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Abstract

The basal ganglia are a chain of subcortical nuclei that facilitate action selection. Striatal direct
and indirect pathways form the functional backbone of the basal ganglia circuit. Twenty years ago
it was proposed that the ability of the striatum to use the rise and fall of dopamine (DA) to control
action selection was due to the segregation of D, and D, DA receptors in direct and indirect
pathway spiny projection neurons. Although this sparked a debate, the evidence accumulated since
clearly supports this model. In particular, recent advances in the means of marking neural circuits
with optical or molecular reporters has revealed a clear-cut dichotomy between these two cell
types at the molecular, anatomical and physiological levels. The contrast provided by these studies
has provided new insights into how the striatum responds to fluctuations in DA signaling and how
diseases that alter this signaling change striatal function.
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Introduction

The basal ganglia are part of the forebrain circuitry involved in the selection of actions
(Mink, 1996; Redgrave et al., 1999; Wichmann and DeLong, 2003; Cisek and Kalaska,
2010). Diseases of the basal ganglia result in a spectrum of movement disorders from those
characterized by hypokinesia, such as Parkinson’s disease (PD) to those producing
hyperkinesia, such as chorea and dystonia (Mink, 2003). A cardinal feature of the striatum —
the principal of cortical and thalamic information reaching the basal ganglia —is its dense
DA innervation, which arises from the midbrain nigrostriatal pathway (Bolam et al., 2000).
This input is critical to normal functioning of the striatum and basal ganglia. One of the
major targets of this innervation is the principal neuron of the striatum: GABAergic spiny
projection neurons (SPNs). SPNs constitute as much as 90% of the striatal neuron
population. SPNs can be divided into two approximately equally-sized populations based on
axonal projections. One population — direct pathway SPNs — projects axons to the nuclei at
the interface between the basal ganglia and the rest of the brain, whereas the other
population — indirect pathway SPNs — projects only to an intermediate basal ganglia nucleus,
connecting only indirectly to the interface nuclei.

A second distinguishing feature of direct and indirect pathway SPNs is their differential
expression of DA receptors. The D; DA receptor (Drd1a) is expressed selectively by direct
pathway SPNs, whereas the D, (Drd2) is expressed by indirect pathway SPNs. These two G-
protein coupled receptors (GPCRS) receptors have distinctive linkages to intracellular
signaling cascades and targets, leading to fundamentally different cellular responses to
extracellular DA. The dichotomous effect of DA on the expression of gene expression in
direct and indirect pathway SPNs was demonstrated some 20 years ago (Gerfen et al., 1990).
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However, electrophysiological studies did not yield as clean a picture, leading to a debate
about the extent to which these receptors were co-localized in SPNs. Subsequently, the
murkiness of the physiological picture has been shown to be largely a consequence of the
complexity of the striatal circuitry, not co-localization of D1 and D5, receptors. The most
compelling evidence for this conclusion has come from work with bacterial artificial
chromosome (BAC) transgenic mice in which expression of a fluorescent reporter molecule,
most commonly enhanced green fluorescent protein (eGFP), is driven by the promoter
region of either the D1 or D, receptor (Gong et al., 2003). In these mice, there is a precise
alignment of D, and D, receptor expression with direct and indirect SPN pathways. This
review summarizes work in the last few years, primarily with these new mice, that has
advanced our understanding of how DA modulates the structure and function of direct and
indirect pathway SPNs in health and in disease states, like PD.

Organization of the basal GANGLIA

The largest nucleus of the basal ganglia is the striatum, which comprises the caudate,
putamen and ventral striatum, including the nucleus accumbens. Essentially all cortical areas
— sensory, motor and associational — project to the striatum (). The other major input to the
striatum comes from the thalamus, particularly the intralaminar thalamic nuclei (Smith et al.,
2004). Both projections are glutamatergic, forming excitatory synaptic connections with
SPNs and four classes of interneuron.

Striatal information flows to the rest of the basal ganglia through GABAergic SPNs of the
direct and indirect pathways (Gerfen and Wilson, 1996). Direct pathway SPNs extend
axonal projections to the GABAergic output nuclei of the basal ganglia, the internal segment
of the globus pallidus (GPi) and substantia nigra pars reticulata (SNr). These nuclei may be
considered as one somatotopically organized structure, with the GPi involved in axial and
limb movements and the SNr involved in head and eye movements. Direct pathway neurons
also extend an axon collateral to the GABAergic neurons of the external segment of the
globus pallidus (GPe). Indirect pathway SPNs extend axonal projections only to the GPe.
GPe neurons project to the glutamatergic neurons of the subthalamic nucleus (STN) and to
the output nuclei (GPi/SNr). STN neurons also project to both the GPi and SNr, forming a
parallel pathway to the output nuclei. Thus, the indirect pathway forms a multisynaptic
circuit between the striatum and the basal ganglia output nuclei. Activity within this indirect
pathway circuit is also modulated by excitatory cortical input to the STN. All of the neurons
in the GPe, GPi, STN and SNr are autonomous pacemakers. This creates a means by which
direct and indirect pathway GABAergic neurons can bidirectionally modulate the spiking of
GPi and SNr neurons projecting to the thalamus, superior colliculus and pedunculopontine
nucleus (PPN). Thus, their neuroanatomical connections endow direct and indirect pathway
SPNs with distinct effects on the activity of the inhibitory output interface of the basal
ganglia. Indirect pathway provides excitatory activity whereas the direct pathway provides
inhibition of activity in this interface. Additionally, some neurons in the globus pallidus
provide collaterals to the substantia nigra, which provide an additional source of inhibition
to the output nuclei from the indirect pathway circuit.

Striatal distribution of DA receptors

Five G-protein coupled receptors mediate DA signaling (D1—Ds). These receptors are
grouped into two classes based on the G-protein to which they couple: D4, Dg (D1-like)
receptors stimulate G5 and Gy proteins, whereas D, D3, and D4 (D,-like) receptors
stimulate G, and G; proteins (Neve et al., 2004). G5 and Gg¢ proteins stimulate adenylyl
cyclase, elevating intracellular levels of cyclic adenosine monophosphate (CAMP) and
activating protein kinase A (PKA). PKA has a broad array of cellular targets, including
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transcription factors, voltage-dependent ion channels and glutamate receptors (Svenningsson
et al., 2004). Gj,, proteins target voltage-dependent ion channels through a membrane-
delimited mechanism, as well as enzymes like phospholipase C (PLC) isoforms (e.g.
Hernandez-Lopez et al., 2000). G; proteins also inhibit adenylyl cyclase (Stoof and
Kebabian, 1984). Another important feature of the D,-like pathway is its potent modulation
by RGS (regulators of G-protein signaling) proteins that are robustly expressed in striatal
neurons (Geurts et al., 2003).

All five DA receptor are expressed in the striatum, but D1 and D, receptors are far and away
the most abundant. These two receptors are segregated in direct and indirect pathway SPNs:
D1 receptors are expressed by direct pathway SPNs, whereas D, receptors are expressed by
indirect pathway SPNs (Gerfen et al., 1990; Surmeier et al., 1996). This dichotomy was first
inferred from the effects of DA depletion on gene expression. In the mid-eighties it was
discovered that direct pathway SPNs express high levels of substance P (SP) and dynorphin
(DYN), whereas indirect pathway SPNs express enkephalin (ENK). Subsequently, it was
found that after DA-depleting lesions, striatal ENK levels rose and SP levels fell, suggesting
that DA was differentially modulating these two populations (Young et al., 1986). D4
receptor agonists restored striatal SP levels and D, receptor agonists restored ENK levels
(Gerfen et al., 1990). In situ hybridization studies confirmed that D1 receptor mRNA and SP
colocalized in direct pathway SPNs and D, receptor mRNA and ENK colocalized in indirect
pathway SPNs. As elegant and simple as this story was, it didn’t align perfectly with
electrophysiological studies showing that D, and D, receptor agonists seemed both to have
effects on individual striatal neurons(Surmeier et al., 1992). The simplest explanation for the
physiological studies was that D1 and D, receptors were co-localized in SPNs. Although
parsimonious, this explanation was wrong. The absence of any significant degree of D1 and
D, receptor co-localization was evident in single cell RT-PCR studies (Surmeier et al.,
1996). Because these studies were not quantitative, the very modest extent of co-localization
found in these studies could be attributable to the detection of low abundance transcripts that
had little or no functional impact. This point has been driven home more recently by the
development of BAC transgenics in which eGFP or Cre-recombinase are expressed under
control of the D4 or D, promoter (Gong et al., 2003; 2007). Examination of these mice has
confirmed the stark segregation of D and D, receptor expression in direct and indirect
pathway SPNs (Gertler et al., 2008; Valjent et al., 2009), confirming the original hypothesis
advanced by Gerfen (Gerfen et al., 1990).

What then explains the physiological data? There are two obvious alternatives to
colocalization. First, because the pharmacological tools are crude and only allow the D4- and
D,-like receptors to be discriminated, it could be that SPNs express the less abundant DA
receptors (Dsg, D3, D4). Single cell RT-PCR profiles of SPNs clearly support this view,
showing that direct pathway SPNs expressed low levels of D3 receptor mRNA and indirect
pathway SPNs expressed low levels of Ds mRNA (Surmeier et al., 1996). However, the
functional roles of these receptors have been difficult to demonstrate.

Another possibility that has gained more support in recent years is that DA receptor
expressing striatal interneurons play an important role in regulating both direct and indirect
pathway SPNs, leading to indirect responses to a global DA signal. There are four well-
characterized classes of striatal interneuron: cholinergic interneurons, parvalbumin-
expressing GABAergic interneurons, calretinin-expressing GABAergic interneurons and
NPY/nitric oxide-expressing GABAergic interneurons (Tepper et al., 2008). Together, these
interneurons constitute about 5-10% of all striatal neurons. One of them, the cholinergic
interneuron, co-express Dy and Dsg receptors (Bergson et al., 1995; Hersch et al., 1995; Yan
et al., 1997) and modulate both SPN populations through muscarinic receptors (Bernard et
al., 1992; Yan and Surmeier, 1996). Two other prominent interneurons, the somatostatin/
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neuropeptide Y (NPY) expressing GABAergic interneuron and the parvalbumin (PV)
GABAergic interneuron, express Dg DA receptors (Centonze et al., 2002; Centonze et al.,
2003). To complicate matters, the PV interneuron is strongly innervated by globus pallidus
neurons that express D, receptors (Bevan et al., 1998), creating a microcircuit that is
influenced by both D4- and D,-class receptors (Wiltschko et al., 2010). As outlined below,
there are good reasons to believe that these interneurons play important roles in regulating
direct and indirect pathway activity, providing a mechanism by which a ligand for a single
receptor class can have broad effects.

DA modulation of canonical striatal microcircuits

The striatal circuitry controlling direct and indirect pathways is complex and the impact of
DA on these circuits even more so. Nevertheless, in the last decade, considerable progress
has been made toward understanding both. To make the review of this work more tractable,
five canonical striatal microcircuits will be considered. These basic circuits are found
throughout the striatum.

The corticostriatal circuit

The most basic striatal microcircuit is the one formed by glutamatergic cortical pyramidal
neurons and SPNs (Bolam et al., 2000). The synapses formed by cortical pyramidal neurons
are exclusively on dendritic spines of SPNs. These spines are absent from soma and the
most proximal dendrites, rising to a peak density (1-2 per micron) 50-60 microns from the
soma and then falling off very gradually in density to the tips of the sparsely branching
dendrites (250-400 pwm) (Wilson, 1994). Individual cortical axons are sparsely connected to
any one SPN, typically making one or two en passant synapses (Parent and Parent, 2006).
There is no obvious organization to the cortical synapses on the dendritic tree of SPNs, but
this could simply be that this organization is difficult to see, as the striatum lacks the
lamination characteristic of other regions where this is apparent (e.g., cerebral cortex).

New techniques are revealing the extent of differences between direct and indirect SPNs
(Lobo et al., 2006; Heiman et al., 2008; Meurers et al., 2009). The functional implications of
this dichotomy are only beginning to be understood. One dichotomy that is readily
interpretable is in the somatodendritic anatomy (Gertler et al., 2008). In rodents, the total
dendritic length of indirect pathway SPNs is significantly less that that of direct pathway
SPNs (Fig. 2). This difference is due to indirect pathway SPNs having on average two fewer
primary dendrites that direct pathway SPNs. This difference in surface area, in the absence
of any obvious difference in spine density, suggests that direct pathway SPNs receive
roughly 50% more glutamatergic input than indirect pathway SPNs. This also makes indirect
pathway SPNs more excitable, as judged by somatic current injection. Thus, although SPNs
have long been thought to a single morphologic type in terms of dendritic organization, there
are distinct differences between direct and indirect SPNS.

The neuromodulatory effects of DA on direct and indirect pathway SPNs parallel this
dichotomy in intrinsic excitability. Both SPNs have a similar core physiological phenotype.
At rest, SPNs are dominated by inwardly rectifying, Kir2 K* channels that hold the
membrane potential near the K* equilibrium potential (~—90 mV), far from spike threshold
(Wilson, 1993; Shen et al., 2007). This is the so-called ‘down-state’. In response to
excitatory glutamatergic synaptic input from the cerebral cortex, SPNs depolarize. If this
input lacks spatial or temporal convergence, the constitutively open Kir2 K* channels shunt
this synaptic current, minimizing the cellular response. However, if this input is highly
convergent, the glutamatergic synapses can overwhelm the Kir2 channels and promote their
closure (Wilson and Kawaguchi, 1996). Closure of dendritic Kir2 K* channels and
inactivation of neighboring Kv4 (A-type) K* channels leads to a dramatic elevation of the
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input impedance of SPN dendrites and a reduction in their electrotonic length (Wilson,
1993; Day et al., 2008). With this, the SPN somatic membrane reaches a potential near spike
threshold. This ‘up-state’ can last hundreds of milliseconds. It is during this up-state that
SPNs spike. These spikes are typically not correlated with the transition to the up-state,
suggesting that they are driven by an independent synaptic input (Stern et al., 1998).

DA modulates the glutamatergic synapses responsible for the transition to the up-state and
the ion channels controlling spiking. The qualitative features of the modulation depend upon
which DA receptor is being stimulated. As originally hypothesized on the basis of changes
in gene expression induced by DA depletion (Gerfen et al., 1990), D, receptor signaling
impedes the up-state transition and diminishes up-state spiking in indirect pathways SPNs,
whereas D4 receptor signaling does precisely the opposite in direct pathways SPNs
(Surmeier et al., 2007). How this happens is still being unraveled, but some elements of the
formula have been defined. In the somatic region where spikes are generated, activation of
D, receptor signaling reduces inward, depolarizing currents through Cav1 (L-type) Ca2*
channels and Navl Na* channels, while increasing outward, hyperpolarizing K* channel
currents (Surmeier et al., 1992; Kitai and Surmeier, 1993; Greif et al., 1995; Schiffmann et
al., 1998; Hernandez-Lopez et al., 2000; Olson et al., 2005). D, receptor stimulation also
decreases dendritic Ca2* entry through voltage-dependent channels (Day et al.; Higley and
Sabatini). Complementing these alterations in the gating of voltage-dependent ion channels
is a reduction in glutamatergic signaling. Although it is not clear whether they are located
pre- or postsynaptically (Yin and Lovinger, 2006), D, receptor stimulation diminishes
presynaptic release of glutamate (Bamford et al., 2004). Activation of D, receptors also has
been reported to decrease AMPA receptor currents of SPNs (Cepeda et al., 1993;
Hernandez-Echeagaray et al., 2004). This could be accomplished by D, receptor triggered
dephosphorylation of GIuR1 subunits, which should promote trafficking of AMPA receptors
out of the synaptic membrane (Hakansson et al., 2006). However, this modulation might be
specific to a particular type of synapse, as recent work using glutamate uncaging on
proximal dendritic spines failed to find any acute effect of D, receptor stimulation on
AMPA receptor currents (Higley and Sabatini, 2010). What they did find was that D,
receptor signaling decrease Ca2* entry through NMDA receptors, keeping with the effect on
voltage-dependent Ca2* channels.

D1 receptor signaling has almost diametrically opposing effects on direct pathway SPNs. Dq
receptor stimulation and PKA activation increases Cavl L-type Ca?* channel currents and
decreases somatic K* currents (Kitai and Surmeier, 1993; Surmeier et al., 1995; Galarraga et
al., 1997; Gao et al., 1997). In addition, D4 receptor signaling decreases the opening of Cav2
Ca?* channels that control activation of Ca?*-dependent, small conductance K* (SK)
channels that slow repetitive spiking in SPNs (Surmeier et al., 1995; Vilchis et al., 2000).
All three of these effects serve to increase spiking of direct pathway SPNs with somatic
depolarization. The only apparently incongruent modulation is the one that was described
first. Confirming inferences drawn from earlier work in tissue slices (Calabresi et al., 1987),
voltage clamp work has shown that D1 receptor signaling reduces Na* channel availability
without altering the voltage-dependence of fast activation or inactivation (Surmeier et al.,
1992). Subsequent work has shown that PKA phosphorylation of the pore-forming subunit
of the Na* channel promotes activity dependent entry into a non-conducting, slow
inactivated state that can be reversed only by membrane hyperpolarization (Carr et al., 2003)
(Chen et al., 2006). It is likely that the D; receptor modulation is mediated by
phosphorylation of somatic Nav1.1 channels, as axon initial segment Nav1.6 channels are
not efficiently phosphorylated by PKA (Scheuer and Catterall, 2006) and Na* channels do
not extend any significant distance into the dendrites of SPNs (Day et al., 2008). Given this
restricted site of action and its time and voltage-dependence, it’s reasonable to hypothesize
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that this effect simply acts as a brake on the spike-promoting effects of D; receptors on Ca2*
and K* channels (as well as glutamergic signaling described below).

A number of studies suggest that D4 receptor signaling has positive effects on AMPA and
NMDA receptor function and trafficking, in contrast to D, receptors. For example, D1
receptor activation of PKA enhances surface expression of both AMPA and NMDA
receptors (Snyder et al., 2000; Sun et al., 2005; Hallett et al., 2006). The precise mechanisms
underlying the trafficking are still being pursued but the tyrosine kinase Fyn and the protein
phosphatase STEP (striatal-enriched-phosphatase) appear to be important regulators of
surface expression of glutamate receptors (Braithwaite et al., 2006). Trafficking and
localization might also be affected by a direct interaction between D1 and NMDA receptors
(Dunah et al., 2000; Lee et al., 2002; Scott et al., 2006). Rapid D, receptor effects on
glutamate receptor gating have been more difficult to see. Although PKA phosphorylation of
the NR1 subunit is capable of enhancing NMDA receptor currents (Blank et al., 1997), the
presence of this modulation in SPNs is controversial. In neurons where the engagement of
dendritic voltage-dependent ion channels has been minimized by dialyzing the cytoplasm
with cesium ions, D1 receptor agonists have little or no discernible effect on AMPA or
NMDA receptor mediated currents (Nicola and Malenka, 1998). However, in SPNs where
this has not been done, D4 receptor stimulation rapidly enhances currents evoked by NMDA
receptor stimulation (Cepeda et al., 1993). The difference between these results suggests that
the effect of D, receptors on NMDA receptor currents is largely indirect and mediated by
voltage-dependent dendritic conductances that are taken out of play by blocking K*
channels and clamping dendritic voltage. Indeed, blocking L-type Ca2* channels, which
open in the same voltage range as NMDA receptors (Mg?* unblock) attenuates the D4
receptor mediated enhancement of NMDA receptor currents (Liu et al., 2004).

Taken together, this body of work paints a relatively simple picture of the divergent
modulation of direct and indirect pathway SPN excitability by DA. However there are two
important caveats to the simplicity of this model. DA receptor expressing striatal
interneurons are important regulators of activity in the striatal circuit. In most of the studies
of SPNs, their actions have been blocked, to reduce the complexity of the preparation. The
other caveat is that virtually nothing is known about the integrative mechanisms of SPN
dendrites. This is where the majority of D1 and D5 receptors are located.

Although DA has an important role in modulating the moment-to-moment activity of the
corticostriatal network, it also has important part to play in regulating long-term changes in
synaptic strength. There are several recent reviews that cover this ground (Surmeier et al.,
2007; Wickens, 2009), so only the major points bearing on the dichotomy between direct
and indirect pathways will be discussed here. At the outset, it must be acknowledged that
nearly all of what has been described as corticostriatal synaptic plasticity is truly
glutamatergic synaptic plasticity, as corticostriatal and thalamostriatal glutamatergic
synapses have not been reliably distinguished. With that caveat in mind, we’ll follow the
convention and assume that what has been described applies to the corticostriatal synapse
formed on a dendritic spine.

The best characterized form of SPN synaptic plasticity is long-term depression (LTD).
Unlike the situation at many other synapses, striatal LTD induction requires pairing of
postsynaptic depolarization with moderate to high frequency afferent stimulation at
physiological temperatures (Lovinger et al., 1993; Kreitzer and Malenka, 2005). Typically
for the induction to be successful, postsynaptic L-type calcium channels and mGIuR5
receptors need to be co-activated. Both L-type calcium channels and mGIuRS5 receptors
found near glutamatergic synapses on MSN spines, making them capable of responding to
local synaptic events (Testa et al., 1994; Carter and Sabatini, 2004; Day et al., 2006; Carter
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et al., 2007). The induction of LTD requires the postsynaptic generation of
endocannabinoids (ECs) (Gerdeman et al., 2002). ECs diffuse retrogradely to activate
presynaptic CB1 receptors and decrease glutamate release probability. Ongoing work
suggests that both of the abundant striatal ECs: anandamide and 2-arachidonylglycerol (2-
AG) are involved in the metabolic mechanisms responsible for EC production (Giuffrida et
al., 1999; Gao et al., 2010; Lerner et al., 2010; Tanimura et al., 2010). A key question about
the induction of striatal LTD is whether activation of D, receptors is necessary. Activation
of D, receptors is a potent stimulus for anandamide production (Giuffrida et al., 1999).
However, recent work showing the sufficiency of L-type channel opening in EC-dependent
LTD (Adermark and Lovinger, 2007), makes it clear that D, receptors play a modulatory —
not obligatory — role. The real issue is the role of D, receptors in LTD induction using
synaptic stimulation. Studies have consistently found that in indirect pathway SPNs, D,
receptor activation is necessary (Wang et al., 2006; Kreitzer and Malenka, 2007; Shen et al.,
2008). This could be due to the need to suppress A2a adenosine receptor signaling that could
impede efficient EC synthesis and LTD induction (Fuxe et al., 2007; Shen et al., 2008).
Indeed, Lerner et al. demonstrate quite convincingly that antagonism of A2a receptors
promotes EC-dependent LTD induction in indirect pathway SPNs (Lerner et al., 2010).

The question then is can EC-dependent LTD be induced in direct pathway SPNs that do not
express D5 receptors? When a minimal local stimulation paradigm is used, LTD does not
appear to be induced in these SPNs (Kreitzer and Malenka, 2007; Shen et al., 2008).
However, using macroelectrode stimulation, EC-dependent LTD is readily inducible in
identified direct pathway SPNs (Wang et al., 2006), consistent with the high probability of
SPN induction seen in previous work (Calabresi et al., 2007). In this circumstance, LTD
induction was dependent upon D5, receptors. But how? There are a couple of possibilities.
One is that D, receptor stimulation reduces DA release through a presynaptic mechanism,
preferentially reducing stimulation of D4 receptors that oppose the induction of LTD in
direct pathway neurons (Shen et al., 2008). The other possibility is that for LTD to be
induced in direct pathway SPNs, acetylcholine release and postsynaptic M1 muscarinic
receptor signaling must fall (Wang et al., 2006).

Long-term potentiation (LTP) at glutamatergic synapses is less well characterized because it
is more difficult to induce in the /n vitro preparations typically used to study plasticity. Most
of the work describing LTP at glutamatergic synapses has been done with sharp electrodes
(either /n vivoor in vitro), not with patch clamp electrodes in brain slices that afford greater
experimental control and definition of the cellular and molecular determinants of induction.
Previous studies have argued that LTP induced in SPNs by pairing HFS of glutamatergic
inputs and postsynaptic depolarization depends upon co-activation of D; and NMDA
receptors (Calabresi et al., 2007). The involvement of NMDA receptors in LTP induction is
clear. The necessity of D; receptors is another matter. If this were the case, there would be
no LTP in indirect pathway SPNs — an unlikely situation. Again, the advent of BAC
transgenic mice has provided an invaluable for unraveling this puzzle. In direct pathway
SPNs, the induction of LTP at glutamatergic synapses is dependent upon D1 DA receptors
(Pawlak and Kerr, 2008; Shen et al., 2008). However, this is not the case in indirect pathway
SPNs (Flajolet et al., 2008; Shen et al., 2008). In them, LTP induction required activation of
A2a adenosine receptors. These receptors are robustly expressed in the indirect pathway and
have a very similar intracellular signaling linkage to that of D receptors; that is, they
positively couple to adenylyl cyclase and protein kinase A (PKA). Acting through PKA, D;
and A2a receptor activation leads to the phosphorylation of DARPP-32 and a variety of
other signaling molecules, including MAPKS, linked to synaptic plasticity (Svenningsson et
al., 2004; Sweatt, 2004).
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Although most of the induction protocols for synaptic plasticity that have been used to study
striatal plasticity are decidedly unphysiological, involving sustained, strong depolarization
and/or high frequency synaptic stimulation that induces dendritic depolarization, they do
make the necessity of postsynaptic depolarization clear. In a physiological setting, what
types of depolarization are likely to gate induction? One possibility is that spikes generated
in the axon initial segment (AIS) propagate into dendritic regions where synapses are
formed. Recent work has shown that STDP is present in SPNs (Fino et al., 2005; Pawlak and
Kerr, 2008; Shen et al., 2008). But there are reasons to believe that this type of plasticity is
relevant for only a subset of the synapses formed on SPNs. SPN dendrites are several
hundred microns long, thin and modestly branched. Their initial 20-30 microns are largely
devoid of spines and glutamatergic synapses. Glutamatergic synapse and spine density peaks
near 50 microns from the soma and then modestly declines with distance (Wilson, 2004).
Because of their geometry and ion channel expression, AlS generated spikes rapidly decline
in amplitude as they invade SPN dendrites (as judged by their ability to open voltage-
dependent calcium channels), producing only a modest depolarization 80-100 microns from
the soma. This is less than half the way to the dendritic tips (Day et al., 2008), arguing that a
large portion of the synaptic surface area is not normally accessible to somatic feedback
about the outcome of aggregate synaptic activity. High frequency, repetitive somatic spiking
improves dendritic invasion, but distal (>100 microns) synapses remain relatively
inaccessible, particularly in direct pathway SPNs (Day et al., 2008).

In the more distal dendritic regions, what controls plasticity? The situation in SPNs might be
very similar to that found in deep layer pyramidal neurons where somatically generated
bAPs do not invade the apical dendritic tuft (Golding et al., 2002). In this region, convergent
synaptic stimulation is capable of producing a local calcium spike or plateau potential that
produces a strong enough depolarization to open NMDA receptors and promote plasticity.
Calcium imaging using 2PLSM has shown that there is robust expression of both low
threshold Cav3 and Cavl Ca2* channels — in addition to NMDA receptors — in SPN
dendrites (Carter and Sabatini, 2004; Day et al., 2006; Carter et al., 2007), a result that has
been confirmed using cell-type specific gene profiling (Day et al., 2006) (unpublished
observations). If distal dendrites are capable of regenerative activity, they could also be
important to the induction of plasticity in SPNs. SPN dendrites do appear to be active in
some circumstances (Kerr and Plenz, 2002; Vergara et al., 2003; Carter and Sabatini, 2004;
Kerr and Plenz, 2004; Flores-Barrera et al., 2010) and this activity does not appear to arise
from the somatic and proximal dendrites of adult SPNs (Wilson and Kawaguchi, 1996). One
possible scenario is that distal SPN dendrites are bistable when NMDA receptors are active
during synaptic stimulation. If this is the case, spatial convergence of glutamatergic inputs
onto a distal dendrite could induce a local plateau potential capable of pulling the rest of the
cell into depolarized state — like an up-state. Doing so would collapse the electrotonic
structure of SPNs (Wilson, 1992), enhancing the impact of excitatory input anywhere on the
dendrite. The lack of temporal correlation between up-state transitions and EPSP-driven
spike generation is consistent with a scenario like this one (Stern et al., 1998). If this were
how SPNs operate, it would significantly increase their pattern recognition capacity (e.g.,
Poirazi and Mel, 2001) and create a new means of inducing plasticity. Dendritic D1 and D,
receptors should play complementary roles in modulating these dendritic events and the
induction of synaptic plasticity there.

In vivo studies of striatal synaptic plasticity have provided an important counterpoint to the
perspectives based upon reduced /n vitro preparations. The pioneering work of Charpier and
Deniau (Charpier and Deniau, 1997; Charpier et al., 1999) demonstrated that with more
intact input, LTP was readily inducible in SPNs. More recently, it has been shown that the
sign of synaptic plasticity in SPNs is influenced by anesthetic and presumably the degree of
cortical synchronization in corticostriatal projections (Stoetzner et al., 2010). In particular, in
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barbiturate-anesthetized rats, 5Hz stimulation of motor cortex evokes LTP in the striatum,
but in awake animals the same stimulation induced LTD. A challenge facing the field is how
to bridge these observations. Because glutamatergic connections are sparse, it is virtually
impossible to reliably stimulate a collection of synapses onto a particular SPN dendrite with
an electrode in a brain slice. Optogenetic techniques might provide a feasible alternative
strategy. Another strategy would be to employ two-photon laser uncaging (2PLU) of
glutamate at visualized synaptic sites (Carter and Sabatini, 2004; Higley and Sabatini, 2010).
These tools are becoming more widely available and should allow the regenerative capacity
of SPN dendrites to be tested soon.

The feedforward corticostriatal circuit

Fast-spiking (FS), PV GABAergic interneurons receive a prominent glutamatergic input
from cortical pyramidal neurons and, in turn, convey this activity through perisomatic
synapses to both direct and indirect pathway SPNs (Kita, 1993; Bennett and Bolam, 1994;
Koos and Tepper, 1999; Gittis et al., 2010; Planert et al., 2010). This feed-forward inhibition
is thought to contribute to action selection by suppressing SPN activity in circuits associated
with unwanted actions (Kita et al., 1990; Parthasarathy and Graybiel, 1997; Gage et al.,
2010). Although both types of SPN are targeted in this circuit, paired recordings in BAC
mice have found some preferential connectivity of FS interneurons with direct pathway
SPNs (Gittis et al., 2010). More importantly, the dichotomy between direct and indirect
pathway SPNs contributes to the regulation of this network. One of the major projections to
FS interneurons originates from GPe neurons that are preferentially controlled by indirect
pathway SPNs (Rajakumar et al., 1994; Spooren et al., 1996; Bevan et al., 1998). This
feedback loop complements the one formed by collateral projections of SPNs. D, receptor
agonists depress the GABAergic inputs to FS interneurons (Bracci et al., 2002; Centonze et
al., 2003; Sciamanna et al., 2009; Gage et al., 2010), which are presumably derived in large
measure from GPe neurons (which express D, receptors (Hoover and Marshall, 2004)). This
dual control of the feedback by D, receptors in indirect pathway and GPe neurons suggests
that its function is attenuated by basal DA, but capable of rapid facilitation if DA levels fall.
This suppression of the GABAergic feedback circuit complements the elevation in FS
interneuron excitability mediated by postsynaptic Dsg receptors.

SOM/NPY GABAergic interneurons also form another, less well studied, part of the
feedforward corticostriatal circuit (Tepper et al.). If these interneurons are like the SOM
expressing, Martinotti interneurons of cortex (Wang et al., 2004), their innervation of distal
dendrites could make it difficult to accurately judge their importance (Gittis et al., 2010), as
with SPN recurrent collaterals. Whether this component of feedforward circuit differentially
controls direct and indirect pathway SPNs remains to be determined, but their expression of
Ds receptors certainly creates a situation in which D4 class agonists might influence indirect
pathway SPNs (Centonze et al., 2002).

The feedback striatal circuit

SPNs have a richly branching recurrent axon collateral that arborizes in the neighborhood of
its parent cell body (Kawaguchi et al., 1989). This feedback could provide the substrate for
lateral inhibition (Groves, 1983) and has figured prominently in several models of striatal
processing (Beiser et al., 1997). However, the functional significance of this feedback circuit
has been controversial. In large measure, this is because the synapses formed by recurrent
collaterals are largely onto distal dendrites of other SPNs (Wilson and Groves, 1980; Bolam
et al., 1983), making their physiological effects difficult to see with a somatic electrode
(Jaeger et al., 1994). Using paired patch clamp recordings from neighboring SPNs, it has
been possible to more reliably see the effects of collateral activation (Czubayko and Plenz,
2002; Tunstall et al., 2002; Koos et al., 2004; Taverna et al., 2008), but the percentage of
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synaptically connected neighbors has been small (~10-15%) in randomly selected SPNs in
brain slices. Using D; and D, BAC transgenic mice to direct sampling, it was found that
although indirect pathway SPNs project to both themselves and direct pathway SPNs, direct
pathway SPNs connect essentially only with other direct pathway SPNs (Taverna et al.,
2008). The percentage of SPNs showing demonstrable connectivity doubled when sampling
was not random. As at their extrastriatal terminals, the release of GABA at recurrent
collateral synapses is regulated by DA (Guzman et al., 2003). D, receptor stimulation
decreases GABA release, whereas D, receptor stimulation increases release. Given the
differences in the DA affinity in native membrane (see above), at normal extrastriatal DA
levels, the feedback circuit of the indirect pathway should be depressed, disinhibiting
dendritic integration. A transient elevation in striatal DA should preferentially activate D1
receptors, leading to enhanced GABA release at collaterals formed between direct pathway
SPNs, enhancing intra-pathway lateral inhibition of dendritic integration. Because D,
receptor stimulation enhances the somatodendritic excitability of direct pathway SPNs, the
collateral modulation should in principle promote the type of population sculpting typically
envisioned for lateral inhibition (Beiser et al., 1997). Conversely, a transient drop in striatal
DA should enhance GABA release at collaterals formed by the indirect pathway SPNs.
Because this drop elevates the somatodendritic excitability of indirect pathways SPNs, the
collateral modulation should promote a similar type of population sculpting, but one
favoring a subset of strongly activated indirect pathway SPNs. The critical gap in this
scenario is the lack of compelling data about how dendritic GABAergic synapses shape
synaptic integration in SPNs. There are suggestions from recent work that these processes
might differ in direct and indirect pathway SPNs (Flores-Barrera et al., 2010).

The feedforward thalamostriatal circuit

The other major glutamatergic projection to the striatum originates in the thalamus (Smith et
al.). The synapses formed by this projection are found both on dendritic shafts and spine
heads, in the same regions as those formed by the corticostriatal projection. In contrast to the
corticostriatal synapses, those formed by thalamic axons have a high release probability,
making them well-suited to signaling transient events (Ding et al., 2008). Another major
target of this projection is the cholinergic interneuron. Like the corticostriatal feedforward
circuit involving FS interneurons, the thalamostriatal projection makes a feedforward
connection to SPNs through cholinergic interneurons (Ding et al., 2010). With a burst of
thalamic activity like that seen after presentation of a salient stimulus, cholinergic
interneurons exhibit a burst-pause pattern of activity that enhances the somatic excitability
of both SPNs (Perez-Rosello et al., 2005; Pisani et al., 2007), but preferentially enhances the
dendritic excitability of indirect pathway SPNs by decreasing Kir2 K* channel opening
(Shen et al., 2007). As noted above, reducing Kir2 K* channel opening increases dendritic
input resistance and the ability to sum corticostriatal inputs. The role of DA in regulating the
thalamostriatal projection to SPNs has not been systematically explored. However, DA
potently modulates the activity of cholinergic interneurons through D2 and D5 receptors. D2
receptors suppress the ongoing pacemaking activity of interneurons (Maurice et al., 2004)
and diminished acetylcholine release (DeBoer et al., 1996; Ding et al., 2006). D5 receptors
complement this modulation by enhancing GABAergic responsiveness (Yan and Surmeier,
1997; Deng et al., 2007), possibly to FS interneuron inputs (Sullivan et al., 2008). Thus, by
modulating cholinergic interneurons, transient changes in striatal DA release differentially
modulate direct and indirect pathway SPNs.

Normal function of direct and indirect pathways

According to the ‘classical’ model of basal ganglia function, movements occur during
pauses in the tonic inhibitory activity of the basal ganglia output interface, generated by
activity in the direct pathway. This model had its origins in neurophysiologic studies
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showing that corticostriatal activation of the direct striatonigral pathway resulted in pauses
of the tonic activity of GABAergic neurons in the substantia nigra pars reticulata (Chevalier
et al., 1985; Deniau and Chevalier, 1985). The demonstration that saccadic eye movements
occur during these pauses clearly implicated the direct pathway in movement control
(Hikosaka and Wurtz, 1983). The opposing role of the indirect pathway in suppressing
movements originally was proposed based on studies in animal models of PD (see below).
Recent work using optogenetic or genetic approaches have provided support for the general
tenets of the model (Hikida et al., 2010; Kravitz et al., 2010). Although this model has
proven to be of considerable clinical value, it fails to account for the great diversity and
complexity of the decision-making process in action selection (Cisek and Kalaska, 2010).

Mink (Mink, 2003) elaborated the classic model, proposing that the activity of direct and
indirect pathway is coordinated to select particular motor programs, and to inhibit
‘competing’ motor programs. This model predicts that during ongoing behavior, there will
be increased activity in neuronal ensembles that are part of direct and indirect pathway
circuits, rather than one or the other. The execution of a sequence of movements would then
generate a complex pattern of activity in specific neuronal ensembles. Physiologic studies of
limb reaching movements in primates have confirmed this prediction (Turner and Anderson,
1997; 2005).

Consistent with such data, current models propose that the striatum performs a computation
on sensorimotor, cognitive and emotional/motivational information provided by the cerebral
cortex to facilitate the selection of an appropriate action out of a collections of possibilities
(Balleine et al., 2007; Nambu, 2008; Cisek and Kalaska, 2010).. Distinct cortico-basal
ganglia loops are thought to perform different aspects of this computation. Distinct cortico-
basal ganglia loops might also play different roles in the acquisition and stabilization of
context-dependent action selection. For example, work by Costa’s group suggests that the
dorsomedial striatum-associative cortex loop plays an important role in the early phases of
skill acquisition, whereas the dorsolateral striatum-sensorimotor cortex loop is more
involved once the skill has been established and the action program becomes more
automated and inflexible.

More germane to our topic is the role that DA modulation of direct and indirect pathway
SPNs might serve in this process. Certainly, DA is thought to play a crucial role in linking
the outcome of a particular action choice to the probability it will be chosen in the future.
Given the robust DA innervation of the striatum, it’s natural to think that modulation of the
striatal circuitry is critical to decision making. How might this happen? As noted above, SNc
DA neurons innervating the striatum are autonomous pacemakers, providing a tonic release
of DA in the striatum. Rewarding events transiently increase the activity of SNc DA
neurons, whereas aversive events transiently decrease it, providing bidirectional signaling to
the striatum (Schultz, 1998; Schultz, 2007; Hikosaka et al., 2008; Brown et al., 2009).
Although there is debate about precisely what SNc DA neuron activity codes, this isn’t
critical to our discussion. What is important from our standpoint is that the dichotomous
modulation of direct and indirect pathways by DA provides a mechanism by which these
outcome-driven changes in SNc activity can be translated into changes in corticostriatal
networks facilitating action selection. As outlined above, the transient elevation in striatal
DA release associated with rewarding events promotes the induction of LTP at
corticostriatal synapses formed on direct pathway SPNs and increases their excitability. In
contrast, this same change promotes LTD induction at synapses formed on indirect pathway
SPNs and decreases their excitability. A reasonable conjecture from this data is that reward
promotes the ability of a particular cortical ensemble to turn-on direct pathway SPNs linked
to action initiation while at the same time decreasing the ability of that cortical ensemble to
activate indirect pathway SPNs linked to action suppression (Cohen and Frank, 2009).
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Transient depression of DA release associated with aversive events should have exactly the
opposite effect on the corticostriatal circuitry — promoting the ability of a cortical ensemble
to turn-on indirect pathway SPNs and reducing its ability to turn-on direct pathway SPNs.
Thus, the differential expression of DA receptors by striatal efferent pathways appears to be
critical to the ability of the striatum to participate in action selection.

Although this model is consistent with most of what we know, we don’t really know that
much and a great many questions need to be answered. For example, the role of the striatal
microcircuits outlined above are almost completely undefined in this model. Also, it is
commonly assumed that direct and indirect pathway SPNs receive the same cortical
information. This assumption is being debated in the literature (Parthasarathy and Graybiel,
1997; Lei et al., 2004; Ballion et al., 2008), but will not be easy to resolve given the
‘chaotic’ architecture of the striatum. If this is not true, it would fundamentally change our
ideas about what each pathway was doing to control behavior. It is also far from clear how
the timing of activity in the direct and indirect pathways shapes the activity in the circuitry
controlling actual movement (Nambu, 2008). In diseases of the basal ganglia, like PD, the
timing of activity, rather than the overall level of activity, appears to be the most important
determinant of movement choice and initiation (Bevan et al., 2002).

Parkinson’s Disease

The striatum and the basal ganglia have been implicating in a wide variety of psychomotor
disorders, ranging from PD to schizophrenia and drug abuse. Altered DA regulation of direct
and indirect pathway SPNs appears to be a pivotal aspect of most, if not all, of these
diseases. The best characterized example of this is in PD (PD) where the DA neurons
innervating the basal ganglia degenerate (Hornykiewicz, 1966). Studies of PD models
provided the first clear indication of the dichotomy in the regulation of the direct and
indirect pathways, suggesting that their excitability shifts in opposite directions following
the loss of DA, creating an ‘imbalance’ in the regulation of the motor thalamus favoring
suppression of movement (Albin et al., 1989). Specifically, direct pathway SPNs were
posited to spike more in the PD state, whereas indirect pathway SPNs were thought to spike
less. This conjecture was based upon changes in gene expression following DA depleting
lesions (Gerfen et al., 1990). The cellular mechanisms underlying the postulated shift in
excitability were not known at the time the model was formulated, but have widely been
assumed to reflect changes in intrinsic excitability. In the last two decades,
electrophysiological studies have provided strong support for the proposition that following
DA depletion, the excitability of direct and indirect pathway SPNs moves in opposite
directions (Surmeier et al., 2007). Recent work has added a dimension to the classical
model, showing that DA depletion alters the induction of long term plasticity at
glutamatergic synapses (Shen et al., 2008). In direct pathway SPNs, the loss of D receptor
signaling biases glutamatergic synapses toward LTD. In contrast, in indirect pathway SPNSs,
the loss of D, receptor signaling promotes the induction of LTP. Thus, activity dependent
changes in synaptic strength parallel those of intrinsic excitability following DA depletion.
Work in vivo examining the responsiveness of antidromically identified SPNs to cortical
stimulation following unilateral lesions of the striatal DA innervation is consistent with this
broader model (Mallet et al., 2006). Additional support for this model has recently come
from an elegant application of optogenetics to selectively activate direct and indirect
pathway SPNs in mouse model of PD (Kravitz et al., 2010).

What this model does not account for is the propensity of neural circuits to adapt to

sustained perturbations in activity, like those induced by DA depletion. The fact that
changes in striatal gene expression take weeks to stabilize after lesioning DA fibers,
suggests that there are a broad array of adaptations taking place. Typically, sustained
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perturbations in synaptic or intrinsic properties that make neurons spike more or less than
their set-point engage homeostatic mechanisms that attempt to bring activity back to the
desired level (Turrigiano, 1999; Marder and Goaillard, 2006). One of the most common
mechanisms of homeostatic plasticity is to alter synaptic strength or to scale synapses. In
indirect pathway SPNSs, the elevation in activity following DA depletion triggers a dramatic
down-regulation of glutamatergic synapses formed on spines (Day et al., 2006; Deutch et al.,
2007). Like scaling seen in other cell types, the synaptic modification depends upon calcium
entry through voltage-dependent L-type channels that activates the protein phosphatase
calcineurin, which dephosphorylates myocyte enhancer factor 2 (MEF2) (Flavell et al.,
2006), increasing its transcriptional activity. In indirect pathway SPNs, MEF2 up-regulation
increased the expression of at least two genes linked to synaptic remodeling — Nur77 and
Arc (Tian et al., 2010).

Although studies are in their very early stages, it is clear that DA depletion induces
adaptations in the striatal microcircuits shaping direct and indirect pathway activity. In the
feedforward pathway, the activity of SOM/NQOS interneurons is elevated, where as that of
FS interneurons appears unchanged (Dehorter et al., 2009). The strength of the feedback,
recurrent collateral system within the striatum appears to be dramatically down-regulated
(Taverna et al., 2008). These adaptations could be a major factor in the attenuation of
differences between direct and indirect pathway SPNs to repetitive cortical stimulation in
PD models (Flores-Barrera et al., 2010). Complementing these changes, there is an
enhancement of cholinergic signaling in the thalamostriatal feedforward circuit following
DA depletion (DeBoer et al., 1996; Ding et al., 2006) that could differentially modulate
SPNs.

Another example of an asymmetric adaptation in direct and indirect pathway SPNs in PD
models comes from study of the effects of treatment with DA receptor agonists. In indirect
pathway SPNs, D, receptor agonists reverse the effects of DA depletion on gene expression
(Gerfen et al., 1990). However, in direct pathway SPNSs, the responses to DA precursors or
D1 receptor agonists fundamentally change, resulting in a loss of both regional and
compartmental regulation of gene expression (Gerfen et al., 2002; 2008). The signaling
changes underlying this shift remain to be fully elucidated but an important component
appears to be the enhanced coupling of D4 receptors to activation of two mitogen-activated
protein kinases (MAPKS), extracellular signal-regulated kinases 1/2 and mammalian target
of rapamycin (mTOR) (Gerfen et al., 2002; Pavon et al., 2006; Santini et al., 2007; Westin et
al., 2007; Santini et al., 2009). This enhancement and the aberrant activation of direct
pathway SPNs is widely thought to be a key step in the induction of dyskinesias following
the repeated administration of the DA precursor, L-DOPA.

Direct and indirect striatal efferent pathways form the anatomical and functional backbone
of the basal ganglia. These pathways are formed by two types of SPN: one that projects
directly to the basal ganglia interface (the internal segment of the globus pallidus and the
substantia nigra pars reticulata) and one that indirectly connects with this interface. These
GABAergic SPNs integrate information conveyed by the principal neurons of the cerebral
cortex and thalamus to facilitate the selection of appropriate actions. DA released by SNc
neurons, whose activity is regulated by the outcome of chosen actions, modulates this
process. By virtue of the dichotomous expression of Dy and D5 receptors, DA differentially
regulates the intrinsic excitability and synaptic connectivity of direct and indirect pathway
SPNs. Activation of D4 receptors in direct pathway SPNs increases their excitability and
promotes long-term potentiation of excitatory synapses. In contrast, activation of D,
receptors in indirect pathway SPNs decreases their excitability and promotes long-term
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depression of excitatory synapses. In addition, DA modulates striatal microcircuits formed
by either SPN recurrent collaterals or GABAergic interneurons to modulate SPN activity.
This dichotomous modulation of SPNs is consistent with their hypothesized roles in action
selection. However, many questions remain unanswered. The development of genetic tools
that allow the selective expression of transgenes in these two populations of SPN promises
to put many of these questions within our experimental reach in the near future.

Acronyms
BAC bacterial artificial chromosome
DA dopamine
GPCR G-protein coupled receptor
GPe globus pallidus external segment
GPi globus pallidus internal segment
LTD long term depression
LTP long term potentiation
PD Parkinson’s Disease
SPN spiny projection neuron
SNR substantia nigra pars reticulata
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FIGURE 1.

Diagram of basal ganglia circuits (a). The striatum receives excitatory corticostriatal and
thalamic inputs. Outputs of the basal ganglia arise from the internal segment of the globus
pallidus (GPi) and substantia nigra pars reticulata (SNr), which are directed to the thalamus,
superior colliculus and pendunculopontine nucleus (PPN). The direct pathway originates
from Drdla expressing SPNs that project to the GPi and SNr output nuclei. The indirect
pathway originates from Drd2 expressing SPNs that project only to the external segment of
the globus pallidus (GPe), which together with the subthalamic nucleus (STN) contains
transynaptic circuits connecting to the basal output nuclei. The direct and indirect pathways
provide opponent regulation of the basal ganglia output interface. (b) Fluorescent imaging of
a brain section from a mouse expressing EGFP under regulation of the Drd1a promoter
shows Drdla expressing SPNs in the striatum that project axons through the GPe, which
terminate in the GPi and GPe. (c) Fluorescent of imaging of a Drd2-EGFP mouse shows that
labeled SPNs provide axonal projections that terminate in the GPe, but do not extend to the
GPi or SNr.
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FIGURE 2.

Dichotomous anatomy and physiology of direct and indirect pathway SPNs. Reconstructions

of biocytin-filled direct (a) and indirect pathway (b) SPNs from P35-P45 BAC transgenic
mice; a GABAergic interneuron (c) is included for comparison. Intrasomatic current
injection consistently revealed that indirect pathway SPNs were more excitable (d).
Summary of the responses of direct and indirect pathway SPNSs to a range of intrasomatic
current steps; indirect pathway SPNs were more excitable over a broad range of injected
currents. From Gertler et al., 2008.
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FIGURE 3.

Synaptic plasticity in direct and indirect SPNs. The presynaptic glutamatergic terminal is
shown above (orange) and the postsynaptic spine shown below (blue). Black arrowheads
depict positive regulation and black circles depict negative regulation. Purple circles in the
synaptic cleft represent glutamate. Non-standard abbreviations: CB1R: cannabinoid receptor
type 1; AMPAR: a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) receptor;
N-methyl-D-aspartic acid (NMDA) receptor; Cav1C: Cavl containing calcium channel (L-
type); PLC: phospholipase C; PKA: protein kinase A; CaMKI|I: calcium/calmodulin-
dependent protein kinase type II; IP3: inositol trisphosphate; D1R: D1 dopamine receptor;
D2R: D, dopamine receptor; EC: endocannabinoid; mGIuR5: metabotropic glutamate
receptor type 5; LTD: long-term depression; LTP: long-term potentiation. From Surmeier et
al., 2009.
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FIGURE 4.

Thalamic Gating of Glutamatergic Signaling in the Striatum (A) Schematic illustration of
cortico- and thalamostriatal glutamatergic projections. Both direct and indirect pathway
SPNs receive glutamatergic afferents from the cortex and the thalamus. However,
cholinergic interneuron receives glutamatergic inputs primarily from the thalamus. (B)
Thalamic inputs efficiently drive cholinergic interneuron and generate a burst-pause firing
pattern. By acting at presynaptic M2-class receptors, acetylcholine release transiently
suppresses release probability at corticostriatal synapses formed on both direct and indirect
pathway SPNs. By acting at postsynaptic M1 receptors, acetylcholine release primarily
enhances the responsiveness of D2 SPNs to corticostriatal input for about a second. The
pause in cholinergic interneuron activity ensures that there is not a concomitant presynaptic
suppression in this window. Thalamic stimulation should activate neighboring cholinergic
interneurons as well. The pause is generated in part by recurrent collateral or neighboring
interneuron activation of nicotinic receptors on dopaminergic terminals. In this way, the
burst of thalamic spikes engages cholinergic interneurons to transiently suppress cortical
drive of striatal circuits and then create a second long period in which the striatal network is
strongly biased toward cortical activation of D2 SPNs. From Ding et al. (2010).
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