at the same time. They reported that these
treatments, particularly the combination of these drugs,
produced increases in locomotor activity while not influ-
encing food consumption. As shown in Fig. 2, lkemoto
and Panksepp [112] reported that blockade of NAS DA
receptors impaired instrumental approach responses main-
tained by sucrose reward but not the consumption of
sucrose reward. On the other hand, some studies have
reported that intra-NAS injections of high doses of b-
amphetamine reduce food consumption [8,39,60], while
administration of the DA antagonist, haloperidol, into the
NAS can increase food intake in food-deprived rats [7].
Again, the discrepancies in the above studies could be
potentially explained by the competitive tendencies be-
tween anticipatory and consummatory behaviors in the
various experiments, and only detailed neuroethological
studies can resolve such issues.

NAS DA depletion produced by 6-OHDA does not
result in feeding deficits as indicated by 24-h food intake
or body weight [90,109,128,134,208]. Thus, long-term reg-
ulation of food intake is not controlled by NAS DA.
Although severe aphasia and adipsia are produced by
much more extensive brain depletion of DA [251,269,313],
such effects are probably due to global sensorimotor deficits
from massive brain DA depletion and /or selective damage
of the ventrolateral striatum [220].

It appears that modulation of NAS DA transmission
changes the ways animals interact with their environment.
The study by Koob et al. [134] documented an apparent
competitive tendency between consummatory and locomo-
tor response in intact and DA-depleted animals. When the
rats were food-deprived and placed for 30 min in a novel
environment, NAS DA-depleted rats consumed more food
than controls. These DA-depleted rats also exhibited a
lower level of locomotor activity than controls. On the
other hand, when a 2-h period, instead of a 30-min period,
was given for food consumption in the same environment,
there was no difference in the amount of food consumed
between the two groups of rats. Moreover, after a few days
of exposure to daily 30 min food in atest cage, the control
animals consumed as much food as lesioned rats. These
results suggest that it is not that 6-OHDA rats eat more but
that control rats eat less in an unfamiliar environment, and
they need to get accustomed to the novelty before feeding
returns to normal in those environments. Furthermore, it
should be noted that locomotion per se may not be the
behavior that is competing with feeding in an unfamiliar
environment [61]. The most straightforward idea appears to

be that an unfamiliar environment triggers a set of investi-
gatory responses and perhaps mild fear which competes
with consummatory tendencies. It makes good sense from
a functional point of view that animals need to evaluate
unknown environments by first exhibiting investigatory
behavior before settling down to eat. In summary, it
appears that low DA transmission in the NAS diminishes
such exploratory responses.

6.3. Conditioned reinforcement

The conditioned (or secondary) reinforcement paradigm
appears to capture the essence of NAS DA functions.
When neutral stimuli are paired with unconditioned stim-
uli, the neutral stimuli become conditioned stimuli. Sec-
ondary reinforcement is typically evaluated by operant
behavior reinforced by presentation of conditioned stimuli.
Mere presentation of secondary reinforcers without any
primary reward can facilitate instrumental conditioning.
Systemic administration of DA agonists can enhance such
responding for conditioned stimuli [96,206]. The typical
protocol described by Robbins and Everitt [208] is as
follows: Initially, thirsty rats are trained to lick water from
a dipper hidden behind a panel. A brief light stimulus and
a mechanical noise (conditioned stimuli) always signify
the availability of the water dipper. Thus, panel presses
following these stimuli always produce access to water.
When the rat learns the relationship between the condi-
tioned stimuli and the water availability, the second phase
begins. In this phase, two levers are provided in the test
chamber. Pressing one of the two levers results in the
presentation of the conditioned stimuli, and pressing the
other lever has no programmed consequence. Access to the
unconditioned stimulus (i.e., water) is no longer available
in this phase. Normal rats readily acquire operant re-
sponses that produce the presentation of conditioned stimu-
lus. In contrast, NAS DA depletion abolishes the efficacy
of such conditioned reinforcers [208]. Conversely, intra-
NAS injections of DA agonists amplify the effects of such
secondary rewards [32,126,261,306], while injections of
DA agonists into other DA terminal regions are not effec-
tive [32,126]. This enhanced responding for conditioned
stimuli cannot be attributed to a genera hyperactivity
produced by increased transmission of NAS DA. Respond-
ing on the control lever is relatively unaffected by the
DA-agonist treatments, and non-contingent pairing of con-
ditioned stimuli does not support such operant behavior
[32,126,261]. Furthermore, intraNAS injections of DA
receptor antagonists or 6-OHDA treatments attenuate the
enhanced responding for conditioned stimuli induced by
systemic amphetamine [260,306].

Another key finding from conditioned reinforcement
studies is that NAS DA-depleted rats that do not readily
respond for the conditioned stimuli still exhibit vigorous
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panel -press responses for the primary reward [208]. These
findings are consistent with the proposed interpretation of
NAS DA functions that NAS DA transmission plays a
critical role in invigorating flexible approach responses
that remain to be integrated into habit processes. In other
words, the behavioral invigoration effect of secondary
reinforcers may operate through conditioned facilitation of
incentive stimuli on DA transmission. This suggests that
NAS DA may not be necessary for expression of well-
established conditioned responses that are generated by
established habits. This aspect of the hypothesis is further
supported by findings from hoarding research.

6.4. Hoarding

Rats exhibit hoarding behavior, defined as taking food
to another location (often a home area) for later consump-
tion. It has been shown that disruption of DA transmission
produced by intraNAS injections of 6-OHDA [128] or
hal operidol [163] disrupts hoarding behavior. Since disrup-
tion of NAS DA transmission does not affect consumma-
tory motivation for food (see Section 6.2), thus, the disrup-
tion in hoarding cannot be explained by consummatory
motivational deficits.

Whishaw and Kornelsen [283] employed ibotenic acid
lesions of the NAS, which results in more extensive,
non-specific neural destruction. Such lesions also disrupted
hoarding, but spared food-carrying behavior, taking food
to a safe place for immediate consumption [283]. Thus,
deficits in hoarding cannot be explained by general motor
deficits either. Whishaw and Kornelsen [283] suggested
that NAS neura processes are involved in inducing re-
sponses that do not immediately precede consummatory
feeding. This suggestion is consistent with the present
hypothesis that NAS DA transmission plays a critical role
in invigorating flexible approach responses, while destruc-
tion of NAS DA transmission should not disrupt habitual
responses in familiar environments.

6.5. Response allocation paradigm

Another informative paradigm is called the response
allocation procedure developed by Cousins et al. [47,48]
and Salamone et al. [221]. The results obtained with this
measure appear to indicate that disruption of NAS DA
transmission cannot be easily explained by a simple deficit
in motoric abilities, consummatory motivation or simple
incentive salience. In this paradigm, hungry rats are given
two types of food access opportunities in a test chamber.
Rats can eat regular chow on the floor, and they can also
earn a more palatable food pellets by pressing on a lever.
Under such conditions, food-deprived rats typically re-
spond vigorously to earn food pellets and hardly eat any of
the food on the floor. However, disruption of NAS DA

transmission produced by intra-NAS injections of hal operi-
dol or 6-OHDA markedly decreases operant responses for
food but increases the consumption of the freely available
food [221]. This effect is site-specific: DA depletion of the
dorsal striatum has no reliable effect on the pattern of
feeding, while DA depletion of the ventrolateral striatum
reduces both lever-press responses and free food consump-
tion [47]. Furthermore, this effect may also be due to
disrupted DA transmission in the core rather than the shell
[239].

It is difficult to account for this pattern of results on the
basis of traditional views of NAS DA function (i.e., motor,
pleasure, and simple incentive motivation deficits). The
present hypothesis may provide a straightforward explana-
tion for the effects. Food delivery requiring severa re-
sponses on a lever depends more on the flexible approach
response system than does simply consuming food from
the floor.

6.6. Learning motivated by food reward

Findings from several runway foraging paradigms aso
suggest a role of NAS DA in the formation of incentive
properties to environments but not in the expression of
already acquired incentives. In an eight-arm maze foraging
paradigm, Floresco et al. [70] found that intra-NAS injec-
tions of haloperidol disrupt free foraging performance but
not delayed win-shift foraging. The delayed win-shift test
consists of two phases. Firdt, rats are given a chance to
collect food pellets from four arms, while entry to the
other four arms is blocked. In the second phase, al arms
are open, but only those arms that had been blocked in the
first phase are baited. Efficient performance on the task
requires rats to remember what has happened in the first
phase and to choose the four arms that they have not
visited earlier in order to collect food pellets most effi-
ciently. Intra-NAS haloperidol injections just prior to the
second phase do not affect the performance of this task,
suggesting that NAS DA transmission is not involved in
memory-retrieval processes, incentive salience-retrieval,
consummatory motivation or motor performance. On the
other hand, the same manipulations disrupt free foraging
performance, in which rats need to collect food pellets
most efficiently from eight arms, of which only four arms
are baited.

The lack of effects of intraaNAS injections of haloperi-
dol on this delayed win-shift foraging strategy is not easy
to interpret from most other perspectives. The present
hypothesis interprets the finding, that once the integrative
processes for incentive stimuli are formed in a specific
context, normal NAS DA transmission is no longer re-
quired to mediate incentive-mediated behaviora actions,
particularly if tasks have been overlearned and are per-
formed in familiar, fixed environments. On the other hand,
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if NAS DA transmission is disrupted at the time such
integrative processes are occurring, foraging tendencies
should be markedly disrupted, and they are.

Indeed, NAS DA depletion can impair much simpler
foraging tasks. Rats with NAS DA depletion take signifi-
cantly more trials to consistently choose one of two arms
for food reward in a simple ‘ T'-maze [256]. Furthermore,
when the baited arm is reversed, lesioned rats again take
significantly longer to consistently reverse their behavior.
Similar effects were reported in rats with ibotenic acid
lesions of the NAS [5]. Again, these results cannot be
explained by consummatory motivational deficits (Section
6.2). The results are explicable if NAS DA helps mediate
learning the relationship between unconditioned stimuli
and the environments in which consummatory responses
take place. Thus, even though animals are physically capa-
ble of performing tasks, animals do not efficiently perform
tasks that require integration of incentive information from
prior trials.

6.7. Sexual behavior

As previously discussed, decreased NAS DA transmis-
sion appears to disrupt flexible approach responses that are
triggered by dynamic environmental stimuli that usually
instigate and guide behavior but not those behaviors that
are triggered by proximal consummatory objects per se.
Although sexual behavior has not been studied as exten-
sively as ingestion-related behaviors, a complementary
picture has emerged. Disruption of NAS DA neurotrans-
mission produced by intraNAS injections of 6-OHDA or
DA antagonists compromises the anticipatory phase of
male sexual behavior as well as sexual arousal as indicated
in latencies for mounting and intromission, sex-cue-in-
duced penile erections, anticipatory locomotor activities,
and lever-pressing for sexual opportunities. The same ma-
nipulations have comparatively little effect on consumma-
tory aspects of sexual behavior (i.e., the acts of mounting,
intromission, and ejaculation) [62,142,186]. Conversely,
enhanced NAS DA neurotransmission induced by intra
NAS injection of low doses of p-amphetamine facilitates
such anticipatory aspects of sexual behavior [62,63].

This pattern of effects of NAS DA manipulations is
evident in female rats as well. Selective DA depletion in
the NAS produced by 6-OHDA disrupts the appetitive
phase of sexua behavior including hopping, darting and
ear-wiggling in female rats, while preserving normal ex-
pressions of the consummatory lordotic behavior [207].
These results nicely complement findings from ingestion
research, further affirming that NAS DA transmission
plays an important role in facilitating species-specific
preparatory approach-seeking responses triggered by salient
distal stimuli. These studies were conducted in sexually
naive rats, and it would be expected that as rats become
experienced in sexual interactions, particularly with the

same partners in a single environment, depletion of NAS
DA may produce less and less disruptive effects on sexual
behavior.

6.8. Active avoidance

The limited information that is available for active
avoidance also suggests involvement of NAS DA in that
behavior. Wadenberg et al. [273] reported that microinjec-
tions of sulpiride, a D2 antagoni<t, into the NAS severely
disrupted the performance of shuttle box avoidance re-
sponses to foot shock, while injections into the caudate—
putamen, prefrontal cortex, or amygdala had little or no
effect. Similarly, McCullough et al. [154] reported that
NAS DA depletion produced by 6-OHDA disrupted lever-
press avoidance responses to foot shock, although animals
displayed significant improvement in avoidance over sev-
eral days. On the other hand, Koob et al. [135] reported
that DA depletion of neither the NAS nor the caudate—
putamen had much effect on shuttle avoidance acquisition.
However, DA depletion of both the NAS and caudate—
putamen completely abolished acquisition of avoidance.

These results suggest that NAS DA plays some role in
avoidance processes. The lack of consistent effects of
either NAS or caudate—putamen DA depletion aone sug-
gests that the rest of the nervous system can compensate
for the unitary loss of the respective mechanisms con-
trolled by these regions. However, the loss of both mecha
nisms does not appear to be compensated. The discrepancy
between the McCullough et a. [154] study and the Koob et
al. [135] study may be due to differential lengths of
recovery following DA depletion. The McCullough et al.
[154] study allowed only 2 days of recovery before testing,
while the Koob et al. [135] study permitted 10-24 days
before testing. The Wadenberg et al. [273] study started
testing immediately after the active interruption of NAS
DA transmission, which alowed no time for the brain to
compensate for lost functions.

Moreover, there are substantial differences in avoidance
tasks among the studies. The animals in the Wadenberg et
al. study had to rely on unpredictable environmental cues,
whereas the animals in the McCullough et a. study and the
Koob et al. study were provided with internal temporal
cues, i.e., animals were shocked on a fixed interval sched-
ule. Perhaps responses controlled by internal cues are not
as dependent on normal NAS DA transmission [122] as
responses controlled by environmental cues. Also, the
McCullough et a. study employed lever pressing as the
avoidance response, which requires an extensive period of
training to become a stable habit. On the other hand, the
Wadenberg et a. study and the Koob et a. study employed
simple locomotion, which requires little training for orien-
tation and forward movement in the right direction. Al-
though the role of these discrepancies cannot be resolved
without additional studies, the patterns suggest that com-
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pensatory mechanisms, as well as the specific tasks that
animals need to perform, need further investigation.

The studies performed by Jackson et a. provide addi-
tional information on the role of NAS DA in avoidance
performance. Systemic treatments of the catecholamine
biosynthesis inhibitor, alpha-methyl-p-tyrosine, diminished
active avoidance task; however, intraNAS injections of
DA restored active avoidance responses in a dose-depen-
dent manner [28,29,119]. An important implication of these
studies is that NAS DA is not only involved in approach
responses acquired and maintained by rewards but also
avoidance (i.e., approach to safely) maintained by aversive
stimuli.

6.9. Latent inhibition

Findings from latent inhibition paradigms also support
the role of NAS DA in incentive learning functions within
aversive contexts. When a novel conditional stimulus such
as alight is paired with an unconditioned stimulus such as
foot shock, an association between the environmental stim-
ulus and the unconditioned stimulus is formed very rapidly.
For example, if an animal receives an aversive foot shock
that is preceded by an unfamiliar light cue, subsegquent
presentation of the light will rapidly result in an avoidance
response or disruption of some ongoing behavior. On the
other hand, when a very familiar stimulus is paired with
the same unconditioned stimulus, animals do not readily
make an association between the conditional (to-be-condi-
tioned) stimulus and the unconditioned stimulus. In other
words, stimuli to which animals have been habituated do
not become conditioned stimuli as readily as do novel
stimuli. This attenuated capacity of familiar stimuli to
produce conditioning effects with unconditioned stimuli
cdled latent inhibition (for reviews, see Refs. [86,87,
240,275,276)).

We do not think that NAS DA is involved directly in
processes for detecting novel environment cues. But when
non-NAS DA systems detect ‘novelty’, they may in turn
arouse NAS DA transmission, while familiar stimuli are
not able to do this. Consistent with this is the finding that
the mere presentation of novel stimuli can arouse VTA
neuronal activity and selectively increase extracellular NAS
DA release in the NAS, while familiar stimuli cannot
[144,311]. Our hypothesis aspires to explain why novel
stimuli are more effective than familiar ones in producing
conditional relations between unconditioned incentive
stimuli and environmental cues: We propose that it is
because of the heightened facilitation in NAS DA trans-
mission produced by novel stimuli. Indeed, systemic ma-
nipulations of DA systems are consistent with this idea.
Systemic administration of haloperidol enhances latent in-
hibition [182], while systemic administration of p-amphe-
tamine disrupts latent inhibition [129].

However, some controversia findings are also evident
among the available studies. For instance, in agreement

with our hypothesis, it has been reported that disruption of
DA transmission by intra-NAS injections of haloperidol or
6-OHDA enhanced latent inhibition (Peters et al. cited in
Ref. [86]). Likewise, Solomon and Staton [241] reported
that increased NAS DA transmission by intra-NAS injec-
tions of pb-amphetamine facilitates the associative learning
between a familiar cue and an unconditioned stimulus. On
the other hand, Killcross and Robbins [129] reported a
failure to replicate the disruption of latent inhibition by
intraaNAS injections of p-amphetamine, while they did
find that systemic injections of p-amphetamine did pro-
duce disruptions.

Gray et al. [87] argue that multiple injections of D-
amphetamine are needed to induce the disruption of latent
inhibition by intracNAS injections of p-amphetamine. If
systemic injections of p-amphetamine, which have not
been associated with any stimuli, thereby not having af-
fected latent inhibition, precede intra-NAS injections of
D-amphetamine that is administered during the condition-
ing phase, the intraaNAS injections of p-amphetamine do
disrupt latent inhibition. Thus, it may be that the DA
system needs to be ‘sensitized’ by p-amphetamine prior to
intracNAS injections of p-amphetamine. Weiner and Fel-
don [276] and Weiner et a. [277], on the other hand,
attributed the inconsistent results reported by Killcross and
Robins [129] to the anatomical differences: the NAS shell
vs. core. Weiner et al. [277] found differential effects of
electrolytic lesions of the shell and core; particularly,
electrolytic lesions of the shell, but not of the core, abol-
ished latent inhibition. It appears that additional studies are
needed to resolve this ongoing controversy.

7. Issues and implications

Considering the well-accepted role of DA imbalancesin
the genesis of schizophrenia and obsessive—compulsive
disorders, the present views should have implications for
those types of psychiatric disorders (e.g., Ref. [83]). In-
deed, the development and solidification of human belief
system (as well as core delusions) may be promoted by the
functional dynamics of these NAS DA meaning-construc-
tion mechanisms [174]. Because the clinical issues are not
directly relevant to the present coverage, those dimensions
of the present theoretica views will not be discussed
further. However, because of their more direct relevance,
we would briefly focus on certain subjective issues related
to NAS DA manipulations as well as the potential implica
tions of these ideas for substance abuse problems.

7.1. Subjective effects

How do subjective experiences play arole in mediating
the rewarding effect of NAS DA? Does the stimulation of
NAS DA release have anything to do with pleasure or
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euphoria? It would be important to have an extensive
discussion on this, since NAS DA has been touted as a
pleasure molecule for the public [168]. As individuals,
each of us knows how important subjective experiences
arein pursuing our lives. Y et, behavioral science has yet to
experimentally identify the role of subjective experiencein
the control of behavior. Although it is tempting, scientists
cannot simply assume causal linkages between subjective
experiences and what organisms do. There are many obvi-
ous examples of situations where conscious experience has
no role in the ingtigation of behavioral processes. For
instance, we are typically not aware of the essential indi-
vidual muscle movements involved in throwing or reach-
ing out and catching a ball.

On the other hand, it is undeniable that subjective terms
often seem to have a utility for describing the behavior of
other human as well as, at times, our own behavior. For
example, people commonly repeat certain responses to
obtain objects without any obvious externa instigation,
and claim that they pursue such courses of action because
they bring pleasure or satisfaction. At present, despite the
massive evidence for reward mediation summarized ear-
lier, there is no solid evidence to support the idea that the
activation of the meso-accumbens DA system results in
obligatory affective experiences of pleasure or euphoria
which control behavioral output [16,219,294]. Indeed, the
issue remains so troublesome that most neuroscientists
take pains to avoid the topic atogether. Whether such
central events actually control human and animal behav-
iors remains a controversial issue that will have to be
resolved with better neural conceptions of how conscious
experience might be constituted within the brain and what
role it has in behaviora control, as well as new ways of
triangulating between brain mechanisms, animal behaviors
and human subjective responses [174]).

Recent technological innovations in visualizing brain
activity are beginning to provide important data for under-
standing the relationship between subjective experiences
and the activity of the brain. Breiter et al. [30] studied the
relationship between subjective effects of cocaine and
discrete brain activities using functional MRI. Cocaine is
known to produce its reinforcing effect by blocking the
DA transporter and thereby increasing DA at synapses in
the brain, particularly in the ventral striatum, including the
NAS. They found that the activation of the ventral striatum
is correlated with both subjective experiences of euphoria
and craving that occurs during the phase-out of cocaine
administration. Interestingly, craving was better correlated
with ventral striatal activity than euphoria. An important
point to keep in mind in this kind of research is that the
causal relationship between such subjective experiences
and actually working for drugs presently still remains
uncertain. Indeed, a recent study by Berns et a. does not
support such a causal linkage.

Berns et al. [14] reported a dissociation between the
activity of the ventral striatum and subjective awareness.

In their study, the blood flow in the ventral striatum was
found to correlate well with the detection of novelty.
While being monitored by PET scan, human subjects were
asked to touch a numbered key that appeared on a com-
puter screen and to perform on a series of numbers consec-
utively. There was a pattern in which the numbers ap-
peared, but the task was sufficiently implicit that subjects
were not aware of the contingencies. After subjects were
trained on this task, a novel sequence was introduced.
When subjects had to touch numbered keys with the novel
seguences, an increased blood flow was detected in several
limbic—cortical regions, with ventral striatal arousal being
most marked; i.e., the increased blood flow in the ventra
striatum was correlated only with the introduction of a
novel sequence of numbers; however, when asked, sub-
jects were not aware of the novelty. An important aspect of
this report is that some regions of the brain including the
NAS may respond to environmental changes even if the
activity of these regions is not reflected in awareness.
Thus, it remains quite a challenge to define any causal
relationship between subjective experiences and the objec-
tive behaviors that both animals and humans exhibit.

Furthermore, Berridge and Robinson [16] reported that
6-OHDA lesions of the striatal complex including the NAS
do not affect the way in which animals respond to highly
palatable ‘hedonic’ food. Thus, their paradigm also sug-
gests that ascending DA systems are not necessary for
simple hedonic (consummatory pleasure) processes. The
data of Ikemoto and Panksepp [112], as discussed in
Section 2.2 (Fig. 2), are also not consistent with the idea
that NAS DA plays a critical role in generating such
experiences. The disruption of NAS DA transmission by
DA antagonists did not affect the consumption of sucrose
solutions, while having strong effects on instrumenta re-
sponses maintained by the sweet reward. This pattern of
results is not consistent with a simple notion that subjec-
tive pleasure experience is mediated by NAS DA. Had
there been such a linkage, it would have been expected
that the consumption of the reward as well as the vigor of
the instrumental responses might decline in a similar man-
ner. Most difficult of all for any type of hedonic interpreta-
tion of NAS DA arousdl, it is simply not conceivable how
increased extracellular NAS DA during the presentation of
aversive stimuli is to be explained in that context, unless it
is strictly related to shock offset.

The above lines of evidence simply do not support the
idea that the activation of the meso-accumbens DA system
produces simple pleasure or satisfaction experiences that
are widely assumed to accompany consummatory behav-
iors and by some are assumed to be essential for animals
to exhibit instrumental responses. This is not to say,
however, that there are no relationships at al between
NAS DA and subjective experiences. It is certainly reason-
able to hypothesize that the activity of the NAS may
participate in conscious experience, particularly when NAS
activity is rapidly and markedly heightened.
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Fig. 6. Conscious experience in relation to stimulus—response processes
of the CNS. All of the models accept the assumption that consciousnessis
based on the CNS activity. Model A depicts a linear relationship among
Sensory, motor and CONsCious Processes: Sensory processes activate con-
scious processes, which in turn generate motor processes. This unlikely
model assumes that subjective experience has total control over behav-
ioral outputs. Model B depicts conscious experience as an epiphenomenal
reflection of higher CNS processes with no causal effects on behavior.
From a psychological point of view, since we do have subjective experi-
ences, conscious experience must exist, and from an evolutionary per-
spective, it is likely to have some survival advantages. Therefore, it is
reasonable to suppose that subjective experience should interact with
ongoing subconscious processes to modify behavioral outputs, but no
empirical demonstration of how this occurs in the CNS has yet been
provided. Model C illustrates the type of flow of control that should exist
if conscious experience within the brain does modulate behavioral output.

To highlight some possihilities, Fig. 6 depicts the possi-
bilities we must consider when we discuss such issues:
The most problematic remains the role of conscious phe-
nomena in the control of behavior. Namely, do conscious
experiences have any absolute control over complex be-
haviors (Fig. 6A) or are they mere epiphenomenal reflec-
tions of the CNS activity (Fig. 6B)? Alternatively, might
conscious experience not only arise from brain activities
but also participate in changing those activities, so as to
partially mold certain behaviora outputs (see Fig. 6C)? In
our estimation, and in agreement with other concerned
investigators [52,232], whatever conscious experience is, it
is ultimately reflective of CNS activity, and we believe
that the third option is most likely to be the most accurate
one. Therefore, we might at least entertain some predic-
tions as to what types of conscious experiences might arise
when the extracellular DA levelsin the NAS are increased.
As indicated before, we believe that such subjective effects
can only arise from complex and subtle neural interactions
among many brain areas [51,178].

As should be evident from our literature review, the
role of NAS DA is context-dependent. Let us provide
some predictions, taking this context dependency into
consideration: Considering the role of NAS DA in beha
vioral invigoration, mild, moderate and high increases in
extracellular release of NAS DA may be, respectively, as-
sociated with subjective feelings of ‘curiosity,” mounting
‘interest’ and ‘urge’ (as suggested by Panksepp [174)).
Presumably, such subjective states would be present just
prior to consummatory responses in various positively and
negatively valenced contexts. Considering the role of NAS
DA in incentive learning, bursts of extracellular NAS DA
release followed by effective consummatory responses are
likely to be accompanied by a sense of accomplishment
and ‘relief’ in both positive and negative contexts, and
perhaps some variant of ecstatic well-being in positive
contexts. In any event, the simplistic notion, that environ-
mental events or stimuli that can produce heightened NAS
DA release are always experienced as pleasurable, remains
dubious and certainly has not been empirically verified to
the satisfaction of critical observers. Again, let us re-em-
phasize that our discussion here is based on an assumption
that subjective experience can only arise from interactions
among many CNS regions, with some being more critical
than others [178].

7.2. Substance abuse

7.2.1. Drug reinforcement issues

Drugs of abuse comprise a heterogeneous assortment of
substances, each of which has distinct pharmacological
properties, the most relevant of which is their ability to
interact with distinct neuroanatomical systems and specific
receptor types within brain. Despite a large variety of such
initial action sites, recent evidence indicates that most
drugs of abuse eventually do recruit activities in certain
common brain mechanism. As discussed above, extracellu-
lar levels of DA in the NAS markedly increase when
organisms are treated with substances such as am-
phetamines, cocaine, opioids, ethanol, nicotine and can-
nabinoids [34,115,116,184,259,278,301,308]. Indeed, Wise
and Bozarth [300] suggested that rewarding effects of
drugs of abuse are mediated through the neural mecha-
nisms that also mediate approach responses, and that the
meso-accumbens DA system is a component of the com-
mon underlying mechanism. The current hypothesis on
NAS DA function, which isin general agreement with that
thesis, adds additional perspectives and predictions relative
to substance abuse issues, especially since so many drugs
of abuse stimulate NAS DA.

As highlighted in Fig. 3, the role of NAS DA is to
amplify integrative processes for adaptive approach-seek-
ing processes that are triggered and guided by environmen-
tal stimuli. During the initial learning phase of instrumen-
tal behavior (the acquisition phase), NAS DA plays an
important role by forming new incentive relationships to
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environment cues and contexts in which instrumental re-
sponses take place. To review the critical theoretical points:
as animals perfect instrumenta performance (a key compo-
nent of this process being a shift of control from accum-
bens systems to those in the caudate—putamen), NAS DA
may play less and less of a role in instrumental behavior.
In other words, unless there are some new environmental
factors to be incorporated into instrumental performance,
NAS DA may neither be acutely aroused nor essential in
the chain of behaviora control. Although drugs of abuse
continue to elevate NAS DA levels, this may no longer be
as important in controlling the ongoing instrumental be-
haviors of the organism. Rather, the repeated elevation of
NAS DA activity may actually result, through ongoing
psychomotor facilitation effects, in various maladaptive
aspects of drug abuse behavior [55] such as excessive
responses to drug-related cues and paranoid schizoph-
renic-like symptoms.

Thus, the present view of NAS DA function generates
the following hypothesis: When drug-seeking behavior is
repeated and comes to be an established habit in a fixed
environment, NAS DA transmission is no longer essential
to express instrumental responses for the drug since the
habit approach system can guide organisms to drugs. In-
deed, our preliminary data indicate that although 6-OHDA
lesions of the ventral striatum attenuate the acquisition of
ethanol self-administration, the same manipulation has lit-
tle effect on animals that have already developed the habit
of ethanol self-administration prior to the imposition of
lesions [109]. Likewise, it has been reported that the
acquisition of a conditioned place preference with mor-
phine or heroin administration to naive rats is disrupted
severely by 6-OHDA lesions of the NAS and intra-NAS
injections of DA antagonists [236,242], but such effects
have yet to be contrasted with stable maintenance effects.
As discussed above, in animals that have already acquired
self-administration of opioids and ethanol, 6-OHDA le-
sions of the ventra striatum have very little effect on
self-administration [58,64,78,109,183,201]. These effects
now need to be contrasted to the acquisition of self-admin-
istration behaviors and the present hypothesis suggests that
the acquisition of al forms of drug self-administration
behavior will be reduced with NAS DA damage. This
hypothesis may even be extended to human drug abuse.
Once a drug intake habit is established (i.e., as one has
becomes addicted), NAS DA is no longer needed to sus-
tain such habits.

To support the hypothesis mentioned above, we should
be able to account why DA depletion of the ventra
striatum with 6-OHDA severely disrupts the self-adminis-
tration of psychostimulants that have been acquired prior
to lesion placement [33,78,145,183,212,213]? Let us pro-
vide an alternative hypothesis. The straightforward, estab-
lished explanation is that the psychologically rewarding
effects of psychostimulants are largely mediated by DAer-
gic mechanisms within the ventral striatum. To do this, we

need to introduce an important conceptual distinction be-
tween effects that are mediated vs. those that are initiated.
We propose that the ventral striatum does not mediate but
only initiates the rewarding effects of psychostimulants. At
atrivial level, it should be obvious that the ventral striatum
alone is not sufficient to mediate such effects, which must
be dependent on a variety of other CNS mechanisms.
However, at a more substantive level, we would argue that
DA in the NAS may be little more than the initial link in a
cascade of brain effects that constitute ‘DA reward. Be-
cause 6-OHDA destroys the very cytoarchitectural mecha-
nisms that initiate the critical cascade of effects of psy-
chostimulants, administration of psychostimulants no
longer initiates rewarding effects.

According to this view, any of a variety of substances
that can locally arouse the NAS DA system or the flexible
approach system should be self-administered readily into
the brain, even though global effects of such agents via
systemic or intraventricular routes might not support self-
administration behaviors. Such an idea is supported by
recent findings using intracranial self-administration tech-
niques utilizing substances without apparent abuse poten-
tial. The modulations of several neurotransmitters (e.g.,
acetylcholine and GABA) which converge on the meso-ac-
cumbens axis can, in fact, serve as powerful reinforcers
[54,80,106,110,111]. Such arole of other neurotransmitters
in mediating the behavioral consequences of apparent drug
reward effects is often underemphasized, perhaps because
systemic manipulations of those neurotransmitters do not
typicaly have any apparent reinforcing effect in either
humans or animals, while the more direct DA stimulants
readily do. The detailed mechanisms of neural circuitries
that mediate such effects and how they operate in natural
situations remain to be worked out, but may have impor-
tant implications for the control of drug abuse.

7.2.2. Drug reinstatement issues

Currently, only a handful of studies have actually exam-
ined the role of NAS DA evauating direct manipulations
on reinstatement behaviors. Despite the paucity of data,
however, the meso-accumbens DA system is commonly
thought to play an important role in reinstatement of drug
self-administration (see Ref. [233]), especialy since the
meso-accumbens DA system now appears to be widely
believed to be involved in the direct mediation of incen-
tive motivation [214,249]. Indeed, systemic treatments of
DA agonists can reinstate self-administration of cocaine
and heroin in animals that have been subjected to extinc-
tion [302]. More importantly, intraaNAS injections of D-
amphetamine also reinstate heroin self-administration after
extinction [250]. Since we have proposed that NAS DA is
not involved in retrieval of incentive properties of specific
environments, such findings may be deemed contradictory
to the present hypothesis. However, they are not. Accord-
ing to our hypothesis, animals reinstate such self-adminis-
tration behavior because the activation of NAS DA recep-
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tors facilitates flexible approach responses; i.e., reinstated
behavior is not due to the retrieva of incentive stimuli but
due to a generalized arousal of goal-directed responses in
an animal’s behavioral repertoire which have been previ-
ously directed toward uncertain outcomes (i.e., flexible
responses).

Our hypothesis appears to be supported by a recent
antagonist study. McFarland and Ettenberg [156] initially
trained animals to produce an instrumental response for
heroin reward given conditioned stimuli but no uncondi-
tioned stimuli. After establishing reliable responding, ani-
mals were subjected to an extinction procedure without
providing the conditioned stimuli (This treatment is impor-
tant to retain incentive properties of the conditioned stim-
uli.). When animals were presented with the conditioned
stimuli, the animals reinstated responses equally well
whether or not pretreated systemically with haloperidol.
This result is consistent with our hypothesis that NAS DA
is not necessary for retrieving incentive properties out of
environmental stimuli, while a simple incentive motiva-
tional hypothesis of reinstatement does not appear to be
able to provide a viable explanation for this finding.
However, it has yet to be determined whether direct ma-
nipulation of NAS DA with antagonists can also provide
similar results as the systemic manipulations.

7.3. More predictions

To be useful, theoretical views should help us to interre-
late diverse observations and to provide conceptual frame-
works from which new predictions can be derived. The
present conceptual framework does lead to a variety of
new hypotheses and empirical perspectives. In addition to
ones aready discussed in the course of this review (see
Sections 4.4, 6.7, 7.1 and 7.2), we would share several
additional ones which, to our knowledge, remain to be
evaluated.

(1) Since rats normally forage for food, we would
predict that animals freely exploring an open field (with
lots of interesting objects) or a holeboard, where treats are
randomly placed in different holes each day vs. predictable
holes, there would be characteristic investigation-related
changes in the activity of VTA-DA projecting the NAS.
Our hypothesisis that in a holeboard, each investigation of
a hole would be accompanied by more VTA bursting and
NAS DA release, more so when the placements of rewards
are unpredictable than when they are predictable. Like-
wise, in the open field, bursting would occur whenever
animals encountered new aobjects. Finally, when animals
are consuming small treats, the DA arousal should be
linked most tightly to the brief foraging segments that are
interspersed between successive consummatory acts. In
other words, active foraging—searching would be systemat-
ically related to neurona activity in the meso-accumbens
DA system.

As a corallary to this, we would predict that facilitation
of NAS DA activity will promote foraging in such situa-

tions, as well as more structured operant situations where
animals are working on various schedules of reinforce-
ment. For instance, we would especially predict that facili-
tation of DA in the NAS would increase fixed ratio (FR)
‘strain’ for all rewards. In other words, as one gradually
increases the FR requirements, animals with heightened
NAS DA activity should go to higher ratio levels while
those with lower than normal activities would terminate
responding at lower levels. (Note: We can happily report
that since the submission of this paper, this prediction has
been confirmed in a recent report by Aberman and Salam-
one [2].)

(2) Disruption of NAS DA arousal should retard the
acquisition of place-preference conditioning with any re-
ward that would normally produce place conditioning.
However, if place preferences have had aready been
well-established, these same NAS DA manipulations
should have more modest effects on the expression of the
behavior. Moreover, the present hypothesis makes novel
predictionsin place-aversion conditioning as well: disrup-
tion of NAS DA transmission should retard acquisition
conditioning with most stimuli that would normally pro-
duce place aversions. On the other hand, once place aver-
sions have been established, they should again be influ-
enced more modestly by those manipulations.

(3) Since arousal of brain DA in aversive environmental
circumstances is seen to be an essential component for
adaptive avoidance (approach to safety), it would be pre-
dicted that in learned-hel plessness paradigms, experimental
animals (i.e., the helpless ones) would exhibit less NAS
DA release than controls (i.e., the animals that had control
over the negative events). Of course, all animals may
exhibit initially high DA release while they are searching
for avenues of safety. The low DA levels should only
gradualy emerge in the helpless animals as they stop
seeking solutions to their dilemma.

A variety of other predictions could be made, and have
been made throughout this paper. To the extent that such
predictions hold, the present view can be empirically con-
firmed. To the extent that they do not, the present views
can be disconfirmed.

8. Coda: the function of NAS DA and beyond

As should be evident from this review, a massive
amount of perplexing evidence is now encouraging investi-
gators to utilize more subtle concepts than those that have
been used before — in the present case to envision the
meso-accumbens DA system, along with closely related
brain systems, as a generalized approach-seeking system
that was designed by evolution to allow organisms to
generate efficient goal-directed activities in response to a
large number of positive and negative incentives. Through
experience, this system can become increasingly oriented
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toward the pursuit of positive incentives or toward the
aleviation of negative ones. In short, NAS DA is a brain
component that allows organisms to rapidly orient atten-
tional resources to novel events, to extract ‘meaning’ from
these sensory experiences and to energize a unique class of
investigatory and appetitive approach responses to a great
variety of biologically important environmental events.

The view advocated here is based on the simple recog-
nition that animals subsist in unpredictable worlds and that
their brains have to create predictable meanings from the
relationships among those events. In sum, it would seem
that the meso-accumbens DA system is (i) designed to
respond to novelty, (ii) able to focus the animals’ sensori-
motor apparatus into approach, seeking and investigatory
activities directed toward those novel events, especidly if
they are related to rewards, and (iii) if some of those
events are life-supporting or life-threatening, to sustain the
aforementioned response tendencies toward predictive en-
vironmental cues on future occasions. In other words, we
envision NAS DA to be a central component in the
dynamic creation of value-laden relational connections
among world events and the generation of invigorated
approach and seeking responses to al types of environ-
mental events that help sustain survival.

Obviously, the only way NAS DA can operate is within
the context of a great number of other specific brain
systems that have not been discussed here in any detail.
For instance, there are those bound to many physiological
influences on this system which alow it to better cope
with environmental exigencies. Some have already been
demonstrated: For instance, social isolation and other forms
of stress modify the arousability of this system [24,125]. It
is easy to imagine that such effects may allow animals to
behave more effectively in a variety of situations. How-
ever, such issues would fall under the category of how
various factors influence the long-term competence of the
NAS DA system as opposed to what are the basic behav-
ioral functions of this system. Also, in no way do we
intend to imply that other DA systems do not participate in
closely related brain functions. Most likely, mesocortical
DA systems participate in a harmonious parallel streams of
psychobehavioral control, establishing higher types of be-
havioral priorities that are mediated by the more cognitive
sensorimotor integrations of the cortex.

There is aso a great deal of work left to be done in
characterizing the details of NAS DA functions. How the
NAS DA components interact with other critical brain
systems remains to be fully characterized. Major questions
include: What types of information are actually coming in
from structures that send major afferent inputs to the
NAS? In particular, what are the functional roles of gluta-
mate inputs arising from hippocampus, amygdala, thala-
mus and the prefrontal cortices? What is the nature of the
interactions among these inputs and NAS DA to how they
influence GABAergic projection neurons of the NAS?
What do the various NAS efferents contribute to the many

structures in which they terminate (Fig. 1)? Indeed, some
are aready expending substantial efforts on such questions
(e.g., Refs. [124,209)]), and these types of research are
bound to remain as major focuses of behaviora neuro-
science during the next decade.

Our conceptual approach here has been to elucidate the
local functions of a well-identified discrete neurochemical
system of the brain in relation to the more global functions
in which they participate. We believe that this psychobio-
logical strategy is a fruitful one, and there are many other
discrete brain systems, both aminergic and peptidergic, for
which this strategy could be deployed.
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