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Studies into the regulation of the dopamine (DA) system
and its postsynaptic actions are often stymied by the myriad
of actions that this neurotransmitter can produce. Thus,
DA has been found to exert actions on the neurons it innervates both directly and via G-protein–coupled receptors.
Moreover, this transmitter can modulate afferent input
within these target regions, as well as alter intercellular communication via its actions on gap junctions. Finally, DA
can potently modulate its own dynamics, acting via autoreceptors on DA nerve terminals and on DA neuron somata.
In fact, the DA system is under potent dynamic regulation
in the short term by a multitude of feedback systems, and
in response to prolonged alterations is subject to powerful
homeostatic mechanisms that can compensate for dramatic
changes in DA system function. Such homeostatic alterations can be compensatory in nature, such as those that
occur in response to a partial DA system lesion, or pathologic, such as the sensitization that can occur with repeated
psychostimulant administration. Nonetheless, the importance of this neurotransmitter system in a broad array of
human disorders ranging from Parkinson’s disease to schizophrenia has driven an intensive array of investigations oriented toward increasing our understanding of this complex
system in normal conditions as well as disease states. This
chapter attempts to summarize some of the major research
findings that have occurred within the last 5 years, and place
them into a functional framework. This is not meant to be
inclusive: A search of Medline indicated that there were
over 16,000 papers published on DA during the past 5
years! Because of the exceedingly broad range that this topic
encompasses, the focus is primarily on a subset of the numerous improvements that are most related to advancing
our understanding of psychiatric disorders in particular.
Topics related to specific disorders, such as drug abuse,
schizophrenia, and so on, are deferred to the appropriate
chapters in this volume.
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DA NEURON ANATOMY AND PHYSIOLOGY
Both in vivo and in vitro studies have demonstrated that
DA-containing neurons in the midbrain exhibit spontaneous spike firing that is driven by an endogenous pacemaker conductance (1–3), with their activity modulated by
afferent inputs. One of the prominent regulators of DA
neuron activity is the DA autoreceptor. It has been known
for some time that DA neurons are very sensitive to DA
agonists, which inhibit spike firing as well as cause a presynaptic inhibition of DA synthesis and release. Studies indicate that DA neuron somatodendritic autoreceptors are
stimulated by an extracellular pool of DA released from the
dendrites of neighboring DA neurons rather than exclusively by autoinhibition back onto the releasing neuron.
This is supported by data showing that partial lesions of
the DA system result in DA autoreceptor supersensitivity
in the remaining neurons, which would only occur if the
remaining neurons were responding to the decrease in DA
caused by the loss of neighboring neurons (4). The autoreceptors are believed to exert a tonic down-regulation of DA
neuron activity, maintaining their firing within a stable
range of activity (4,5). These autoreceptors appear to be
primarily of the D2 type, because D2-deficient mice do
not show autoreceptor-mediated inhibition of firing (6).
Moreover, inhibition of monoamine oxidase potentiates this
inhibition (7,8), whereas inhibition of catechol-o-methyl
transferase does not alter this response (9).
Exogenous transmitters also potently regulate dopamine
neurons. Thus, GABA afferents both from striatonigral neurons as well as from local circuit neurons in the midbrain
cause inhibition of DA neuron activity (10) by both a
GABA-A– and GABA-B–mediated action (11–13). Glutamate has also been shown to exert multiple actions on DA
neuron activity. Glutamate applied in vivo increases burst
firing (14). N-methyl-D-aspartate (NMDA) receptor activation mediates a slow excitatory postsynaptic potential
(EPSP) in these neurons (8), whereas metabotropic glutamate agonists are reported to depress both excitatory and
inhibitory afferent input to these neurons (15). This latter
effect is apparently shared by muscarinic receptors, which
also depress both excitatory and inhibitory afferents, presumably via a presynaptic action (16,17).
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Burst Firing
Studies have shown that DA neuron discharge is an essential
component of the DA release process (18). The firing pattern of DA neurons also is effective in modulating release,
with burst firing in particular being an important regulator
of DA transmission. Thus, studies have shown that burst
firing in DA neurons is associated with induction of c-fos
and NG1-A in postsynaptic sites (19,20), and this response
demonstrates a spatial and temporal specificity with respect
to brain region, genes activated, and cell phenotype. One
factor that is thought to regulate burst firing is the glutamatergic system. Several studies have shown that iontophoresis of glutamate onto DA neurons in vivo lead to burst
firing (14), as do stimulation of glutamatergic afferents to
DA neurons (21,22); however, the evidence for glutamate
acting alone to induce burst firing in vitro is equivocal (23).
In contrast, evidence shows that burst firing can be induced
in vitro by blockade of apamin-sensitive potassium channels
that modulate a nifedipine-sensitive calcium conductance
(24). One source of glutamatergic input to ventral tegmental area (VTA) DA neurons is proposed to arise from the
prefrontal cortex (PFC) (25); however, recent studies (26,
27) show that the PFC input to the VTA innervates only
the small proportion of VTA DA neurons that project to the
PFC, providing a direct feedback loop, whereas the VTAaccumbens neurons innervated from the PFC are exclusively
GABAergic neurons; therefore, it is unlikely that activation
of the PFC can induce increased DA levels in the accumbens
by a direct projection to these neurons (28). On the other

hand, there is evidence that activation of the subiculum by
excitatory amino acids increases accumbens DA (29,30) via
activation of DA neurons that involves a pathway through
the nucleus accumbens (31).
Afferent Input
The feedback systems between DA neurons and their postsynaptic targets appear to be quite complex, particularly in
the primate. By analyzing a large number of retrograde and
anterograde tracings, Haber and associates (32) found that
different striatal subdivisions are linked by overlapping feedback to DA neurons, in a manner that suggests an ascending
spiral of regulation extending from the shell to the core to
the central striatum and finally to the dorsolateral striatum
(Fig. 9.1). As pointed out by Haber, such an anatomic arrangement could account for the parallel psychomotor, affective, and cognitive disturbances seen in a variety of psychiatric disorders.
The striatum provides a powerful feedback regulation
of DA neuron firing. Thus, alterations in striatal activity
potently affect DA cell activity states. Striatal neuron activation is known to cause an activation of DA neuron firing
(10,33). Moreover, single-pulse stimulation of the striatum
directly, or indirectly via activation of the PFC in rats, causes
an inhibition/excitation response pattern (10,25). This relationship can be altered by manipulation of second messenger systems in the striatum. One system in particular that
seems to affect striatal activation, leading to an alteration

FIGURE 9.1. Studies using retrograde and anterograde
tracers reveal that the feedback system between the midbrain DA neurons and their striatal targets contains both
reciprocal and feed-forward components. The shell of the
accumbens (left) receives inputs from hippocampus, amygdala, and limbic cortex, and projects to both the ventral
tegmental area (VTA) and dorsomedial substantia nigra
DA neurons. Projections from the VTA back to the shell
form the ‘‘closed’’ portion of this loop. The core receives
afferent input from the orbital and medial prefrontal cortex (OMPFC); the afferent projection to the core from the
medial substantia nigra (SN) then forms the first part of
the spiral. The core in turn projects to more ventrodorsal
SN regions; therefore, ventral striatal regions can modulate the dopaminergic influence over more dorsal striatal
regions via the spiraling midbrain-striatal-midbrain connections. The magnified insert shows a model of the reciprocal versus feed-forward loops. The reciprocal component is proposed to (a) directly inhibit the DA neuron,
whereas the feed-forward, nonreciprocal component terminates on a GABAergic interneuron; or (b) indirectly excite the DA neuron by disinhibition. DL-PFC, dorsolateral
prefrontal cortex; IC, internal capsule; S, shell; Snc, substantia nigra, zona compacta; Snr, substantia nigra, zona
reticulata; VTA, ventral tegmental area. (From Haber et
al., 2000; used with permission.)
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in DA neuron activity, is the nitric oxide (NO) system.
Increasing NO in the striatum by infusion of the substrate
for the synthetic enzyme nitric oxide synthetase (NOS),
coupled with striatal or cortical stimulation, was found to
increase the firing rate of striatal neuron DA neurons. This
effect was mimicked by infusion of the nitric oxide generator
hydroxylamine. In contrast, NOS inhibitors failed to affect
baseline DA cell firing but did increase their response to
stimulation (34); therefore, NO signaling in the striatum
facilitates DA neurotransmission by modulation of corticostriatal and striatonigral pathways. NO also appears to have
a role in regulating terminal DA release (see the following).
Stress and DA Neuron Activity
Stress appears to affect many monoamine systems. Stress
plays a role both in acute behavioral responses and adaptations to chronic stressful conditions. Although the noradrenergic system has played a major role in these processes,
recent evidence supports a role for the DA system as well.
Studies have shown that, on presentation of stress, there are
differential increases in DA dynamics depending on the
brain regions involved. Thus, stressful stimuli tend to cause
the largest increase in DA levels in the PFC region, with
markedly smaller changes in the limbic and dorsal striatal
regions (35); however, this relationship is altered by lesions
of different nuclei. Thus, stress causes release of DA in the
amygdala (36), and lesions of the amygdala tend to block
stress-induced increases in PFC DA levels (37). Lesions of
the PFC also affect this response. Studies in which the PFC
DA innervation is lesioned show that subsequent stressors
cause a much larger increase in DA levels within the nucleus
accumbens, particularly with respect to the duration of the
response (38). This suggests that PFC DA released in response to stress actually blunts the responsiveness of the
subcortical limbic DA system. In contrast, 6-OHDA lesions
of PFC DA levels were found to decrease the basal electrophysiologic activity of VTA DA neurons (39). Given that
basal DA levels in the accumbens are normal, one interpretation is that the DA release system has adapted to the diminished DA neuron drive, allowing normal levels of DA transmission to occur. However, if a stimulus then causes an
increase in DA neuron firing, the compensated release
mechanism would produce an augmented response. Thus,
the magnitude of increase in action potential-dependent DA
release into the accumbens that occurs in response to a challenge may be augmented when the PFC DA response is
attenuated (39).
Repeated stress also has important clinical implications
with regard to the DA system and exacerbation of schizophrenia. A recent study examined how chronic stress in the
form of cold exposure affects the discharge of VTA DA
neurons. Thus, after exposing rats to cold, there was a 64%
decrease in the number of spontaneously active DA neurons,
with no significant alteration in their average firing rate.
Nonetheless, there was a subpopulation of neurons that exhibited excessive burst activity in the exposed rats (40).
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Therefore, unlike acute exposure to stressful or noxious
stimuli, chronic stress actually attenuates DA neuron baseline activity. Such a decrease in baseline activity could enable
the system to show a magnified response to activating stimuli, thereby producing a sensitized DA response.
REGULATION OF DA RELEASE
DA appears to be released by multiple factors within its
postsynaptic target; moreover, once it is released, there are
several mechanisms that can modulate its site of action. In
general, the majority of evidence suggests that DA is released
primarily in a spike-dependent manner, because inactivation of DA neuron firing virtually eliminates DA release
within the striatum (18). Carbon fiber recordings, which
allow rapid measurement of DA overflow, show that stimulation of DA axons causes rapid release of transmitter. Moreover, the release varies with tissue content, with PFC showing much lower levels of release compared to accumbens at
a given stimulus frequency (41). DA released by impulse
flow is then rapidly removed via the DA transporter, because
mice with knockouts of this transporter exhibit 300 times
longer clearance half-life compared to controls (42). The
amount of DA released by impulses appears to depend on
several factors. Previous volumes in the Generations of
Progress series have detailed how DA release can be modulated by both synthesis- and release-modulating autoreceptors on DA terminals. It is becoming more evident that
heteroceptors also play a significant role in modulating DA
release (43).
DA release appears to occur via two functionally distinct
components. One is the DA that is released in a high-amplitude, brief pulsatile manner by means of action potentials,
and then is rapidly removed from the synaptic cleft via reuptake. This has been termed the phasic component of DA
release (44), and is believed to underlie most of the behavioral indices of this transmitter. The other is the level of
DA present in the extrasynaptic space. This tonic DA exists
in very low concentrations; too low to stimulate intrasynaptic DA receptors, but of sufficient level to activate extrasynaptic receptors, including DA terminal autoreceptors
(thereby causing feedback-inhibition of phasic DA release)
and other extrasynaptic receptor sites. It is this tonic DA
compartment that is sampled by slower measures of DA
dynamics, such as microdialysis. Recently, evidence has
been advanced to define what factors may contribute to the
regulation of this tonic DA compartment.
Although studies suggest that neuronal impulse flow is
necessary for DA overflow in the striatum, there is substantial evidence that the released DA can be controlled locally
by a number of factors. For example, stimulation of cortical
inputs increases DA release within the striatum, and evidence suggests that this can occur via afferents to DA cell
bodies or presynaptically onto DA terminals, depending on
the preparation and site of stimulation. Thus, infusion of
excitatory amino acids into the hippocampus subiculum in-
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creases DA neuronal activity (31) and DA levels in the striatum in a manner that is dependent on DA neuron impulse
flow (29). It is proposed that this subicular-driven DA release may be involved in the modulation of investigatory
response to novel and conditioned stimuli (45). Stimulation
of the PFC also appears to result in impulse-dependent DA
release in the striatum (28). On the other hand, there is
evidence suggesting that DA can be released in a manner
not dependent on DA neuron firing via stimulation of the
hippocampal afferents (46), or amygdala afferents (47) to
the accumbens, all of which use glutamate as a transmitter.
This purported presynaptic action on DA terminals appears
to occur via activation of either NMDA receptors on DA
terminals (48) or by metabotropic glutamate receptors
(49–51). There is also evidence that glutamate can release
acetylcholine or serotonin in the striatum, which in turn
can trigger DA release (43). Glutamate may also stimulate
DA release via an action on other local systems, such as
those producing NO. NO is known to be released from
striatal interneurons containing the enzyme NOS, and exert
actions on neuronal elements in the vicinity of the release
site. Infusion of NOS substrates or NO generator compounds was found to facilitate the release of both glutamate
and DA within the striatum in a calcium-dependent manner, and is dependent on vesicular stores (52,53). Moreover,
the NO-induced efflux of striatal glutamate was found to
indirectly enhance extracellular DA levels in the striatum
in a manner dependent on NMDA and AMPA receptors
(53,54). Therefore, it is likely that excitatory amino acids
and NO interact with DA neuron firing to regulate DA
release from presynaptic sites within the striatum.
The ability of cortical glutamate to release tonic DA in
the striatum is supported by studies showing that lesions
of the cortical input to the striatum cause a decrease in
extracellular DA and glutamate within the striatum (55),
which would thereby increase in the behavioral response to
amphetamine (56). Thus, evidence indicates that alterations
in tonic DA levels produced by cortical afferents can potently alter spike-dependent DA release, and thereby modulate DA-dependent behaviors (43,44,57). Such tonic downmodulation of spike-dependent DA release could play a
particular role when the uptake system is inactivated by
psychostimulants. Thus, although the DA transporter is
normally highly effective at removing DA from the synaptic
cleft before it can escape into the extracellular space, blockade of the DA transporter would allow substantially higher
levels of DA to escape the cleft and contribute to the tonic
extracellular DA pool (57). Such a condition is thought to
underlie some of the therapeutic actions of psychostimulants in attention deficit/hyperactivity disorder (ADHD)
(58).
One problem in attempting to examine the relationship
between DA neuron firing rate and DA overflow is the
potential disruption in the system caused by probe implantation. This was found to be a significant issue when testing

the effects of chronic antipsychotic drug treatment-induced
DA neuron depolarization block (59) on DA levels in the
striatum. Thus, implantation of a microdialysis probe was
found to disrupt DA neuron depolarization block when DA
cell activity was assessed 24 hours following probe implantation. However, if the probe was inserted via a preimplanted
guide cannula, depolarization block was maintained, and
the DA levels were found to be approximately 50% less
than in control conditions. Moreover, the relationship between DA neuron firing and release was altered. Thus, although there was no significant correlation between DA cell
population burst firing and DA release in control rats, there
was a significant correlation between burst firing in the remaining cells and DA levels following administration of
chronic antipsychotic drug (60). Thus, correlations between
cell firing patterns and DA levels postsynaptically appear to
depend on the state of the system.
It is also possible that there may be local fluctuations in
tonic DA stimulation that may be a consequence of increases in DA neuron firing. Indeed, studies using voltametric measures have shown that brief elevations in extracellular
DA may occur as a consequence of rapid burst firing, overwhelming the DA uptake process (61). This relationship is
particularly important during administrations of drugs that
interfere with the uptake process, such as cocaine or amphetamine (57,58). Such drugs would cause phasic DA release
to rapidly augment tonic DA levels, leading to high extracellular DA and abnormal levels of down-regulation of spikedependent DA release. In a similar nature, in mice lacking
the DA transporter, the extracellular DA is already elevated
fivefold over control (62); therefore, there appears to be a
tight dynamic interdependence on DA neuron activity levels
and DA uptake that determines the contribution of phasic
and tonic DA to activity within this system. This tonic/
phasic balance has been proposed to underlie normal and
dysfunctional DA regulation as it relates to the pathophysiology of schizophrenia, drug abuse, and the treatment of
ADHD (44,57,58).
Given the importance of tonic DA system regulation, a
literature has emerged regarding the functional relevance of
extrasynaptic DA receptors. Indeed, studies have shown that
in the PFC, the DA terminals located in the deep layers of
cortex do not contain DA transporters (63). As a consequence, the DA released from these sites would be free to
diffuse to a much greater extent than in areas such as the
striatum and accumbens. This is further substantiated by
evidence that a substantial portion of the DA that is released
in the PFC is actually taken up and deaminated in norepinephrine (NE) terminals (64). This arrangement would
have substantial functional implications. First, it would provide a mechanism for stimulation of the numerous extrasynaptically located D1 terminals on pyramidal neurons (65),
which have been proposed to regulate information flow between compartments on pyramidal neurons (66–69).
Moreover, such a condition could imply that NE uptake
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blockers could serve to increase the functional actions of
DA in the PFC by preventing its removal via NE terminals.
This may also have implications regarding the clinical actions of NE-selective antidepressant drugs within this brain
region.
POSTSYNAPTIC EFFECTS OF DA
DA exerts a myriad of actions on postsynaptic systems.
These actions can occur at the level of individual cells in
terms of direct postsynaptic actions, as well as altering cellular interactions (via presynaptic effects and network modulation). Moreover, the nature of these effects can vary depending on both the specific region examined and the time
course of DA agonist administration.
Striatum
D1 stimulation decreases excitability of dorsal striatal and
accumbens neurons (67–69), although others have reported
excitation by this agonist (70). Within the dorsal striatum,
D1 receptor stimulation decreases current-evoked action
potential discharge in hyperpolarized neurons, although an
enhancement in excitability can be obtained with longer
duration or higher frequency current pulses (71). The decrease in spiking is believed to be owing to a reduction in
the peak amplitude of the fast sodium conductance (72,
73), and occurs through activation of protein kinase-A
(PKA) (74). Studies show that the D1-mediated inhibition
can act synergistically with D2 stimulation-induced inhibition when the agonists are applied simultaneously. However, the D1-mediated decrease in excitability can be reversed to facilitation if the D2 agonist is administered
subsequently (75). This temporal dependence of D1 and
D2 activation may have functional implications with regard
to the tonic/phasic model of DA system regulation (44).
For example, if the DA system exhibits sustained activation
such as during a reward process, the large phasic DA release
that results should stimulate both D1 and D2 receptors
located within synapses. In addition, the large DA level
released should be sufficient to escape the synaptic cleft,
with the resultant elevated tonic DA levels stimulating the
extrasynaptic D1 receptors (76,77). According to our data,
this should produce synergistic inhibition. On the other
hand, if the activity is maintained, there would be tonic
stimulation of the extrasynaptic D1 receptors. Under this
condition, subsequent stimulation of the D2 receptors preferentially located in the synaptic cleft (78) would be attenuated (75). Thus, the system appears to be oriented to provide
a maximal initial response, whereas continuous activation
would cause an attenuation of subsequent responses.
In addition to effects on sodium conductances, D1 stimulation also affects high voltage-activated calcium conductances. Thus, both D1 agonists and cAMP analogues reduce
both N- and P-type calcium currents via a PKA-mediated
process; however, these manipulations also enhance L-type

FIGURE 9.2. The DARPP-32 signaling pathway has a central role
in mediating signal transduction within medium spiny neurons
in the striatum. A variety of neurotransmitters act on systems
regulating the phosphorylation of DARPP-32, which in turn modulates the activity of protein phosphatase-1 (PP-1). DA stimulation
of D1 receptors acts via cAMP and PKA to phosphorylate DARPP32, which in turn inhibits PP-1; this works in synergy with different
protein kinases to increase the level of protein phosphorylation
of their targets. In contrast, stimulation of D2 receptors attenuates D1 activation of adenylate cyclase as well as leading to
calcium stimulation of protein phosphatase 2B; together, this decreases the phosphorylation state of DARPP-32. (From Greengard
et al., 1999; used with permission.)

calcium currents (79). In contrast, D2-receptor stimulation
has been shown to modulate voltage-dependent potassium
conductances in the striatum (80).
Evidence shows that a large part of the response to D1
stimulation requires the participation of a messenger cascade
involving the phosphorylation of dopamine- and cAMPregulated phosphoprotein (DARPP-32) (81). In particular,
this phosphoprotein is a required component in the cascade
mediating D1 function (Fig. 9.2). Moreover, mice with
knockouts of DARPP-32 have been shown to lack D1 modulation of glutamate function, as well as other biochemical
processes and behavioral responses known to involve D1
receptors (82). Recent studies have shown that DARPP-32
is also present in other, non–D1-containing neurons as well,
including the enkephalin-containing striatal neurons (83).
In this case, D2-receptor stimulation has been shown to
cause a dephosphorylation of DARPP-32 via calcineurin
activation by calcium influx. DARPP-32 is also present in
striatal efferent projection areas, including the globus pallidus, entopeduncular nucleus, and substantia nigra (SN)
(83). Thus, DARPP-32 is positioned to exert modulatory
influences on DA function by affecting striatal outflow.
Modulation of Intercellular Coupling
In addition to its effects on single neurons, DA also is capable of affecting neuronal interactions on a network level. In
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particular, substantial evidence has shown DA to have a
potent effect over interactions among neighboring neurons
in a region via its modulation of gap junction conductance.
The DA system appears to regulate this coupling in two
ways: (a) acutely, presumably by opening gap junctions that
are already present between neurons in its target structures,
and (b) as a compensatory change in response to a chronic
compromise of the DA system.
Studies have shown that neurons within the dorsal and
ventral striatum exhibit dye coupling, which is the morphologic correlate of gap junctions between neurons. In striatal
slices recorded in vitro, application of the D2 agonist quinpirole causes a substantial increase in coupling, from nearly
undetectable levels in the basal state to approximately 80%
coupling after the agonist. D1 agonists, in contrast, do not
affect coupling in a measurable way; however, in brain slices
derived from a DARPP-32 knockout rat, the basal level of
coupling is significantly higher than in control, and furthermore, the D2 agonist fails to increase coupling above this
elevated baseline (75). These data suggest that coupling is
normally suppressed by an action of DARPP-32, and that
this suppression can be overcome by D2 agonist administration.
Dye coupling is also affected by maintained changes in
DA system function. Changes in coupling are observed following lesions of the DA system with the neurotoxin 6hydroxydopamine. Only the rats that exhibit severe loss of

the DA innervation (i.e., ⬎95%) also show a substantial
increase in the level of dye coupling among striatal neurons
(84). In all cases, the coupling was present only between
cells of the same morphologic class; that is, between medium
spiny neurons or between aspiny neurons. In addition, withdrawal from repeated drug treatment such as amphetamine
(Fig. 9.3) (85) or antipsychotic drugs (86,87) cause a regionally selective increase in dye coupling. Amphetamine and
antipsychotic drugs increase coupling in limbic striatum,
whereas classic antipsychotic drugs also cause an increase in
coupling in the motor-related dorsal striatum. These effects
are only observed following withdrawal from the drug.
Given that changes in gap junction composition are observed during repeated cocaine administration (88), it is
possible that the system compensates for the presence of
the drug by altering gap junctions to allow coupling to be
maintained at its basal state. Under these conditions, the
alteration is only observed when the adapted state is altered
by withdrawal of the drug. Indeed, the observation that
coupling is maintained for weeks following drug withdrawal
suggests that the system may have reached a new stable
steady state that could leave it more susceptible to destabilizing influences (85).
Interactions with Other Neurotransmitters
DA has also been shown to affect the response of striatal
neurons to other neurotransmitters. Thus, DA was found to

FIGURE 9.3. Long-term alterations in DA transmission lead to changes in dye coupling within
the striatal complex. Medium spiny neurons in the nucleus accumbens were injected during in
vivo intracellular recording with Lucifer yellow, which was then converted into a dense stain using
antibodies. In a control rat, injection of Lucifer yellow typically labels only a single neuron (left);
overall, less than 15% of accumbens neurons injected in control rats exhibit labeling of more than
a single neuron. In contrast, in rats that had been administered amphetamine for 2 to 4 weeks
and then withdrawn for at least 7 days, the majority of injected neurons exhibited dye coupling
(⬎60% of cells injected). In this case, four neurons were labeled after injecting a single neuron
with Lucifer yellow. This increase in coupling persisted for at least 28 days following amphetamine
withdrawal, but was not present if the rats were tested during the treatment phase. (From Onn
and Grace, 2000; used with permission.)
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modulate the response of striatal neurons to glutamatergic
excitation (89). Specifically, D1-receptor stimulation enhances NMDA-mediated currents (90), which may occur
via a combination of two effects: (a) a facilitation of L-type
calcium conductances on dendrites (90), and (b) activation
of cAMP-PKA cascade (91). A similar D1-mediated cascade
also attenuates responses to GABA in the striatum (92,93).
In contrast, D2 stimulation appears to preferentially attenuate non–NMDA-mediated responses (89). There is also evidence that the activation of DA neuron firing by stimulation
of DA axons (70,94) occurs via a D1-mediated facilitation
of glutamate transmission (94). This response, which occurs
in parallel with a D1-mediated increase in c-fos in striatonigral neurons (20), is more potent when the DA axons are
stimulated in a burst-firing pattern (70). This suggests that,
under physiologic conditions, D1-induced facilitation of
glutamate transmission in the striatum is mediated by burstfiring–dependent phasic DA release (44).
In addition to its ability to modulate neurotransmitter
actions on postsynaptic neurons in the striatum, DA also
plays a significant modulatory role in the presynaptic regulation of neurotransmitter release. D2 stimulation is reported
to presynaptically decrease GABA release from intrinsic
neurons (95) and glutamate release from corticostriatal terminals. Several studies report that D2 agonists cause a
down-regulation of glutamate-mediated EPSPs on neurons
in the nucleus accumbens (96–99). This is consistent with
biochemical studies showing D2-mediated down-regulation
of stimulated glutamate release in striatal tissue (100,101)
and the presence of D2 receptors on presynaptic terminals
making asymmetric synapses in the striatum (78), which are
presumed to be the glutamatergic corticostriatal afferents.
Interestingly, D2 stimulation does not inhibit all corticostriatal EPSPs in normal preparations (97,99); however, after
acute depletion of endogenous DA, all corticoaccumbens
EPSPs are sensitive to DA (99). This suggests that under
normal circumstances, the presynaptic DA receptors may
already be saturated with DA, as suggested by the observation that sulpiride increase EPSP amplitude in a majority
of cases when administered alone (99). This unusual pharmacology may reflect a contribution of presynaptic D4 receptors on the corticoaccumbens terminals to this response
(102). Although another group has reported a D1-mediated
presynaptic action EPSPs evoked by intrastriatal stimulation
in slices, which was interpreted as a presynaptic effect on
corticostriatal terminals (103), this study employed exceedingly high doses of the D1 agonist to achieve these effects
(i.e., 100 M, which is approximately two orders of magnitude higher than should be required for a selective D1 action). Moreover, anatomic studies have shown that D1 immunoreactive axons are exceedingly rare in the striatum
(77). In contrast, recent studies suggest that DA acting on
postsynaptic D1 receptors may actually cause a transsynaptic feed-forward inhibition of glutamate release. Both
NMDA antagonists and adenosine antagonists can block
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this effect. These data suggested that dopamine depresses
the excitatory postsynaptic conductance (EPSC) by causing
an NMDA receptor-dependent increase in extracellular
adenosine, which acts presynaptically to depress glutamate
release (104). The D1–NMDA-R interaction appears to be
postsynaptic and acts via PKC activation (105). It is of
interest to note that there is other evidence of interdependence between DA and adenosine. Thus, a recent study by
Ginés and colleagues (106) have shown that D1 and adenosine A1 receptors have the capacity to form heteromeric
complexes, which appear to play a role in receptor desensitization and trafficking.
Consequently, there appears to be a complex, dynamic
equilibrium between dopamine and glutamate transmission
within the striatal complex, with glutamate contributing to
DA release and DA causing a two-pronged inhibition of
glutamate release, both directly via D2 presynaptic receptors
and indirectly using adenosine as an intermediary. Finally,
glutamate-released NO also appears to play a significant
role in modulating DA systems and striatal neuron responsivity. The tight interdependence and coregulation between
DA and glutamate suggest that the system is designed to
maintain stable levels of transmission to the striatal neurons
over the long term, whereas short-term changes in activity
in either system in response to a signal are amplified by
their coordinated effects on each of these interdependent
processes.
LTP and LTD
DA also appears to have a role in short- and long-term
synaptic plasticity within the striatum. Specifically, DA was
found to influence two opposite types of synaptic plasticity
within the striatum that depend on the history of synaptic
input to this structure. In cases in which striatal excitatory
amino acid afferents arising from the cortex are stimulated
with high frequencies in the absence of magnesium (to enhance NMDA conductances), a long-term facilitation in
synaptic transmission is induced, known as long-term potentiation. In contrast, if the stimulation is carried out at a
low frequency, the opposite type of plasticity is induced;
that is, long-term depression (LTD) (107). These forms of
synaptic plasticity have been proposed to play a major role
in learning and memory formation in other structures, such
as the hippocampus. Such plasticity within the striatum
may be involved in such phenomena as the acquisition of
complex motor skills. Repetitive stimulation of corticostriatal fibers to release glutamate is required for the induction
of LTP and LTD, which only occurs in the presence of
DA afferent input (108). Thus, D1 and/or D2 antagonist
pretreatment prevents the induction of LTD (107), suggesting that a synergistic interaction between these receptor subtypes is required for this process to occur. In contrast, cortical stimulation-induced LTP is blocked selectively by D1
antagonists, but is actually enhanced by D2 antagonists or
in D2 receptor knockout mice (109).
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Prefrontal Cortex
The effects of DA within the PFC have been controversial,
in that several groups have failed to produce consistent results. Thus, although studies done in vivo have consistently
shown that direct DA application inhibits PFC neuron firing, studies using in vitro slice preparations have found a
DA-mediated increase (110,111) and a decrease (112,113)
in neuronal excitability in this region. D1 stimulation has
been shown to affect sodium conductances by increasing
the sodium plateau potential and shifting the activation of
sodium currents to more negative potentials (114). This
increase in excitability was augmented by a D1-induced
decrease in slow potassium conductances (110). D1 stimulation may also activate L-type calcium conductances located
in proximal dendrites of pyramidal neurons to further increase excitability in these neurons (66). Such an interaction
has been postulated to differentially modulate afferent input
to these neurons (Fig. 9.4). Indeed, the highly organized
DAergic input onto virtually every dendrite of PFC pyramidal neurons in the primate provides a means for this neurotransmitter to regulate nearly the entire complement of glutamatergic afferents to this cell type (115). In contrast, at
least part of the inhibitory action of DA on PFC pyramidal
neurons may occur by DA-induced excitation of GABAergic interneurons (116), which also receive a direct DA innervation (115,117).
It is known that PFC neurons in vivo exhibit bistable
membrane potentials, which alternate between a hyperpolarized, nonfiring condition and a depolarized plateau state
where they fire action potentials. Moreover, studies have
shown that the effects of DA vary depending on the state
of the membrane potential at which it is administered. In
particular, DA and D1 agonists cause an increase in excitability of PFC neurons in the depolarized state but not at
the hyperpolarized state (118). Furthermore, studies combining in vivo microdialysis administration of drugs with
intracellular recording (119) found that DA could potentiate glutamate-driven bistable states of PFC neurons (Fig.
9.5). Therefore, the state of the membrane may significantly
influence the response to DA observed.

FIGURE 9.4. A simplified diagram illustrating the basic processing units within the prefrontal cortex. Each unit consists of a deep
layer pyramidal neuron that projects to the nucleus accumbens
or the ventral tegmental area (VTA), and a GABAergic interneuron. The apical and basal dendrites of the pyramidal neuron receive functionally segregated inputs from various cortical
and subcortical regions, whereas the GABAergic interneuron,
which is also modulated by DA, exerts inhibitory influences over
both the apical dendrite and soma of the pyramidal neuron. By
acting on both the interneuron and pyramidal neuron dendrites,
the DA input has the capacity to modulate the integration of the
functionally diverse array of inputs to this neuron. DA acting on
D1/D5 receptors to modulate calcium channel subtypes on the
apical dendrite are proposed to ‘‘sharpen’’ or, with greater stimulation, attenuate afferent signals arising from these distal regions. DA activation of the GABAergic interneuron can also serve
to suppress information input from the apical dendrites. In contrast, DA modulation of conductances at the somatodendritic region amplifies low-level afferent inputs from neighboring pyramidal neurons. In this way, the DAergic input is proposed to
change the pyramidal neuron from responding primarily to longloop afferents to a state in which it responds primarily to local
circuit interactions that may subserve working memory functions.
(From Yang et al., 1999, with permission.)

Ventral Pallidum
The ventral pallidum (VP) receives a DA innervation from
the midbrain (120), and is believed to play a significant role
in several of the behavioral aspects of DA system function
(121), particular related to drug sensitization (122). In vivo
dopamine iontophoresis is known to: (a) increase and decrease VP neuronal firing (120,123); (b) potentiate or attenuate the excitatory effects of glutamate iontophoresis (124);
and (c) modulate the firing rate enhancements produced in
VP neurons by activating the amygdala (123) and attenuating the excitatory influences of the amygdala on pallidal cell
firing at local concentration that are below that required to

alter spontaneous firing (123). Dopamine receptors for the
D1 and D2 class have been identified in the ventral pallidum (120), and electrophysiologic and behavioral evaluations have revealed that these two classes operate in opposition in this region (which contrasts the ‘‘enabling’’ effects
reported for striatal regions and other pallidal regions).
Local D1 activation induces a robust attenuation of cell
firing (125) and enhances locomotor activity (126), whereas
D2 activation slightly attenuates or has no effect on firing
(125) and is largely without influence on motor activity
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FIGURE 9.5. In vivo intracellular recordings from a pyramidal
neuron in the frontal cortex of a chloral hydrate anesthetized rat
is illustrated. The neuron was located near a microdialysis probe
implanted to deliver the compounds to be tested by reverse dialysis to the environment of the cell. Administration of NMDA (20
M) increases the number of spikes evoked by brief depolarizing
pulses. Following washout, administration of NMDA Ⳮ DA (30
M) greatly increases the spikes evoked per unit current. This
occurs despite the fact that DA did not appear to significantly
affect current threshold. In the case of NMDA alone, the increase
in the number of spikes per unit current occurs with (and may be
secondary to) a decrease in current threshold; that is, the cell is
simply more excitable. In the case of DA added to NMDA, the cell
fires more spikes during the current-induced depolarization, but
the current threshold is not further decreased; therefore, DA allowed the cell to respond maximally to the NMDA input without
altering the threshold for spiking. (From Moore et al., 1998b, with
permission.)
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effects produced by DA in the BLA are dependent on the
type of neuron recorded (128). DA causes an overall decrease in the firing rate of presumed projection neurons by
two mechanisms: (a) a direct effect on the projection neuron, and (b) an activation of the firing of putative interneurons, which may be analogous to the interactions occurring
in the PFC. In addition, DA produced effects on afferent
drive of these neurons that was dependent on the origin of
the projection system. Thus, DA attenuates afferents from
limbic structures such as the PFC and MD thalamus,
whereas afferent input from auditory association cortex
(Te3) is potentiated (Fig. 9.6). Intracellular recordings revealed that this was a consequence of a D1-mediated decrease in PFC-evoked EPSP amplitude, combined with a
D2-mediated increase in BLA input resistance that potentiated Te3 afferent drive (129). PFC stimulation also caused
an excitation of BLA interneurons, which lead to a subsequent attenuation of input arising from Te3; however, in
the presence of DA stimulation, the ability of the PFC stimulation to attenuate responses from Te3 was diminished
(129). These data suggest that the PFC is normally capable
of attenuating amygdala responses to sensory inputs, which
could be a mechanism for decreasing emotional responses to
familiar or nonthreatening stimuli. However, with excessive
DA stimulation, the ability of the PFC to suppress amygdala-mediated emotional responses may be lost.
Substantia Nigra
In addition to the effects of DA on DA neuron autoreceptors within the substantia nigra, there are also DA receptors

(126). Because the VP is positioned anatomically at the
crossroads of the limbic and extrapyramidal system, DA
modulation in this area has the ability to potently influence
motivated behavior by its actions in this region (121).
Mediodorsal Thalamus
Anatomic studies have revealed the presence of a DA innervation of the mediodorsal (MD) thalamic nucleus arising
from the midbrain. Using in vitro intracellular recordings,
DA was found to alter MD neuron activity via a D2-mediated effect. In particular, quinpirole was found to increase
membrane excitability and enhance the low threshold spike
in these neurons (127). This was mediated at least in part
via an alteration in potassium conductances. By increasing
the low threshold spike, DA was found to facilitate oscillatory activity within the MD, which would potently impact
thalamocortical information processing in this region.
Basolateral Amygdala
The basolateral nucleus of the amygdala (BLA) exhibits a
substantial innervation from the midbrain DA neurons. The

FIGURE 9.6. DA attenuates prefrontal cortex (PFC) modulation
of basolateral amygdala (BLA) neuronal responses. The PFC provides a direct drive of BLA projection neurons and interneurons,
whereas inputs from the sensory association cortex project only
to the output neurons. As a result, the PFC inhibits the ability
of the sensory association cortex to activate BLA neuron firing.
However, the PFC inputs are attenuated by elevated DA levels
in the BLA, removing a source of inhibition on BLA projection
neurons. Furthermore, elevated DA levels in the BLA increase the
input resistance of BLA projection neurons, leading to augmentation of nonsuppressed inputs to BLA neurons. Thus, DA receptor
activation enables sensory-driven amygdala-mediated affective
responses by removal of regulatory inputs and augmenting sensory inputs. (From Rosenkranz and Grace, 2001, with permission.)
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located on striatonigral afferents to this region. Locally
evoked IPSCs in neurons of the substantia nigra zona reticulata (ZR) are GABAergic in nature, and are believed to arise
from striatal afferents. These IPSCs are depressed by DA
acting on D1 but not D2 receptors. The fact that this
depression was accompanied by increased paired-pulse facilitation and not by a change in membrane potential or conductance indicates that the effect is likely presynaptic in
origin (130). It is interesting to note that the striatonigral
neurons that exhibit terminal D1 receptors do not exhibit
D1 receptors on their local collaterals within the striatum
(77). This suggests that these neurons can selectively traffic
presynaptic receptors to long projection sites.

Overall, studies support the suggestion that DA actions
in the PFC may have a greater involvement in the regulation
of novel circumstances, with the striatum involved more in
expression of learned behaviors (140). This model is consistent with the physiologic studies cited that show that DA
can selectively activate circuits within frontal cortex and
striatal complex, potentially facilitating information flow
along new pathways when a change occurs, but playing less
of a role once a new stable steady state is achieved at which
the internal representation is at equilibrium with the predicted external events.

BEHAVIORAL CORRELATES OF DA SYSTEM
FUNCTION

SUMMARY OF DA ACTIONS

DA is known to play an important role in working memory
and response sequencing in the PFC. In particular, DA acting on D1 receptors has been shown to exert dual actions
on these types of behaviors. Thus, D1 agonist administration into the PFC of rats with poor performance on attentional function tasks significantly improved their performance, whereas impairing performance in rats that had
higher baseline attentional skills (131). This is consistent
with studies suggesting that optimal DA levels are required
to maintain function in the PFC, with both too high or
low D1 stimulation leading to impaired working memory
function (132,133).
Several studies have shown that the DA system is activated by rewarding stimuli, such as food (134,135); however, it is becoming evident that DA is not the reward signal
per se, but instead is necessary for the acquisition of reinforcing stimuli. In some cases, DA has been described as a type
of error signal (136), in which the predicted occurrence
of reward does not correlate with the behavioral response
emitted to generate this reward. Thus, when a task is well
learned, DA neuron firing no longer is a necessary correlate
of the reward signal. But if reward is absent, DA neuron
firing appears to decrease (137). Studies of DA overflow in
the nucleus accumbens show that DA is released when the
DA cell bodies are stimulated electrically. However, when
the stimulation is contingent on a bar press by the rat, the
DA overflow does not occur even in the presence of the
electrical stimulus (138). These data suggest that the lack
of DA system activation during a well-learned contingent
reinforcement task is not simply a failure to activate DA
neuron firing, but instead may represent an offsetting inhibitory influence over the DA system, either at the level of
the DA cell body or the terminal. Indeed, the reports of an
anticipatory increase in extracellular DA in the accumbens
prior to self-administration of a DA drug such as cocaine
(139) could potentially increase extracellular DA sufficiently
to inhibit phasic DA release occurring via stimulation of
the DA cell bodies (44).

It is clear from the preceding that DA exerts multiple actions
at each level of integration within the cortico-striato-pallido-thalamo-cortical loop. The actions exerted at each stage
of this loop appear to have marked differences, however.
For example, DA acting on primary inputs to this circuit
(e.g., the amygdala and PFC) affect both primary neurons
and interneurons, with the net effect being a selective potentiation of particular afferent drive sources. Within the striatum, DA exerts actions on presynaptic terminals containing
glutamate, as well as affecting the actions of glutamate on
postsynaptic neurons. Combined with the reciprocal feedback interactions between glutamate and DA terminals, this
system appears to be designed to facilitate rapid changes in
input states while attenuating any long-term alterations that
may occur. Moreover, the effects of DA on cellular coupling
provide a type of reversible hardwiring, which may facilitate
performance of well-learned motor actions (141). Within
the VP and MD, DA has effects that would alter the behavioral output by changing the state of neuronal activity
within these structures. Therefore, DA could enable multiple state transitions within these regions, selecting among
competing inputs, facilitating information transfer, and altering states that would ultimately feed back via the thalamus to reinforce cortical activity that is most pertinent to
the task at hand (58,141).
The actions of DA may best be described not in terms
of inhibition or excitation, but rather as related to the gating
of inputs and modulation of states of neuronal elements.
This modulation of information integration is then further
influenced at the network level via the actions of DA on
interneurons or cell coupling. Such a description is consistent with the behavioral actions of this transmitter as well,
in that it does not directly produce a motor output or reward
signal, but instead modulates inputs and adjusts the states
of the organism in order to redirect the stimulus-response
output to achieve the most effective behavioral strategy.
Given these constraints, one could imagine how dysfunctions in such a system could produce the profound pathologic states that have been attributed to DA.
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