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Abstract
Although the roles of dopaminergic signaling in learning and behavior are well established, it is
not fully understood how the activity of dopaminergic neurons is dynamically regulated under
different conditions in a constantly changing environment. Dopamine neurons must integrate
sensory, motor, and cognitive information online to inform the organism to pursue outcomes with
the highest reward probability. In this article, we provide an overview of recent advances on the
intrinsic, extrinsic (i.e., synaptic), and plasticity mechanisms controlling dopamine neuron
activity, mostly focusing on mechanistic studies conducted using ex vivo brain slice preparations.
We also hope to highlight some unresolved questions regarding information processing that takes
place at dopamine neurons, thereby stimulating further investigations at different levels of
analysis.
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INTRODUCTION
Dopamine (DA) neurons in the substantia nigra pars compacta (SNc), ventral tegmental area
(VTA) and retrorubal field (RRF) are part of a network of midbrain nuclei innervated
primarily by other parts of the basal ganglia, but they apparently generate one of the most
important neural signals for motivated behavior found anywhere in the brain. Recording
studies in non-human primates and rodents, combined with human functional imaging and
computational modeling studies, have suggested that their firing pattern can encode reward
prediction error, which is thought to be a critical mediator of reinforcement learning (Fig. 1
Montague et al., 1996, Schultz, 1998, Pan et al., 2005, D'Ardenne et al., 2008) [but also see
(Redgrave and Gurney, 2006, Bromberg-Martin et al., 2010 2010) for other functions of DA
output]. It is likely the essential nature of this signal that links disruptions of DA function to
many of the symptoms of drug addiction and a wide range of psychiatric disorders, and in
the extreme case of the degeneration of these neurons, to Parkinson's disease. It is somewhat
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puzzling, however, that this signal should be generated by the DA neurons of the ventral
midbrain, which do not seem to be in a position to directly receive all the sensory, motor,
and cognitive information required to calculate the reward prediction error signal. How does
the DA neuron get access to all that information? Is the cell simply a relay for a similar
signal coming from elsewhere, or does it synthesize that signal from a number of
independent inputs? As a first step toward answering these questions, it is necessary to
understand the intrinsic properties that enable DA neurons to burst and pause. This will then
direct future studies that will determine how DA neurons integrate their intrinsic properties
with different inputs to encode reward prediction error.

Dopamine Neuron Populations
The most widely studied populations of DA neurons are 1) those in SNc that project to the
dorsal striatum, giving rise to the nigrostriatal system, and 2) those in the VTA that project
to limbic structures, mainly the ventral striatum [i.e., the nucleus accumbens (NAc)], and the
prefrontal cortex, giving rise to mesolimbic and mesocortical pathways. Historically, the
nigrostriatal system has been largely implicated in volitional control of movement, while the
mesocorticolimbic system is thought to be more critical for reward-based learning and
motivation. However, accumulating evidence indicates that this type of dichotomous (or
trichotomous) distinction is oversimplified and that it can rather be described as a lateral-to-
medial gradient, in which significant intermixing of DA neuron populations, having
different projection targets, is observed (Bjorklund and Dunnett, 2007, Ikemoto, 2007, Wise,
2009). Furthermore, different parts of the VTA/SNc complex may have functional
interactions, either through local connections (Ferreira et al., 2008) or through long-range
feedback loops (Haber et al., 1990, Heimer et al., 1991, Haber et al., 2000, Paladini et al.,
2003). In the latter case, there appears to be a cascading spiral of projections between the
VTA/SNc and the NAc/striatum. Here, DA neurons in the medial part of the VTA innervate
medium spiny projection neurons in the ventral striatum, which then project back to more
lateral parts of the VTA/SNc complex that in turn send projections to more dorsal parts of
the striatum. It has been suggested that this type of anatomical organization might underlie
the transition from a goal-directed action to a stimulus-response habit during the progression
of reward-based behavioral conditioning (e.g., drug addiction), in which more lateral parts
of the VTA/SNc complex, together with more dorsal parts of the striatum, are gradually
recruited (Everitt and Robbins, 2005, Belin and Everitt, 2008).

In line with the anatomical and functional heterogeneity of DA neurons in intact animals,
studies using ex vivo brain slice preparations have described different electrophysiological
and neurochemical properties of DA neurons depending on their location, e.g., lateral-to-
medial gradients in the expression levels of certain ion channels (Wolfart et al., 2001,
Neuhoff et al., 2002). It should also be noted that the definition of the SNc and VTA is
somewhat arbitrary with different labs using different slice planes (e.g., horizontal vs.
coronal). More recent studies have investigated electrophysiological and pharmacological
profiles of DA neurons based on their projection targets (Ford et al., 2006, Margolis et al.,
2006, Lammel et al., 2008, Margolis et al., 2008, Lammel et al., 2011). However, only a few
laboratories have conducted this type of analysis that involves recording of DA neurons
labeled with retrograde tracers, followed by post hoc tyrosine hydroxylase
immunohistochemistry, and some conflicting results have been reported. This may be partly
due to differences in the species/strain/age of animals examined, together with some
difference in the site and volume used for retrograde tracer injection; and even differences in
internal solution used for whole-cell recordings, which tends to dialyze the intracellular
contents of the recorded cell (Margolis et al., 2010, Zhang et al., 2010). It is also possible
that even DA neurons sharing the same projection target might be heterogeneous in terms of
their intrinsic properties, or in terms of their specific inputs. Therefore, full characterization
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of different subpopulations of DA neurons still requires more time and effort to reach
consensus in the field, hopefully with the aid of genetically engineered animals having
different DA neuron subpopulations fluorescently labeled.

In the present article, we provide up-to-date knowledge regarding 1) the ionic mechanisms
underlying intrinsic properties of DA neurons, 2) influences of neurotransmitter inputs on
DA neuron activity, and 3) plasticity of these neurotransmitter inputs, mostly focusing on
studies conducted ex vivo. We will frequently refer to DA neurons as “SNc DA neurons” or
“VTA DA neurons”, with the understanding that this simple distinction may become
obsolete in the future. Furthermore, identification of DA neurons in the vast majority of
recording studies (both in vivo and ex vivo) has been based solely on electrophysiological
criteria (e.g., action potential width, hyperpolarization-activated cationic conductance
termed Ih, D2 DA receptor-mediated inhibition), and those neurons remain to be putative
DA neurons without unequivocal confirmation of their neurochemical identify, especially in
the medial VTA (Ungless et al., 2004, Lammel et al., 2008, Margolis et al., 2008, Zhang et
al., 2010, Lammel et al., 2011).

1 - THE IONIC MECHANISMS UNDERLYING INTRINSIC PROPERTIES OF
DOPAMINE NEURONS
1.1 - Cellular Mechanisms of Spontaneous Activity

Studies of the spontaneous tonic activity of DA neurons have already revealed much about
their neurophysiological properties. SNc DA neurons are autonomous pacemakers with a
particularly simple pacemaking mechanism. A low voltage-activated, but non-inactivating,
Ca2+ channel (probably Cav 1.3, see Mercuri et al., 1994, Durante et al., 2004) and a
persistent Na+ current are weakly activated in the subthreshold voltage range, and these
depolarize the neuron gradually until Ca2+ concentration becomes adequate to activate a
small conductance Ca2+-dependent K+ current (SK3) (Wolfart et al., 2001) sufficiently to
overcome the inward currents. Subsequently, the membrane potential is hyperpolarized until
Ca2+ levels are reduced enough to begin the cycle again. It should be noted that the
hyperpolarization-activated cationic conductance (Ih) may also contribute to depolarization
following SK-mediated hyperpolarization, although the reliance of pacemaking on Ih
appears to vary depending on the age and species of animals used, as well as on the location
and neurochemical properties of DA neurons recorded (Neuhoff et al., 2002, Okamoto et al.,
2006, Chan et al., 2007, Puopolo et al., 2007, Guzman et al., 2009, Khaliq and Bean, 2010).
Under the influence of this subthreshold oscillatory mechanism, DA neurons exhibit a low-
frequency (<10 Hz) oscillation: a slow oscillatory potential (SOP), even in the absence of
spiking (e.g. Paladini et al., 1999b, Wilson and Callaway, 2000). When spiking is present,
DA neurons fire no more than one action potential on each cycle of the oscillation. There are
a number of other currents that modulate the frequency of the oscillation and shape the
membrane potential trajectory (e.g. Neuhoff et al., 2002, Wolfart and Roeper, 2002), but
principally only Ca2+ channels and Ca2+-dependent K+ channels are required for the
subthreshold oscillation that controls the rhythmic activity of SNc DA neurons in slices.

In contrast to SNc, DA neurons in the VTA have a different pacemaking mechanism. When
exposed to TTX, the cells do not exhibit a SOP, but instead have a stable resting membrane
potential. The pacemaking pattern of VTA DA cells is relatively insensitive to Ca2+ channel
blockade when compared to SNc neurons (Chan et al., 2007, Khaliq and Bean, 2010).
Rather, the spontaneous firing activity of VTA DA neurons is driven by a TTX-insensitive
and non-voltage-dependent sodium current to begin depolarization in between spikes,
followed later in the depolarization phase by a TTX-sensitive and voltage-dependent sodium
current to bring the membrane potential to spike threshold (Khaliq and Bean, 2010).
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Interestingly, this difference in Ca2+ currents between SNc and VTA DA neurons has been
suggested as a possible mechanism for the selective vulnerability of SNc DA neurons in
Parkinson’s disease (Chan et al., 2007).

In vivo, many DA cells exhibit rhythmic background firing similar to that seen in slices, but
about an equal number exhibit more irregular firing (Wilson et al., 1977b, Tepper et al.,
1995, Paladini and Tepper, 1999, Hyland et al., 2002). The irregular pattern does not occur
in slices, and has therefore been presumed to arise from synaptic inputs that interact with the
subthreshold currents (but see Lobb et al., 2010).

1.2 - Cellular Mechanisms of Bursts
Encoding of the reward prediction error signal by DA neurons is relatively simple. These
neurons fire constantly at a low rate, and speed up, firing a phasic burst when reward
exceeds prediction (for example an unexpected reward) or pause when an expected reward
does not occur (e.g. Tobler et al., 2003) [see Fig. 1]. Although the importance of bursts and
pauses in DA neurons can only be appreciated from studies done in awake behaving
animals, most of what we know about their mechanisms arise from studies in anesthetized
animals or in reduced ex vivo preparations. DA neurons exhibit spontaneous bursts even in
anesthetized animals. Much of the work on burst generation is derived from studies of these
spontaneous bursts (e.g. Grace and Bunney, 1984, Chergui et al., 1993, Tepper et al., 1995,
Tong et al., 1996a, Overton and Clark, 1997, Lokwan et al., 1999, Paladini and Tepper,
1999). While there is no guarantee that these arise from mechanisms identical to those acting
in awake animals, there is some reason to think that they are similar. Spontaneous bursts are
similar to reward-related bursts in duration, firing frequency, and other structural features
(Hyland et al., 2002). Generally, bursts are considered to arise from a different mechanism
than the slow subthreshold currents underlying the pacemaking mechanism. There are three
general models of burst generation in DA neurons: first, the plateau potential model; second,
the large EPSP idea (simple synaptic depolarization); and third, the interaction between
synaptic events and intrinsic membrane properties of the DA neuron. For the
experimentalist, this presents an opportunity for clarification because these models have all
been clearly presented in published form, and they make a number of very different
predictions.

1.2.1 - The plateau potential model—In slices of the SNc or VTA, rhythmic bursting
can sometimes be induced during experiments that employ apamin to block the SK current.
It is well known that DA cells burst spontaneously in slices after treatment with apamin,
frequently in conjunction with NMDA, but not with AMPA receptor agonists (Shepard and
Bunney, 1991, Johnson and Wu, 2004). Although these bursts do not very much resemble
those seen in vivo, apamin-induced bursting is clearly driven by rhythmic plateau potentials.
This is evident by the fact that spiking usually fails due to depolarization block, leaving only
the plateau potentials (Johnson and Wu, 2004). Spiking can be rescued after apamin by
applying an appropriate constant current through the recording electrode. It should also be
noted that firing during apamin-induced plateau potentials (in the absence of NMDA)
usually does not exceed the maximum rate that can be obtained by depolarizing current
injections. Still, it is possible that in the absence of SK channels, a spike repolarizing
current, such as a delayed rectifier may be sufficient to establish a high frequency oscillation
that can drive the cell above 10 – 15 Hz in the presence of NMDA. In combination with
removal of the SK current (as after apamin), an inactivating A-type potassium current can
also support phasic, NMDA-evoked bursting (Deister et al., 2009). This happens because of
the help in repolarization (and de-inactivation) the potassium current receives by the Mg2+-
block of the NMDA channel during the spike-afterhyperpolarization. That is, at the peak of
a spike afterhyperpolarization, the depolarizing NMDA current is blocked, and therefore
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does not diminish the peak amplitude of the hyperpolarization, allowing for removal of
inactivation of the A-type current.

1.2.2 - The large EPSP model—Under certain conditions, DA neurons can be made to
burst by simple depolarizing current injection (Georges and Aston-Jones, 2002, Blythe et al.,
2007, Blythe et al.) [(but see Richards et al., 1997)], indicating that any depolarizing
synaptic input is capable of generating a burst. Other than differences in activation and
inactivation kinetics, this model predicts that there is no difference between AMPA and
NMDA receptor activation since both are capable of depolarizing DA neurons. Indeed, in
the papers by Blythe et al (2007, 2009), both NMDA and AMPA antagonists are capable of
decreasing intraburst frequency and number of spikes within synaptically driven bursts, and
only a combination of AMPA with NMDA antagonists is capable of abolishing bursts.

1.2.3 - Interaction between synaptic events and intrinsic properties—Although
the studies by Blythe et al (2007, 2009) have shown that under certain in vitro recording
conditions bursting can be induced by simple depolarization, a peculiar feature of the DA
neuron offers reason for suspecting that most bursts in DA cells have a common mechanism.
The cells seem, under most conditions when studied in intracellular recording (both in vivo
and in vitro), to be incapable of bursting in response to applied current pulses. Firing can be
controlled by applied current over a range of frequencies of about 0–10 Hz, which is also the
range of background (non-bursting) firing rates of the cell (Richards et al., 1997, Paladini et
al., 1999b). During bursts, the cells attain rates of 20–50 Hz (Grace and Bunney, 1984,
Tepper et al., 1995, Paladini and Tepper, 1999, Hyland et al., 2002, Schultz, 2002).
Attempts to pass larger currents, to force the cell to fire at bursting rates, lead quickly to
spike failure, apparently from sodium channel inactivation (Richards et al., 1997). Under
these conditions, bursting must rely on a mechanism that cannot be mimicked by somatic
constant current injection.

In the case of an interaction between synaptic events and intrinsic properties, bursting is
initiated by the transient interaction of NMDA receptors and voltage-gated ion channels on
the membrane of the DA neuron to induce a high-frequency, action potential-independent
oscillation (Deister et al., 2009). AMPA receptors, or somatic current injection, do not
initiate bursts in the same recordings. NMDA receptors have the unique capability to
increase the peak-to-peak amplitude of the membrane oscillations, imparted by voltage-
gated ion channels, because of their voltage dependence (Mayer et al., 1984, Nowak et al.,
1984). During an oscillation period, the NMDA receptor undergoes Mg2+ block during the
hyperpolarization phase, allowing for full repolarization; and unblocks during the
depolarizing phase, increasing the peak amplitude of the depolarization. Thus, the current
from the NMDA receptor varies in phase with the oscillation (Kuznetsov et al., 2006,
Deister et al., 2009). This has the effect of postponing the sodium channel inactivation that
is evident during constant depolarization.

1.3 - Cellular Mechanisms of Pauses
Spontaneous bursts in vivo, and experimenter-induced bursts in vitro, are often followed by
a long pause, after which spontaneous activity resumes (e.g. Overton and Clark, 1997). This
is in contrast to reward-prediction-related bursts seen in behaving animals, in which there is
often no pause immediately following a burst (e.g. Hyland et al., 2002, Schultz, 2002).
Despite its scarcity in behaving animals, researchers studying spontaneous bursts have long
assumed that the post-burst pause is an essential consequence of the burst (e.g. an after-
hyperpolarization). But in behaving animals, bursts and pauses can be evoked in different
situations and have opposite behavioral significance (pauses signal the absence of an
expected reward).
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More recently, studies of DA neurons in slices have shown that the slow after-
hyperpolarization and pause in spontaneous firing in response to synaptic excitation have
entirely different mechanisms (Fiorillo and Williams, 1998, Paladini et al., 2001, Morikawa
et al., 2003, Paladini et al., 2004, Paladini and Williams, 2004). Instead of relying on AMPA
or NMDA receptors, the pause is mediated by Ca2+ release from intracellular stores and the
resultant activation of Ca2+-dependent K+ channels after mGluR activation. The co-
occurrence of bursts and pauses in spontaneous and glutamate-evoked bursts is thus due to
sequential activation of AMPA/NMDA and mGlu receptors.

Furthermore, pauses can as well be activated by other phosphoinositide (PI)-coupled
receptors that activate release of Ca2+ from stores, including the α-adrenergic receptor and
muscarinic acetylcholine receptor. These also produce a powerful and long-lasting
hyperpolarization by activation of an SK current (Fiorillo and Williams, 1998, Paladini et
al., 2001, Morikawa et al., 2003, Paladini and Williams, 2004). In some cases, release of
Ca2+ from stores is regenerative, and can lead to a Ca2+ wave that propagates throughout the
dendritic field of the DA neuron at about 100 µm/second (Paladini and Williams, 2004).
This raises the possibility of spatial interactions between pauses generated at different parts
of the DA neuron that could contribute to the function of the cell. Receptors mediating the
release of Ca2+ from stores share some intracellular signaling pathways. For example,
mGluRs and α-adrenergic receptors both employ IP3 and cADPR signaling, and show some
cross-desensitization (Morikawa et al., 2003, Paladini and Williams, 2004). This pause
mechanism allows for pauses to be generated by the cooperative action from a number of
different sources, including glutamatergic and DA activation. DA is the likely ligand for the
α-adrenergic receptor in the SNc (Paladini et al., 2004) [although see (Grenhoff and
Svensson, 1993)]. The insights obtained from studying the cooperative action of different
neurotransmitters can provide the basis for future studies on the synaptic integration of
neuromodulatory signals that may produce regenerative pauses in DA cells in vivo when an
expected reward is withheld.

Another candidate mechanism for the pauses seen in vivo are IPSPs generated by
GABAergic synaptic afferents from the rostromedial tegmental nucleus (RMTg), striatum,
nucleus accumbens, globus pallidus, ventral pallidum, and substantia nigra pars reticulata
(Tepper et al., 1998, Celada et al., Paladini et al., 1999a, Paladini and Tepper, Lee et al.,
2004, Brazhnik et al., 2008, Jhou et al., 2009, Sesack and Grace, 2010) [see Fig. 2]. The
majority of the afferents to SNc DA neurons induce a GABAA-mediated inhibition of firing
(Paladini et al., 1999a). Although IPSPs are capable of delaying action potentials in a time-
dependent way, the powerful somatic oscillatory currents of the DA cell ensure that the cell
will fire again unless inhibition is strong and of long duration. The strength of the IPSP
depends partly on the GABAA reversal potential in DA cells, which is Cl−-mediated, and
occurs near the most hyperpolarized part of the DA cell’s oscillation (Gulacsi et al., 2003).
As a result, GABAA currents are lowest at the most hyperpolarized point of the oscillation,
making it unlikely that they will hyperpolarize the neuron much further. Therefore, it is
likely that a pause induced by phasic activation of GABAA-mediated afferents will require
the recruitment of several inputs to overcome the pacemaking currents (Lobb et al., 2010).
Indeed, the cooperative action of tonic GABAergic and glutamatergic inputs may well have
significant influence on bursts and pauses (see section 2.6 entitled “Afferent Control of the
DA Neuron”, and Lobb et al., 2010). Additionally, GABAB-mediated K+ currents are
capable of inhibiting DA neurons by hyperpolarization due to the more hyperpolarized
reversal potential for K+ (Brazhnik et al., 2008). It is possible that in nature, pauses can be
independently activated by GABAergic and PI-coupled receptors to produce the pause
responses in the appropriate (usually different) circumstances. Pauses immediately
following a burst may very well have a different mechanism from pauses occurring
independently of a burst.
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2 - INFLUENCES OF NEUROTRANSMITTER INPUTS ON DOPAMINE
NEURON ACTIVITY (Fig. 2)
2.1 - Glutamate

Feedback glutamatergic input from the PFC provides the major cortical projection to the
VTA (Sesack and Pickel, 1992, Tong et al., 1996b, Geisler et al., 2007). The excitatory PFC
afferents preferentially target DA neurons that project back to the PFC and GABAergic
neurons that project to the NAc, demonstrating considerable target specificity of PFC input
into the VTA (Carr and Sesack, 2000).

Previous studies have identified a limited number of subcortical structures providing
glutamatergic afferents into the VTA/SNc. These include the subthalamic nucleus (Kita and
Kitai, 1987), the pedunculopontine tegmental (PPTg) and laterodorsal tegmental (LDTg)
nuclei (Clements et al., 1991, Lavoie and Parent, 1994, Charara et al., 1996), the bed nucleus
of the stria terminals (BNST) (Georges and Aston-Jones, 2002), and the superior colliculus
(SC) (Comoli et al., 2003, Dommett et al., 2005). However, a more recent thorough analysis
using retrograde tract-tracing combined with in situ hybridization for vesicular glutamate
transporters has revealed a large number of previously unknown subcortical sources of
glutamatergic inputs into the VTA, such as the lateral hypothalamic and preoptic areas,
periaqueductal gray, and the dorsal and median raphe (Geisler et al., 2007), although
whether these glutamatergic inputs innervate DA neurons and/or non-DA neurons was not
examined in this study. Furthermore, glutamatergic synapses from these subcortical
structures outnumber those from the PFC (Geisler et al., 2007, Omelchenko and Sesack,
2007). These diverse sources of glutamatergic afferents may provide DA neurons with an
opportunity to integrate information arising from a wide range of environmental stimuli. For
example, electrophysiological evidence implicates glutamatergic inputs primarily from the
SC and PPTg in mediating DA neuron burst responses to visual and auditory cues,
respectively (Comoli et al., 2003, Pan and Hyland, 2005).

Glutamatergic inputs activate AMPA- and NMDA-type ionotropic glutamate receptors in
DA neurons. Accordingly, iontophoretic application of either AMPA or NMDA receptor
agonists can stimulate DA neuron firing (Christoffersen and Meltzer, 1995, Zhang et al.,
1997). A number of in vivo electrophysiological studies in anesthetized animals have
reported that DA neuron bursts occurring spontaneously, or those triggered by electrical
stimulation of the PFC, PPTg, or subthalamic nucleus, are suppressed by local application of
NMDA, but not AMPA, receptor antagonists (Overton and Clark, 1992, Chergui et al.,
1993, Chergui et al., 1994, Christoffersen and Meltzer, 1995, Tong et al., 1996a). In line
with this, genetic inactivation of NMDA receptors selectively in DA neurons impairs
spontaneous bursts as well as those evoked by PPTg stimulation (Zweifel et al., 2009).
Furthermore, DA neuron bursts, triggered by electrical stimulation of glutamatergic
afferents, or iontophoretic application of glutamate/aspartate in brain slices, are also blocked
by NMDA receptor antagonists (Morikawa et al., 2003, Deister et al., 2009). These
converging lines of evidence indicate the critical role of NMDA receptors in the generation
of DA neuron bursts. Nevertheless, it should be noted that AMPA receptor antagonists can
also attenuate DA neuron burst firing evoked by stimulation of glutamatergic inputs both in
vivo and in vitro (Georges and Aston-Jones, 2002, Blythe et al., 2007). Therefore, the exact
contribution of these two types of ionotropic glutamate receptors to DA neuron bursting
under different conditions, and perhaps even in different populations of DA neurons
(Lammel et al., 2011), remains to be fully determined.

Glutamate also activates metabotropic glutamate receptors (mGluRs), mainly type 1 mGluR
(mGluR1), in DA neurons (Moraru et al., 1999, Hubert et al., 2001). Tonic activation of
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mGluRs produces membrane depolarization that is mediated, at least partly, by opening of a
non-selective cationic conductance (Guatteo et al., 1999, Tozzi et al., 2003). In contrast,
rapid activation of mGluRs leads to membrane hyperpolarization via opening of SK
channels following Ca2+ release from intracellular stores (Fiorillo and Williams, 1998,
Morikawa et al., 2003). Additionally, tonic mGluR activation causes amplification of AP-
evoked Ca2+ signals, thereby driving activity-dependent synaptic plasticity of NMDA
receptor-mediated transmission (Cui et al., 2007, Harnett et al., 2009).

2.2 - GABA
The powerful influence of GABAergic inhibition on DA neuron activity is illustrated by the
observation that over 70% of synapses onto SNc DA neurons are GABAergic (Bolam and
Smith, 1990, Tepper and Lee, 2007), although the proportion of GABAergic synapses seems
to be lower in the VTA (Smith et al., 1996). There are major GABAergic feedback
projections from the NAc/striatum and the ventral pallidum/globus pallidus (external
segment) into the VTA/SNc (Conrad and Pfaff, 1976, Walaas and Fonnum, 1980, Zahm,
1989, Smith and Bolam, 1990, Kalivas et al., 1993). Additionally, although there is a rich
literature demonstrating GABAergic afferent innervation of DA neurons (Juraska et al.,
1977, Gerfen, 1985, Gerfen and Young, 1988, Bolam and Smith, 1990, Prensa and Parent,
2001, Saitoh et al., 2004, Matsuda et al., 2009, Fujiyama et al., 2011), recent evidence
employing an optogenetic approach indicates that GABAergic feedback from the NAc/
striatum projects more densely to non-DA neurons (Chuhma et al., 2011, Xia et al., 2011).
DA neurons also receive GABAergic inputs from local GABA neurons within the VTA, or
in the neighboring substantia nigra pars reticulata for SNc (Phillipson, 1979, Johnson et al.,
1992, Tepper et al., 1995, Omelchenko and Sesack, 2009). Furthermore, a region located at
the caudal tail of the VTA, termed rostromedial tegmental nucleus (RMTg), is an important
source of GABAergic input to both the VTA and SNc (Jhou et al., 2009, Kaufling et al.,
2009).

Both GABAA and GABAB receptors mediate the inhibitory action of GABA on DA neurons
(Johnson and North, 1992, Brazhnik et al., 2008). GABAB receptor-mediated inhibition is
achieved through activation of G protein-gated inwardly rectifying K+ (GIRK) channels
(Lacey et al., 1988, Labouebe et al., 2007). Furthermore, activation of presynaptic GABAB
receptors inhibits glutamate and GABA release onto DA neurons (Hausser and Yung, 1994,
Manzoni and Williams, 1999). GABAergic inhibition via either GABAA or GABAB
receptors can suppress burst firing of DA neurons (Paladini and Tepper, 1999, Erhardt et al.,
2002), and recent evidence indicates that a disinhibitory mechanism (i.e., transient removal
of GABAergic inhibition) may contribute to the generation of phasic DA neuron bursts in
behaving animals (Matsumoto and Hikosaka, 2007, Tepper and Lee, 2007, Jhou et al., 2009,
Lobb et al., 2010, 2011b).

2.3 - Dopamine (DA)
Dendrodendritic synapses, as well as a small number of axodendritic synapses, formed
between DA neurons have been observed with electron microscopy in both the VTA and
SNc (Wilson et al., 1977a, Bayer and Pickel, 1990). Vesicular monoamine transporter 2
(VMAT2)-positive vesicles, which would underlie Ca2+-dependent vesicular DA release
from the somoatodendritic area (Rice et al., 1997, Chen and Rice, 2001, Kita et al., 2009),
have also been detected in DA neuron dendrites (Nirenberg et al., 1996). Released DA
exerts feedback inhibition of DA neuron activity via activation of D2 autoreceptors, causing
GIRK-mediated hyperpolarization (Groves et al., 1975, Lacey et al., 1987). Indeed, D2
receptor-mediated IPSCs elicited by electrical stimulation of dendrodendritic synapses have
been more recently reported in DA neurons of the SNc and VTA (Beckstead et al., 2004,
Beckstead and Williams, 2007). In addition, DA inhibits glutamate release and facilitates

Morikawa and Paladini Page 8

Neuroscience. Author manuscript; available in PMC 2012 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



GABA release onto DA neurons via activation of presynaptic D2 and D1 receptors,
respectively (Cameron and Williams, 1993, Koga and Momiyama, 2000). Postsynaptic D5
receptor-mediated slow potentiation of NMDA EPSCs has also been reported, suggesting
that DA may promote burst firing of DA neurons (Schilstrom et al., 2006).

2.4 - Norepinephrine (NE)
The locus coeruleus and other noradrenergic nuclei in the medulla give rise to
norepinephrine (NE)-containing terminals in the VTA/SNc (Phillipson, 1979, Mejias-
Aponte et al., 2009). Overall, NE exerts excitatory control over DA neuron activity via
activation of α1 adrenergic receptors, causing membrane depolarization, or suppressing the
mGluR-induced pause (Grenhoff et al., 1995, Paladini et al., 2001). However, transient
activation of α1 adrenergic receptors produces SK-mediated membrane hyperpolarization
(Paladini and Williams, 2004). NE can also bind to D2 DA receptors and cause membrane
hyperpolarization in DA neurons (Grenhoff et al., 1995, Guiard et al., 2008).

2.5 - Acetylcholine (ACh)
Cholinergic inputs to the SNc and VTA display some topographical organization, with the
PPTg and LDTg nuclei mainly projecting to the SNc and VTA, respectively (Cornwall et al.,
1990, Semba and Fibiger, 1992, Oakman et al., 1995, Omelchenko and Sesack, 2005, Mena-
Segovia et al., 2008). It has been shown that glutamate or GABA is co-released with ACh
from these projections (Clements et al., 1991, Lavoie and Parent, 1994, Jia et al., 2003,
Omelchenko and Sesack, 2006), although whether there is co-release from the same
terminals remains controversial (Mena-Segovia et al., 2008). Cholinergic terminals in the
VTA preferentially innervate DA neurons that project to the NAc (Omelchenko and Sesack,
2006).

DA neurons generally exhibit excitatory responses to ACh via activation of nicotinic and
muscarinic ACh receptors. Different subtypes of nicotinic ACh receptors (nAChRs),
including α3–7 and β2–4, are expressed in DA neurons, although β2-containing nAChRs
mediate the majority of postsynaptic nicotinic responses (Azam et al., 2002, Marubio et al.,
2003, Wooltorton et al., 2003). Activation of postsynaptic M5 muscarinic ACh receptors
causes excitation of DA neurons (Lacey et al., 1990, Gronier and Rasmussen, 1998,
Yeomans et al., 2001, Yamada et al., 2003), although rapid activation of these receptors can
evoke SK-mediated membrane hyperpolarization via intracellular Ca2+ release (Fiorillo and
Williams, 2000).

2.6 - Afferent Control of the DA Neuron
As mentioned above, in behaving animals DA neuron firing switches from tonic, single-
spike activity to phasic bursts in response to the unexpected presentation of a primary
reward (e.g., a drop of juice in the mouth). However, after conditioning with repeated cue-
reward pairing, the burst response shifts in time to the onset of a reward-predicting cue, and
DA neurons no longer respond to the primary reward when predicted by the preceding cue
(Schultz, 1998, Pan et al., 2005). Furthermore, a transient pause in DA neuron firing is
observed at the expected time of reward if the cue is presented alone within a single trial
without subsequent reward (Fig. 1). The responses of DA neurons are correlated in time
with the activity of other basal ganglia neurons such that they can be modulated within a
single trial (e.g. Morris et al., 2004). These observations led to the widely publicized view
that DA neuron firing represents the prediction error teaching signal used in reinforcement
learning models, which encodes the difference in the actual and predicted outcomes
[positive prediction error (burst) when the outcome is better than predicted, and negative
prediction error (pause) when the outcome is worse than predicted] (Barto, 1995, Montague
et al., 2004). Although beyond the scope of the current review, recent studies indicate that a
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subset of DA neurons exhibit phasic bursts in response to aversive stimuli (e.g., air puff to
the face, foot shock, etc.) and also learn to respond to cues predicting aversive events
(Brischoux et al., 2009, Matsumoto and Hikosaka, 2009, Zweifel et al., 2011).

As interesting as it is that DA neurons are able to generate a reward prediction signal, this
finding raises some questions. Which afferent(s) provide(s) the DA neuron with the
necessary input to drive bursts or pauses within the time of a trial in a given learning task?
Phasic stimulation in vitro, either electrical or by local application of agonist, can produce
bursts identical to those seen in vivo (e.g. Morikawa et al., 2003). The burst generated in this
way is critically dependent upon NMDA receptor activation. And, there is a host of evidence
connecting NMDA receptor activation to spontaneous burst generation in vivo (Charlety et
al., 1991, Overton and Clark, 1997, Chergui et al., 1993, Christoffersen and Meltzer, 1995,
Tong et al., 1996a). However, if it proves true that phasic activation of NMDA receptors is
the only mechanism responsible for the reward-prediction bursts seen in behaving animals, it
must still explain how the glutamatergic inputs are activated at the right times. It is
especially challenging to understand how the response to a reward is suppressed when an
identical reward is predicted by a previous stimulus. This suppression must occur on a
timescale on the order of hundreds of milliseconds (e.g. Schultz, 2002). One class of
explanations for this is based on the strong GABAergic innervation preventing bursts in the
DA neuron (Bolam and Smith 1990, Paladini and Tepper, 1999). In this case, disinhibition
models of burst generation are favored because they allow for control of burst timing by the
inhibitory descending forebrain pathways (themselves under cortical influence), rather than
glutamatergic brainstem inputs from the subthalamic nucleus and PPTg nucleus.

Many authors have presumed that the signal for the reward prediction error comes directly
either from the cerebral cortex or the striatum. Direct inputs to the SNc from cortex are
sparse, but more predominant to the VTA (e.g. Naito and Kita, 1994, Geisler and Zahm,
2005). Under some circumstances, bursts can be induced in SNc DA neurons by phasic
cortical stimulation, but these are apparently relayed through the subthalamic nucleus
(Overton and Clark, 1997). The most abundant known glutamate inputs to VTA/SNc DA
neurons come from the subthalamic nucleus and PPTg nucleus (e.g. Kita and Kitai, 1987,
Charara et al., 1996, Iribe et al., 1999), and these are tonically active inputs (Smith and
Grace, 1992, Kreiss et al., 1997, Plenz and Kital, 1999, Datta et al., 2003), thus providing a
tonic, rather than phasic, source of excitation.

The input from the striatum is plentiful and well documented (see review in Haber, 2003).
Some striatal cells have been shown to fire in relation to reward expectation, or to other
aspects of reward that could inform DA neurons (e.g. Cromwell and Schultz, 2003).
However, the inputs from the striatum are all GABAergic and inhibitory (e.g. Paladini et al.,
1999a). Is there a way that bursts could arise from striatal disinhibition? Striatonigral
neurons are spiny neurons, and have very little tonic background activity. Also, striatal
neurons receive input from DA cells, so the activity of the striatum could well be a
consequence, rather than a cause, of DA responses. The reward-related responses of the
spiny striatal neurons all consist of phasic increases in firing. On the face of it, if striatal
spiny neurons only influence DA neurons through a direct connection, they would seem
more likely as a source of the pause response, rather than the burst. However, the striatum
can also influence DA cells via other connections within the basal ganglia. Optogenetic
activation of the direct pathway of the basal ganglia results in inhibition of the GABAergic
neurons of the substantia nigra pars reticulata (Kravitz et al., 2010). This has been posited as
a potential source of disinhibition of SNc DA neurons, resulting in a burst (Lobb et al.,
2011a). Indeed, appropriate electrical stimulation of the striatum excites dopaminergic
neurons recorded in vivo (Grace and Bunney, 1985). Similarly, lateral habenula neurons,
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which inhibit VTA DA neurons, decrease their activity when an animal is presented with a
stimulus-predicting cue (Matsumoto and Hikosaka, 2007).

While it is clear that a number of neurotransmitters control the firing pattern of DA neurons
(see above), under the disinhibition model, the DA cell is subjected to a constant barrage of
GABAergic and glutamatergic synaptic input from tonically active afferents. DA neurons
undergo constant IPSPs in vivo (Grace and Bunney, 1985, Tepper and Lee, 2007), and local
application of GABAA antagonists in vivo shifts the pattern of single DA neurons to fire in a
bursty mode (Paladini and Tepper, 1999), indicating that a GABAergic tone is preventing
DA neurons from bursting. Therefore, DA neurons are in a balanced state in vivo where the
influence of tonic excitatory NMDA receptor activation is counterbalanced by the influence
of tonic inhibitory GABA receptor activation, making disinhibition bursts possible. GABAA
receptors are best suited for this balanced configuration since the Cl− reversal potential
mediating GABAA inhibition of DA neurons is less hyperpolarized than the K+ reversal
potential mediating GABAB inhibition. Again, the NMDA receptor is uniquely suited, this
time for maintaining DA neurons in a balanced state between excitation and inhibition. This
is because the negative slope conductance region on the IV plot of the NMDA receptor,
imparted by Mg2+ block, produces an increase in input resistance (Koch, 1999). This
increase in input resistance counteracts the decrease in input resistance caused by activation
of GABAA receptors (Lobb et al., 2011b). Therefore, spiking still occurs in a balanced state
between tonic NMDA and tonic GABAA activation. In contrast, activation of AMPA
receptors increases a linear conductance which, when added with GABAA, eliminates
spiking in DA neurons altogether (Lobb et al., 2011b).

Under this scheme, the firing pattern of DA neurons can be dynamically controlled on a
milliseconds timescale. Bursts in firing are induced by phasic removal of tonic inhibition
(i.e. disinhibition), whereas pauses in firing are initiated by a phasic increase in inhibition, or
in a phasic removal of tonic excitation (Lobb et al., 2011b). With the rapid and dynamic
control of burst timing and frequency by disinhibition (Lobb et al., 2010, 2011b), scaling of
intraburst firing rate can occur according to the probability of reward associated with a
stimulus within a single trial (i.e. within hundreds of milliseconds) (Morris et al., 2004), or
on successive trials of a learning task (Pan et al., 2005). Nevertheless, accumulating
evidence demonstrating various forms of activity-dependent plasticity at both excitatory and
inhibitory synapses onto DA neurons suggest that synaptic plasticity within the VTA/SNc
also contributes, at least in part, to the generation of conditioned DA neuron responses, as
has been modeled previously (Contreras-Vidal and Schultz, 1999).

3 - SYNAPTIC PLASTICITY IN DOPAMINE NEURONS
Synaptic plasticity is widely accepted as the key neural substrate underlying memory
formation in the CNS (Malenka and Bear, 2004). In the mesostriatal/mesocortical
dopaminergic system, the current theory posits that phasic DA release, caused by burst firing
of DA neurons in the VTA and SNc, triggers/promotes the induction of synaptic plasticity in
projection areas, thereby forming memories of stimulus-reward associations and action-
outcome contingencies (Montague et al., 2004, Wickens et al., 2007, Maia and Frank, 2011).
In support of this idea, various forms of synaptic plasticity that require DA, or are modulated
by DA, have been reported in neurons of DA projection areas (Kreitzer and Malenka, 2008,
Surmeier et al., 2009, Wickens, 2009). Furthermore, it is generally assumed that acquisition
of DA neuron responses during cue-reward conditioning, as illustrated in Fig. 1, is mediated
by DA-dependent synaptic plasticity mostly in the striatum, which then affects DA neuron
activity via feedback loops to the VTA/SNc (Houk et al., 1995, Schultz et al., 1998, Brown
et al., 1999). However, studies over the past decade or so have revealed that synapses on DA
neurons themselves also undergo activity/experience-dependent modifications in their
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strength (Kauer and Malenka, 2007, Chen et al., 2010). The vast majority of these studies
have been performed in VTA DA neurons, which are generally more closely associated with
reward-based learning than SNc neurons, especially during the early phase of learning, and
by laboratories oriented toward investigations on drug addiction, which has a strong learning
component in its etiology. In this section, we will review various forms of plasticity of
synaptic inputs onto DA neurons, including the alterations observed after in vivo experience
with addictive drugs.

3.1 - Glutamatergic synapses
3.1.1 - LTP of AMPAR-mediated transmission—Activity-dependent synaptic
plasticity of glutamatergic synapses on DA neurons, as had been extensively studied in the
hippocampus and other brain areas using brain slices, was first demonstrated over a decade
ago (Bonci and Malenka, 1999, Overton et al., 1999). These studies were prompted by the
idea that LTP-like processes at the level of DA neurons might mediate the development of
behavioral sensitization to psychostimulants (Kalivas and Alesdatter, 1993, Tong et al.,
1995, Wolf, 1998), which involves a contextual learning mechanism (Robinson and
Berridge, 2003). The study by Bonci and Malenka induced LTP of AMPAR EPSCs in
voltage clamp by pairing low-frequency (1 Hz) stimulation of glutamatergic inputs with
large postsynaptic depolarization (+10 mV), a protocol that had been commonly used to
induce LTP of AMPAR-mediated transmission in hippocampal CA1 pyramidal neurons.
They found that LTP could be reliably induced in VTA DA neurons (Ih-positive neurons)
but not in GABA neurons (Ih-negative neurons). Overton et al. (1999) induced LTP of
EPSPs (mostly AMPAR-mediated) in current clamp by delivering high-frequency (100 Hz)
stimulation of glutamatergic afferents from the subthalamic nucleus to the SNc while
applying a constant depolarizing current to the recorded DA neuron. Both of these forms of
AMPAR LTP were shown to be dependent on NMDAR activation for induction, as was
known for LTP at glutamatergic synapses in other brain areas.

More recently, a spike timing-dependent (STD) protocol has been used in VTA DA neurons.
In this case, LTP of glutamatergic EPSPs is induced by several repetitions of five EPSP-
postsynaptic spike pairs at 10 Hz (mimicking burst firing), in which the onset of each EPSP
precedes the peak of postsynaptic spike by ~5 ms (Liu et al., 2005, Luu and Malenka, 2008).
This form of STD LTP is NMDAR-dependent (Zweifel et al., 2008), as in other forms of
LTP described above. It further requires postsynaptic rise in Ca2+ and subsequent activation
of PKC but not CaMKII (Luu and Malenka, 2008), and its expression involves membrane
insertion of high-conductance, GluR2-lacking AMPARs (Argilli et al., 2008).

3.1.2 - LTD of AMPAR-mediated transmission—Two forms of LTD of AMPAR
EPSCs have been described so far in VTA DA neurons. One form is induced by applying
low-frequency (1 Hz) stimulation of glutamatergic afferents during modest postsynaptic
depolarization (−40 mV) in voltage clamp (Jones et al., 2000, Gutlerner et al., 2002). The
induction is independent of NMDAR or mGluR activation. Instead, it is thought to require
Ca2+ entry through voltage-gated Ca2+ channels, causing PKA activation via Ca2+-sensitive
adenylyl cyclase, which then leads to reduced membrane surface expression of AMPAR
GluR1 subunits.

Another form of AMPAR LTD can be induced by simply stimulating glutamatergic inputs at
high frequency (66 Hz) while the postsynaptic neurons are constantly held at −50 mV in
voltage clamp (Bellone and Luscher, 2005). Conversely, similar high-frequency stimulation
delivered in current clamp induces LTP of AMPAR EPSPs in SNc DA neurons (Overton et
al., 1999), consistent with the idea that the magnitude of postsynaptic depolarizations, and
hence the degree of postsynaptic Ca2+ rises, during induction gates the direction of synaptic
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plasticity (Lisman, 1989, Artola and Singer, 1993). Activation of mGluR1 is necessary and
sufficient to mediate this form of LTD, and its expression involves membrane insertion of
low-conductance, GluR2-containing AMPARs (Mameli et al., 2007).

3.1.3 - AMPAR plasticity triggered by in vivo exposure to addictive drugs—
Since the initial finding that a single in vivo exposure to the psychostimulant cocaine
produces long lasting (~5 days) and global potentiation of AMPAR-mediated transmission
in VTA DA neurons (Ungless et al., 2001), numerous studies from different labs have
reported similar observations using different classes of addictive drugs (opiates, nicotine,
alcohol) or even after a single stressful experience (cold water swim) (Saal et al., 2003,
Dong et al., 2004, Faleiro et al., 2004, Liu et al., 2005, Placzek et al., 2009). This AMPAR
potentiation triggered by in vivo drug/stress experiences seems to share underlying
mechanisms with the activity-dependent LTP of AMPARs observed ex vivo in brain slices:
1) the induction is dependent on NMDAR activation (Ungless et al., 2001, Saal et al., 2003,
Zweifel et al., 2008), 2) the expression involves increased surface expression of high-
conductance, GluR2-lacking AMPARs (Bellone and Luscher, 2006, Argilli et al., 2008) [but
see (Faleiro et al., 2004)], and 3) previous in vivo drug exposure suppresses subsequent LTP
induction in brain slices (Ungless et al., 2001, Chen et al., 2008, Luu and Malenka, 2008,
Mameli et al., 2011) [but see (Liu et al., 2005)]. There are converging lines of evidence
linking experience-dependent AMPAR potentiation to the associative learning mechanism
involved in the development of drug addiction and also to reward-based learning in general.
First, blocking NMDARs in the VTA suppresses both AMPAR potentiation and the learning
of drug/reward-associated stimuli (Harris et al., 2004, Stuber et al., 2008, Zweifel et al.,
2008, Zweifel et al., 2009), although certain studies have reported that NMDAR-dependent
AMPAR plasticity in DA neurons may not be necessary for the development of behavioral
sensitization to psychostimulants (Engblom et al., 2008, Luo et al., 2010). Next, AMPAR
potentiation, which can be observed following intraperitoneal injection of cocaine by the
experimenter or cocaine self-administration by animals, cannot be induced by non-
contingent administration of cocaine through chronically implanted intravenous catheters
(Chen et al., 2008). This observation indicates that the pharmacological action of cocaine by
itself is not enough to produce AMPAR potentiation and that cocaine exposure presumably
needs to be paired with certain explicit cues (e.g., being handled by the experimenter).
Finally, AMPAR potentiation, although short-lived, is induced even during the learning of
cue-natural reward (sucrose pellet) association (Stuber et al., 2008). Interestingly, the
mGluR-dependent LTD mechanism, which causes increased surface expression of low-
conductance, GluR2-containing AMPARs, can reverse the increase in high-conductance,
GluR2-lacking AMPARs produced by in vivo cocaine exposure in VTA DA neurons
(Bellone and Luscher, 2006, Mameli et al., 2007), and this acts to gate the persistence of
cocaine-induced AMPAR depression observed in the NAc (Mameli et al., 2009). However,
it is not entirely clear how this LTD mechanism during different phases of conditioning
affects the learning of drug/reward-associated cues and behaviors.

It is generally assumed that AMPAR potentiation in VTA DA neurons initiates a cascade of
events that lead to plastic/neuroadaptive changes in the NAc and other DA neuron projection
areas necessary for the development and expression of behavioral sensitization and other
behavioral models of drug addiction (Borgland et al., 2004, Luscher and Malenka, 2011).
However, what exactly is that cascade of events? What is the impact of AMPAR
potentiation on DA neuron activity? How do DA neuron projection areas sense AMPAR
potentiation in DA neurons? One possibility is an increased contribution of AMPARs to DA
neuron burst firing and hence to phasic DA release. Another important feature of high-
conductance, GluR2-lacking AMPARs are their high Ca2+ permeability (Liu and Zukin,
2007). Indeed, a form of AMPAR LTP that is dependent on Ca2+-permeable AMPARs has
been reported recently in VTA DA neurons after in vivo cocaine exposure (Mameli et al.,
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2011). Furthermore, Ca2+ influx through these AMPARs over time might exert some long-
term influences (e.g., via alterations in gene expression) on DA neuron physiology (intrinsic
excitability, neurotransmitter content, neurotransmitter release machinery, etc.), resulting in
increased DA release from terminals.

3.1.4 - LTP of NMDAR-mediated transmission—NMDARs on DA neurons are
regulated by various neurotransmitters, including DA (Ungless et al., 2003, Borgland et al.,
2006, Schilstrom et al., 2006). Recent studies further indicate that activity-dependent
plasticity of NMDAR-mediated EPSCs in DA neurons of the SNc and VTA can be induced
(Harnett et al., 2009, Ahn et al., 2010, Bernier et al., 2011). This form of LTP is induced by
pairing sustained glutamatergic input stimulation with postsynaptic bursts of action
potentials. LTP induction requires amplification of action potential-evoked Ca2+ signals by
preceding synaptic activation of mGluR1s, which are coupled to the generation of inositol
1,4,5-trisphosphate (IP3) (Morikawa et al., 2003, Cui et al., 2007). Here, IP3 acts to increase
the sensitivity of IP3 receptors to Ca2+-dependent activation (Taylor and Laude, 2002),
thereby facilitating Ca2+-induced Ca2+ release triggered by burst-evoked Ca2+ influx.
Therefore, for successful LTP induction, the burst needs to occur with a certain delay (>0.5
s) after the onset of sustained synaptic stimulation, reflecting the time required for synaptic
activation of mGluRs to cause a sufficient rise in IP3 levels (Harnett et al., 2009).

The synaptic stimulation-burst pairing protocol used to induce NMDAR LTP may resemble
the neural activity experienced during cue-reward pairing, in that cue presentation would
give rise to working memory-type sustained glutamatergic input while the reward would
elicit DA neuron burst firing (Funahashi et al., 1989, Brown et al., 1999). Importantly, LTP
is induced in an input-specific manner, in that only those inputs activated during the
induction will be potentiated. Thus, it is tempting to speculate that this form of NMDAR
plasticity might mediate the acquisition of burst responses to the cue after repeated cue-
reward pairing (Fig. 1), particularly in light of the prominent role of NMDARs in triggering
DA neuron burst firing (Chergui et al., 1994, Tong et al., 1996a, Overton and Clark, 1997,
Morikawa et al., 2003, Deister et al., 2009, Zweifel et al., 2009). However, the exact
contribution of NMDAR LTP to conditioned DA neuron responses and to the learning of
cue-reward association has yet to be determined.

3.2 - GABAergic synapses
LTP of GABAA IPSCs can be induced by activation of NMDARs, either by high-frequency
(100 Hz) synaptic stimulation or simply by extracellular application of NMDA, in VTA DA
neurons (Ih-positive neurons) but not in GABA neurons (Ih-negative neurons) (Nugent et al.,
2007). This form of GABAergic synaptic plasticity does not require GABAAR activation
during induction, and is thus induced in a purely heterosynaptic fashion by glutamatergic
inputs activating NMDARs. Here, an NMDAR-mediated rise in postsynaptic Ca2+ levels
causes Ca2+/calmodulin-dependent activation of nitric oxide synthase. Nitric oxide thus
produced will then exit DA neurons and travel to GABAergic terminals, where it causes an
increase in cGMP levels to mediate long-term enhancement of GABA release.

In contrast, activation of group I mGluRs, via low-frequency (10 Hz) stimulation of
glutamatergic inputs or application of a selective agonist, induces LTD of GABAA IPSCs in
VTA DA neurons (Pan et al., 2008a, b). mGluR-induced synthesis of endocannabinoids,
which travel to GABAergic terminals to activate presynaptic CB1 receptors, is involved in
LTD induction (Chevaleyre et al., 2006).

GABAAR-mediated inhibition can effectively counteract glutamatergic excitation of DA
neurons (Tepper et al., 1998, Lobb et al., 2010). Recent experimental evidence, together
with modeling studies in the past, suggests that GABAergic inhibition might mediate the

Morikawa and Paladini Page 14

Neuroscience. Author manuscript; available in PMC 2012 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



transient pause in DA neuron firing when the expected reward is omitted after cue
presentation (Fig. 1) (Brown et al., 1999, Contreras-Vidal and Schultz, 1999, Jhou et al.,
2009, Lobb et al., 2010, Lobb et al., 2011a). In this scenario, GABAergic inhibition will
cancel reward-induced glutamatergic excitation when the expected reward is presented after
the cue, hence no change in DA neuron firing. Therefore, plasticity of GABAergic synapses
at DA neurons might play an important role in gating phasic burst responses of DA neurons
in behaving animals. However, one should be cautioned that input-specific plasticity
requiring presynaptic GABAergic input activity for induction, as has been reported in other
brain areas (Rodriguez-Duran et al., 2011), has not been demonstrated in DA neurons.

3.3 - Dopaminergic synapses
Plasticity of local dendrodendritic synapses among DA neurons has also been reported
(Beckstead and Williams, 2007). Here, low-frequency (2 Hz) stimulation of these synapses
induces LTD of D2 IPSCs through persistent desensitization of D2 autoreceptors. Resulting
decreases in lateral inhibition among dopamine neurons might act to promote population
burst responses.

CONCLUSION
This is an exciting time for DA aficionados. Direct and selective stimulation of DA neurons
using an optogenetic method in behaving animals has unequivocally demonstrated that
activation of these neurons is sufficient to shape animals’ preference for certain places (Tsai
et al., 2009). Genetic deletion of NMDARs selectively in DA neurons has further confirmed
the roles of phasic DA signaling in various types of learning and behavior (Zweifel et al.,
2008, Zweifel et al., 2009). In this article, we started by asking one simple question. How do
DA neurons process information coming from various sources? More specifically, we
discussed how activation and/or removal of excitatory and inhibitory inputs, working
through both ionotropic and metabotropic mechanisms, can mediate phasic excitation (burst)
and inhibition (pause) of DA neuron firing, and further presented various forms of activity-
dependent synaptic plasticity of these inputs that may occur during behavioral conditioning.
The powerful tools described above (e.g., optogenetic stimulation of discrete inputs, cell
type-specific knockout/knockin strategies) will hopefully enable us to tackle these issues
with further precision in intact animals, and ex vivo preparations, under both physiological
and pathological conditions.

Highlights

This is a review of the current literature on the control of firing activity of dopaminergic
neurons.

The review covers

1. The ionic mechanisms underlying intrinsic properties of dopamine neurons

2. Influences of neurotransmitter inputs on dopamine neuron activity

3. Synaptic plasticity in dopamine neurons
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Figure 1. Schematic diagram illustrating the encoding of reward prediction error by DA neuron
firing activity
During cue-reward conditioning, the reward is delivered at the end of the cue or after a
certain delay after the cue offset. After conditioning, the DA neuron burst response transfers
from the time of reward delivery to the onset of the cue. Note that the depression (pause)
response to the omission of expected reward after cue presentation is time-locked to the
expected time of reward delivery.
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Figure 2. Summary of the major afferents to the VTA and SNc
GP: globus pallidus, LC: locus coeruleus, LDTg: laterodorsal tegmental nucleus, NAc:
nucleus accumbens, PFC: prefrontal cortex, PPTg: pedunculopontine tegmental nucleus,
RMTg: rostromedial tegmental nucleus, SMCtx: sensorimotor cortex, SNc: substantia nigra
pars compacta, SNr: substantia nigra pars reticulata, STR: striatum, VP: ventral pallidum,
VTA: ventral tegmental area,
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