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There are several brain regions that have been implicated
in the control of motivated behavior and whose disrup-
tion leads to the pathophysiology observed in major
psychiatric disorders. These systems include the ventral
hippocampus, which is involved in context and focus on
tasks, the amygdala, which mediates emotional behavior,
and the prefrontal cortex, which modulates activity
throughout the limbic system to enable behavioral flexi-
bility. Each of these systems has overlapping projections
to the nucleus accumbens, where these inputs are inte-
grated under the modulatory influence of dopamine.
Here, we provide a systems-oriented approach to inter-
preting the function of the dopamine system, its modu-
lation of limbic—cortical interactions and how disruptions
within this system might underlie the pathophysiology of
schizophrenia and drug abuse.

Introduction

The physiology of dopamine neurons has been a subject of
investigation for several years. This is as a result of the
known involvement of this transmitter system in a broad
array of behaviors and disorders, ranging from loss of
nigrostriatal dopamine neurons in Parkinson’s disease
[1] to hyperactive dopamine responses in schizophrenia
[2] and the common denominator of this transmitter sys-
tem in the pathologic consequences of drug abuse [3].
Substantial insight into the pathophysiology of these dis-
orders has arisen from electrophysiological investigations
of dopamine neurons, the structures that they modulate
and that regulate them (Figure 1). Recent studies of
the regulation of the dopamine system and its effect on
the integration of information flow provide an important
insight into how these systems interact in a manner that
can most effectively guide behavior towards the goal of
obtaining a reward or reinforcement in the normal indi-
vidual but exhibit disruptions in pathologic states.

Identification of dopamine neurons

The ability to accurately identify dopamine neurons in vivo
by their unique electrophysiological signature has been a
major factor in evaluating the role of this neuron class in
neurologic and psychiatric disorders and their treatment.
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Identification based on numerous criteria, including
antidromic activation from projection sites, loss of spike
phenotype following dopamine-specific lesions, pharmaco-
logic responses that parallel neurochemical measures, and
direct identification by intracellular injection and dopa-
mine-specific staining [4—7]. Using these methods, a unique
electrophysiological waveform was proposed and has been
consistently and reproducibly associated with the dopamine
neuron phenotype in vivo. Moreover, this waveform pre-
cisely reflects the distinctive characteristics of the action
potential recorded intracellularly. Thus, the slow depolar-
ization that triggers spike firing at the distally located initial
segment [8,9] creates variability in the threshold membrane
potential, leading to a highly variable waveform. Further-
more, the significant Ca* component of the action potential
[9] underlies the large negative segment of the waveform.
Thus, the unique membrane properties of the neuron lead to
the distinct waveform that has been linked specifically to
this type of neuron. However, these criteria are totally
dependent on the use of electrophysiological techniques that
enable accurate recording of the unaltered waveform of the
action potential. A recent study, in which dopamine neurons
were indirectly identified by extracellular ejection of neu-
robiotin in the vicinity of a recorded neuron, questioned
these well-established criteria [10]. Unfortunately, the
amplifier filter settings used by these investigators distorted
the electrophysiological signal to such a degree that identi-
fication using standard criteria was virtually impossible.
Indeed, the exceedingly long-duration, triphasic action
potential reported is consistent with gross overfiltering
and is vastly different from the biphasic action potentials
observed with both classical filter settings and differen-
tiation of intracellular waveforms [8]. An additional caution
relates to recordings obtained from immature rats [11], in
which the activity patterns of dopamine neurons [12,13] and
autoreceptors [14] are inconsistent compared with those of
adult rats. Thus, care must be exercised in applying identi-
fication criteria, to appropriately use the volume of work
that has accurately and reproducibly identified this
neuronal class.

Regulation of the activity states of dopamine neurons
Dopamine neurons recorded in vivo are reported to display
three main patterns of activity: an inactive, hyperpolarized
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Figure 1. A summary of the primary components that control firing of dopamine neurons and the systems on which the dopaminergic system acts in the control of goal-
directed behavior. Tonic and phasic activity of dopamine neurons is regulated by inputs from the ventral pallidum and tegmental nuclei (PPTg and LDTg, respectively).
Dopamine, in turn, regulates the interaction of higher-level systems controlling different aspects of behavior within the NAc. The integrated output of these interactions is
then funneled through the ventral pallidal system to limbic and motor control regions. These interactions are shown in detail in subsequent figures.

state; a slow (2-10 Hz), irregular, single-spike or ‘tonic’
firing pattern; and a burst or ‘phasic’ mode [7]. Single-spike
or ‘tonic’ firing is driven by an intrinsic pacemaker poten-
tial [15], similar to how the pacemaker of the heart main-
tains activity in this organ. Burst firing or ‘phasic’ activity
is crucially dependent on afferent input [16,17] and is
believed to be the functionally relevant signal sent to
postsynaptic sites to indicate reward and modulate goal-
directed behavior [18-20]. Accordingly, much research has
focused on the regulation of the firing patterns of dopamine
neurons and mechanisms that lead to the transitions
among these activity states.

In the normal animal, ~50% of all mesencephalic
dopamine neurons are not spontaneously active [15,21],
independent of the state of anesthesia [22]. Indeed, dopa-
mine neurons recorded in vivo are observed to be bom-
barded constantly with high-amplitude GABA-mediated
inhibitory postsynaptic potentials (IPSPs) [23]. Moreover,
studies suggest that the source of the IPSPs is the ventral
pallidum [24,25], a GABA-producing region known to exhi-
bit high levels of spontaneous activity [26]. Therefore, a
subpopulation of dopamine neurons in the ventral tegmen-
tal area (VTA) seem to be held at a constant hyperpol-
arized, inactive state by the ventral pallidum and
inactivation of this structure releases the dopamine
neurons from inhibition and enables them to fire spon-
taneously [25,27]. This spontaneous firing state of
the population of dopamine neurons supplies the stable
baseline level of extrasynaptic dopamine in postsynaptic
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structures and has been termed the ‘tonic’ dopamine state
[20,25]. An important regulatory pathway arises from the
ventral subiculum (vSub) of the hippocampus; thus, acti-
vation of the vSub drives neuronal firing in the nucleus
accumbens (NAc), which, in turn, inhibits the ventral
pallidum and releases dopamine neurons from inhibition
(Figure 2). This circuit has been implicated in the ability of
the hippocampus to modulate novelty-gated information
storage [28].

The transition from irregular single-spike firing to a
burst-firing pattern represents the high-level ‘phasic’ dopa-
mine response [20,25] that has been associated with
reward-related cues [19]. Phasic bursting is dependent
on an excitatory amino acid, because activation of gluta-
matergic afferents or direct microiontophoretic application
of glutamate induces burst firing in dopamine neurons in
vivo [16,25,29]. Furthermore, direct application of competi-
tive NMDA receptor antagonists has been shown to
potently inhibit spontaneous burst firing [30,31]. By con-
trast, glutamate alone is insufficient to mediate burst
firing. Thus, dopamine neurons from mesencephalic slices
obtained from adult rats, in which the afferent input has
been severed, display a regular pacemaker firing pattern
and cannot be made to fire in bursts in response to the
administration of a glutamate agonist or alterations in
membrane potential alone [17,32—-34]. These data suggest
the presence of a permissive afferent ‘gate’ that enables
dopamine neurons to respond to glutamate and initiate
burst firing.
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Figure 2. The activity states of dopamine neurons are regulated by intrinsic and extrinsic factors. Dopamine neurons are known to generate their own activity through a
pacemaker conductance [7]. However, in the intact animal, a substantial population of dopamine neurons is not firing spontaneously, being held in a hyperpolarized state
by GABA-mediated inhibitory inputs from the ventral pallidum. The spontaneous tonic firing state is regulated by the vSub of the hippocampus through excitatory
projections to the NAc, which, in turn, inhibits the ventral pallidum and releases silent dopamine neurons from inhibition, resulting in spike activity. This pathway controls
the tonic baseline state of the dopamine system. By contrast, phasic burst firing, which is believed to be the behaviorally relevant parameter of the activity of dopamine
neurons, is dependent on glutamatergic inputs arising from several areas, primary among these being the PPTg. The ability of the PPTg to elicit bursting, however, is
dependent on a permissive ‘gate’ from the LDTg; only if this ‘gate’ is engaged can the PPTg enable burst firing. These two afferent systems work in concert to regulate
activity states within the population of dopamine neurons, because only neurons that are in a tonic spontaneously firing state can be phasically activated by the PPTg-LDTg

system [25,35].

It was recently demonstrated that a crucial factor
required to enable spontaneous and glutamate-driven
burst firing in vivo was an active input from the latero-
dorsal tegmentum (LDTg; Figure 2) [35]. Thus, inacti-
vation of the LDTg causes the discharge patterns of
dopamine neurons to more closely resemble those observed
in vitro, that is pacemaker firing lacking spontaneous
bursting [35]. Interestingly, neither activation of glutama-
tergic afferents nor direct glutamate iontophoresis can
induce burst firing, either in vitro [17,32—-34] or following
LDTg inactivation [35]. Therefore, these data demonstrate
that a functional input from the LDTg is essential for burst
firing of dopamine neurons in vivo. The neurotransmitter
provided by the LDTg that permits burst firing of dopa-
mine neurons is currently unknown; however, recent data
examining the spontaneous activity of dopamine neurons
in nicotinic acetylcholine receptor subunit knockout mice
have suggested a role for cholinergic transmission. More
specifically, nicotinic acetylcholine receptor B2 subunit
knockout mice exhibit a global decrease in the excitability
of midbrain dopamine neurons [36]. Therefore, the results
of this study parallel those following LDTg inactivation,
that is a global decrease in burst firing of dopamine
neurons.

The LDTg input provides the permissive ‘gate’ that
enables dopamine neurons to respond to a glutamatergic
input with a transition to this behaviorally relevant phasic
burst-firing mode. There are several potential sources for
this glutamatergic input, including the prefrontal cortex
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(PFC), pedunculopontine tegmentum (PPTg) and lateral
preoptic-rostral hypothalamic area [37]. The PPTg is a
glutamatergic—cholinergic region driven by limbic affer-
ents, including the PFC and extended amygdala, and
activated by auditory, visual and somatosensory stimuli
[38]. Moreover, the PPTg has been demonstrated to
directly regulate burst firing of dopaminergic neurons in
the VTA [25,27,39]. Thus, activation of the PPTg triggers a
transition to burst firing in dopamine neurons of the VTA
[25,27]. The PPTg is, therefore, positioned to serve as a site
of convergence, whereby a variety of sensory inputs can
modulate burst firing of dopamine neurons. Indeed, such a
role might be related to the propensity of this region to
control conditioned responses in dopamine neurons in the
VTA [40]. By contrast, in the substantia nigra the gluta-
matergic input from the subthalamic nucleus seems to be
more relevant to engaging burst firing [41].

Because individual afferent inputs to the VTA can
selectively alter the activity states of dopamine neurons,
these pathways are positioned to function in concert to
regulate the output of the dopamine system [27]. Thus,
glutamate-driven burst firing in the VTA occurs only in
dopamine neurons that are already spontaneously active
[25]. Dopamine neurons that are inactive, presumably
owing to GABA-mediated hyperpolarization, are unre-
sponsive to activation of NMDA receptors. Because non-
firing dopamine neurons have a more hyperpolarized
resting membrane potential, the absent NMDA-mediated
response is probably a consequence of NMDA receptor
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channel block by submillimolar concentrations of
extracellular Mg?* [42]. This suggests an interdependence
ofthe GABA-mediated and glutamatergic VTA inputs; that
is, only neurons not under GABA-mediated hyperpolariz-
ation are capable of entering a burst-firing mode in
response to a glutamatergic input. Indeed, it has been
demonstrated recently that the hippocampus can gate
the activity states of dopamine neurons by decreasing
ventral pallidal inhibition of their activity. Thus, by reg-
ulating the number of spontaneously active dopamine
neurons, the hippocampus can determine the neurons that
can be further modulated by excitatory inputs to induce a
phasic burst response [27]. Hence, although distinct inputs
to the VTA can regulate discrete activity states of dopa-
mine neurons, these afferents also interact to regulate the
responsiveness of dopamine neurons and its impact on
both novelty and reward-directed behavior [28].

Compartmentalization of ventral striatal dopamine
transmission

It is becoming increasingly apparent that dopamine
transmission within the striatum is not a unitary phenom-
enon, but, instead, it might be segregated into dissociable
compartments, each of which is regulated by different
neural mechanisms. As alluded to above, burst firing of
dopamine neurons is thought to mediate a fast-acting and
spatially restricted ‘phasic’ signal. This mode of dopamine
transmission induces a high-amplitude, transient signal,
in which intrasynaptic dopamine concentrations are
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estimated to reach a low millimolar range (e.g. 1.6 mM
in the NAc [43]) that might function rather selectively on
dopamine receptors localized within or around the synapse
(Figure 3). Importantly, phasic release of dopamine is
expected to affect a relatively restricted number of post-
synaptic neurons within the striatum, because diffusion of
dopamine from the synapse is curtailed by reuptake
mechanisms involved in eliminating dopamine from the
synaptic cleft by the high-affinity dopamine transporter
(DAT) [25]. The finding that a selective increase in PPTg-
mediated burst firing of dopamine neurons, occurring
without a change in the overall number of these cells that
are active, does not evoke a discernable change in extra-
synaptic dopamine levels within the NAc supports this
hypothesis; however, if uptake is blocked, the same manip-
ulation causes a dramatic increase in dopamine efflux. This
finding indicates that a selective increase in burst firing of
dopamine neurons induces a massive increase in dopamine
release at the terminal level. However, under normal
conditions, most of the dopamine released does not escape
the synaptic cleft owing to reuptake by DAT.

In contrast to the phasic dopamine signal, extrasynaptic
or ‘tonic’ dopamine transmission, resulting from spike
activity, represents a dopamine pool in the extracellular
space, the concentration of which changes on a much
slower time course than transmission mediated by burst
firing of dopamine neurons (seconds to minutes versus
milliseconds, respectively). Changes in the dopamine con-
centration within this compartment are dependent on
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» High concentration within synapse
* Escape curtailed by DAT

Tonic dopamine:
* Low extrasynaptic concentration
* Not heavily influenced by DAT
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Figure 3. The dopamine input to the NAc exhibits a functional compartmentalization. Upon behaviorally salient stimulation, dopamine neurons emit a phasic burst of
spikes. This leads to a massive release of dopamine into the synaptic cleft within the NAc (1). Dopamine levels within the synaptic cleft reach considerably high
concentrations (estimated to be in the hundreds of micromolar range [43]), which should saturate postsynaptic D2 receptors that are preferentially localized within the
synapse [44]. Most of the released dopamine is then rapidly removed from this spatially constrained compartment through reuptake into the terminal by the DAT before it
can leave the synaptic cleft. Because dopamine within the cleft can saturate the D2 receptors, it is probable that this represents the compartment measured by raclopride
displacement in imaging studies. By contrast, baseline slow, single-spike tonic activity of VTA dopamine neurons is responsible for the steady-state low-level (i.e, a
concentration in the tens of nanomolar range) tonic dopamine present in the extracellular space of the NAc (2; represented by light green clouds). Dopamine in this
compartment is not disproportionately affected by the DAT. Although tonic dopamine levels are only 0.01% of those estimated to be present in the synaptic cleft, it is still of
sufficient concentration to stimulate the highly sensitive presynaptic D2 receptors present on afferent terminals. It is this dopamine compartment that is assessed by

microdialysis measures [20,25].
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tonic firing of dopamine neurons, rather than DAT activity.
Thus, increases in the tonic activity of the dopamine
neuron population through activation of the vSub result
in consistent increases in extracellular dopamine levels in
the NAc (Figure 3). However, blockade of dopamine
reuptake does not alter the magnitude of change in the
tonic dopamine level induced by disinhibition of nonfiring
dopamine neurons. This indicates that, once dopamine
diffuses away from the terminal, tonic dopamine levels
are not heavily influenced by reuptake, and other mech-
anisms, such as enzymatic degradation, might regulate the
clearance of dopamine from the extrasynaptic space. This
organization is proposed to have an important role in the
behavior function of this system, because each pathway
controls a distinct compartment of dopamine transmission
within the ventral striatum that interacts to control the
balance between cortical and limbic drives of behavior.

Interaction between limbic and cortical inputs in

the nucleus accumbens

The above data show that the dopamine system is
functionally compartmentalized into two systems: a slow,
tonic release of dopamine mediated by the population of
spontaneously active dopamine neurons that maintains
the low tonic concentration of dopamine in the extrasy-
naptic space, and a rapid, brief, high-amplitude phasic
release of dopamine that is driven by behaviorally relevant
burst firing of dopamine neurons. Indeed, because of the
high concentration of intrasynaptic dopamine D2 receptors
in the ventral striatum [44], it is probable that phasic
dopamine transmission is reflected by raclopride displace-
ment in imaging studies, whereas tonic dopamine trans-
mission is selectively detected by microdialysis measures.
Phasic changes in bursting of dopamine neurons occur in
response to primary or conditioned rewarding stimuli and
have been proposed to mediate a prediction error for
anticipated rewards [19,45]. By its nature, fast-acting
phasic dopamine transmission is expected to modulate
the activity of only a subgroup of medium spiny neurons
in the NAc. Thus, this mode of dopamine signaling might
have a particularly important role during the early stages
of reward-related associative learning, altering synaptic
strengths of selected limbic striatal inputs to particular
ensembles of NAc neurons [45,46]. By contrast, slower
changes in the tonic levels of dopamine, regulated by the
overall activity of the population of dopamine neurons, are
more spatially distributed, modulating the activity of a
large number of neurons in the ventral striatum, in
addition to modulating presynaptic glutamatergic inputs
from different limbic and cortical regions. Interactions
between these tonic and phasic dopamine states are
believed to potently modulate input selection and thus
regulate the selection of the response in ambiguous situ-
ations to most effectively guide goal-directed behavior
[47,48].

Both anatomic [49,50] and electrophysiological [51]
studies have revealed that single neurons in the NAc
receive convergent synaptic inputs from limbic structures,
such as the vSub of the hippocampus, basolateral amyg-
dala and PFC. Therefore, the NAc is positioned to integrate
a substantial amount of information from these regions.
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Moreover, the dopamine system has a crucial role in
regulating this integrative function. Data show that the
NAc inputs coming from the limbic system and PFC are
differentially regulated by dopamine receptor subtypes.
Thus, D2 receptor stimulation was found to selectively
attenuate the input from the medial PFC (mPFC) [52—
54]; moreover, this attenuation is in a steady state, in that
dopamine antagonists increase the input from the mPFC
and D2 receptor agonists attenuate it. This input is also
selectively affected by tonic dopamine transmission.
Therefore, if the ventral pallidum is inactivated, which
increases the number of firing dopamine neurons, there is a
selective attenuation of the mPFC afferent drive of the
NAc, without an effect on the input from the hippocampus
vSub. By contrast, if the ventral pallidum is stimulated,
tonic D2 receptor suppression of the mPFC input is dimin-
ished. These data demonstrate that changes in the activity
of the population of dopamine neurons, which increases
tonic dopamine levels in the NAc, selectively attenuate the
afferent drive from the mPFC through D2 receptor stimu-
lation (Figure 4).

By contrast, the rapid phasic dopamine system exerts
its functional actions selectively on limbic system inputs.
Thus, dopamine D1 receptor stimulation was found to
increase the responsiveness of NAc neurons to inputs
[53], specifically those arising from the vSub, without
affecting inputs arising from the mPFC [54]. This system
seems to depend on functional activation of the dopamine
system, because D1 receptor antagonists do not have the
opposite action in the anesthetized rat. The vSub inputs
are selectively affected by phasic activation of the dopa-
mine system; therefore, burst firing in dopamine neurons
elicited by stimulation of PPTg glutamatergic afferents
leads to a selective D1 receptor-mediated augmentation
of vSub inputs to the NAc (Figure 4) [54]. In summary,
increases in the dopamine input to the NAc mediate a shift
in information flow away from mPFC control (through
tonic D2 receptor-mediated attenuation of mPFC inputs),
favoring limbic vSub control (through phasic D1 receptor-
mediated augmentation of vSub afferents).

Behavioral significance of dopamine modulation of
limbic and cortical inputs

These data demonstrate that tonic and phasic activation of
the dopamine system can selectively modulate the PFC
and limbic afferent interactions within the NAc, as eval-
uated by electrophysiological measures of neuronal path-
way activation. However, does this translate into
functional actions, with respect to the behavior of the
animal? Such an interaction is revealed by examining
the effects of manipulation of the dopamine system on
goal-directed behavior believed to be mediated by the
NAc [54]. To do this, rats were tested for their performance
on a discrimination task, in which reaching a goal to obtain
a reward is dependent on learning to respond to one cue,
and then changing the task so that the rats had to ignore
the original ‘correct’ cue and instead pay attention to
another signal to determine the new correct choice. This
paradigm enables the evaluation of both the ability to
acquire a discrimination task and the ability to switch
strategies once the initial discrimination is no longer valid
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Figure 4. The NAc receives afferent inputs from several frontal cortical and limbic cortical regions, with excitatory glutamatergic afferents from these regions overlapping
with a VTA dopamine input onto single neurons in this structure. Therefore, the NAc is positioned to integrate substantial amounts of information under the modulatory
influence of the dopamine system for subsequent processing by output regions, such as the ventral pallidum. The input from the PFC is regulated by presynaptic D2
receptors, with D2 receptor stimulation inhibiting the ability of the PFC to influence NAc neurons. Presynaptic D2 receptor stimulation is dependent on extracellular
dopamine (clouds) released by tonic dopamine neuron firing and is of sufficient sensitivity to be activated by the low tonic levels of extracellular dopamine present in the
NAc extracellular milieu. By contrast, activation of D1 receptors by the high-amplitude, phasic dopamine signal can potentiate the drive of NAc neurons by inputs from the
hippocampus vSub. As a consequence, an increase in tonic and phasic dopamine transmission inhibits the PFC drive and potentiates the vSub drive, effectively shifting
the balance of information flow in favor of limbic inputs from the hippocampus [54]. By contrast, antipsychotic drug administration, by blocking dopamine receptors and
inactivating dopamine neuron firing [62], would shift the balance of information flow in favor of a PFC predominance.

(i.e. show behavior flexibility), which together evaluate two
interdependent means that drive effective goal-directed
strategies. Then, each of the inputs to the NAc was neuro-
chemically disconnected and the effects on task acquisition
and behavior flexibility were evaluated.

Because the vSub input is modulated by D1 receptors,
the influence of this input on the NAc was attenuated
through a neurochemical disconnection, that is the vSub
was inactivated unilaterally, whereas a D1 receptor
antagonist was administered into the contralateral NAc.
Under this condition, the rats were found to perform poorly
in both parts of the task — they showed impairment in both
the acquisition and the response-switching tasks. This is
consistent with the function of the phasic dopamine system
in using reward for learning a response strategy. By con-
trast, when the mPFC was disconnected (i.e. unilateral
inactivation of the mPFC and administration of a D2
receptor agonist into the contralateral NAc), the rats per-
formed the initial discrimination accurately but failed
to switch strategies, exhibiting perseverance instead.
Therefore, by increasing phasic and tonic dopamine
transmission, the organism can continue to respond in a
successful manner to achieve a goal, in addition to limiting
the propensity to seek novel alternate solutions. However,
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taken to an extreme, such a focus can negatively affect the
ability to achieve a desired goal, such as has been proposed
to occur during pathologic states in this system.

Dopamine regulation of synaptic plasticity and

its role in drug addiction

Drug addiction is characterized by the compulsive use of
drugs of abuse, and substantial evidence suggests that
disruption of the dopamine system in the NAc lies at the
core of this condition [55,56]. Several studies have
suggested that long-term alterations in dopamine-associ-
ated synaptic plasticity might be involved in the patho-
physiology of drug addiction [57]. Indeed, with repetitive
activation, afferent inputs to the NAc exhibit competitive
synaptic plasticity within this structure. Thus, high-fre-
quency tetanic stimulation of the vSub was found to
produce long-term potentiation (LTP) of this afferent
input to the NAc but long-term depression (LTD) of the
PFC input to the NAc. By contrast, if a similar tetanic
stimulation is subsequently applied to the PFC, LTP is
induced in the PFC afferents to the NAc and LTD is
induced in the vSub afferents. Therefore, the PFC and
the vSub seem to compete for the control of information
flow within the NAc. Moreover, increased stimulation by
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dopamine tends to favor the vSub input, owing to a D1
receptor-dependent facilitation of this afferent pathway,
with concomitant D2 receptor-dependent attenuation of
the PFC input [58]. Thus, in the regulation of information
flow within the NAc, a balance exists between the vSub
limbic system and the PFC that depends on the recent
history of activation (i.e. the pathway activated first wins),
with dopamine shifting the balance in favor of the limbic
system.

The competition between the vSub and the PFC has
particular functional relevance in animals sensitized to
psychostimulants. Thus, in rats that have been sensitized
to cocaine, the balance of inputs to the NAc seems to exist
in precisely the same state as that observed following
tetanic stimulation of the vSub. Therefore, it seems that
repeated cocaine treatment induces LTP in the vSub input
pathway, while attenuating PFC control over this system.
Moreover, this is reflected in the behavior of the animal:
the cocaine-sensitized rats are not impaired in acquiring
discrimination tasks but show powerful perseverative
behavior if the goal is switched (i.e. a continued response
to the original stimulus after it is no longer rewarded) [58].
Indeed, a similar type of disruption in the balance of the
systems might occur after repeated L-DOPA adminis-
tration in parkinsonian patients, whereby patients exhibit
an impairment in probabilistic reversal learning that is
correlated to the lack of NAc activation during the ‘on’
phase of treatment [59,60]. These data suggest that, in an
individual taking a psychostimulant, there is an over-
representation of limbic influence in the NAc and a
disruption in the ability of the PFC to enable behavior
flexibility. Such a condition could lock the individual into a
state of perseverative drug-seeking behavior from which
they cannot easily escape.

Concluding remarks

Studies of the regulation of limbic system function suggest
that the balance between limbic and frontal cortical infor-
mation inputs into the NAc is crucial for the normal
regulation of goal-directed behavior. Furthermore, the
dopamine system has a central role in maintaining this
delicate equilibrium. Disruption of the stability of this
system, either through pathologic states (e.g. pathology
within the PFC) or pharmacologic intervention (e.g. drug
abuse), is proposed to be a primary factor in the patho-
physiology of major psychiatric conditions [61]. Indeed, the
balance of inputs and how this affects regulation of dopa-
mine neurons might form the pathophysiological basis for
disorders of motivation and affect, and re-establishing this
balance might be the most effective treatment strategy in
alleviating these disturbances.
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