
Muscarinic Modulation of Striatal Function
and Circuitry

Joshua A. Goldberg, Jun B. Ding, and D. James Surmeier

Abstract Striatal cholinergic interneurons are pivotal modulators of the striatal

circuitry involved in action selection and decision making. Although nicotinic

receptors are important transducers of acetylcholine release in the striatum, musca-

rinic receptors are more pervasive and have been more thoroughly studied. In this

review, the effects of muscarinic receptor signaling on the principal cell types in the

striatum and its canonical circuits will be discussed, highlighting new insights into

their role in synaptic integration and plasticity. These studies, and those that have

identified new circuit elements driven by activation of nicotinic receptors, make it

clear that temporally patterned activity in cholinergic interneurons must play an

important role in determining the effects on striatal circuitry. These effects could be

critical to the response to salient environmental stimuli that serve to direct behavior.
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1 Introduction

The basal ganglia are a richly interconnected set of subcortical nuclei intimately

involved in the regulation of action selection and decision making (Albin et al.

1989; DeLong and Wichmann 2009; Frank and Claus 2006; Gerfen 1992; Houk

et al. 2007; Kimura et al. 2003; Mink 1996; Morris et al. 2004; Wichmann and

DeLong 1996). The striatum is the largest nucleus of this group and serves as the

initial integrator of cortical and thalamic information relevant to this process.
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Essentially all cortical areas – sensory, motor, and associational – project to the

striatum (Bolam et al. 2000; Gerfen 1992; Wilson 2004). Wide regions of the

thalamus also project to the striatum, with a particularly prominent contribution

from the intralaminar thalamic nuclei that are responsive to salient or novel sensory

events (Doig et al. 2010; Matsumoto et al. 2001; McHaffie et al. 2005; Smith et al.

2004). Both cortical and thalamic projections are glutamatergic, forming excitatory

synaptic connections with principal GABAergic, spiny projection neurons (SPNs)

and interneurons. SPNs constitute the vast majority of striatal neurons (~90–95%)

with each of the four interneuron populations constituting a few percent of the total.

Of the interneuron populations, all but one is GABAergic. The only non-

GABAergic interneuron in the striatum is the cholinergic interneuron (Bolam

et al. 1984; Kemp and Powell 1971; Phelps et al. 1985). Despite constituting only

a few percent of all striatal neurons, these giant, aspiny interneurons are responsible

for striatal levels of acetylcholine (ACh), choline acetyltransferase, and choline

esterase that are among the highest in the brain (Contant et al. 1996; Mesulam et al.

1992). Because cholinergic interneurons are autonomous pacemakers, whose basal

spiking at 3–10 Hz is only transiently modulated up or down by synaptic input, ACh

release from the dense interneuronal terminal plexus is virtually continuous, cover-

ing all regions of the striatum (Bennett and Wilson 1999; Goldberg and Wilson

2010; Kawaguchi 1993; Wilson et al. 1990).

Both nicotinic and muscarinic receptors transduce ACh signals in the striatum.

However, the cellular distribution of nicotinic receptors (nAChRs) is more

restricted than that of muscarinic receptors (mAChRs), being limited to inter-

neurons and afferent terminals (Wilson 2004). In contrast, muscarinic receptors

are robustly expressed by the axon terminals of major projections systems to the

striatum and by all striatal neurons that have been examined, including principal

SPNs. The focus of this chapter will be on the part played by muscarinic receptors

in the regulation of striatal circuitry in health and disease.

2 Striatal Muscarinic Receptors

Five mAChRs have been cloned (Caulfield and Birdsall 1998; Eglen 2005;

Wess 1996). These receptors can be divided into two classes on the basis of their

coupling to G-proteins: M1-class (M1, M3, M5) and M2-class (M2, M4). M1-class

receptors couple to Gq/11 Ga proteins that activate phospholipase C (PLC)

isoforms resulting in phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis to

inositol 1,4,5-triphosphate (IP3) and diacyl glycerol (DAG). M2-class receptors

couple to Gi/o G proteins that inhibit adenylyl cyclase (AC) through Gia subunits

and close Cav2 Ca2+ channels and open Kir3 channels through associated Gbg
subunits (Wess 1996; Wess et al. 2007). All five of the cloned mAChRs are

expressed in the striatum, with the M1 and M4 subtypes being the most abundant

at the tissue level (Alcantara et al. 2001; Bernard et al. 1992; Hersch et al. 1994;

Yan et al. 2001; Zhang et al. 2002).
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3 Muscarinic Modulation of Canonical Striatal Circuits

In an attempt to organize the relevant literature, the effects of mAChRs on three

canonical striatal circuits will be discussed. These are (1) the corticostriatal circuit

engaging SPNs, (2) the corticostriatal feed-forward circuit through GABAergic

interneurons, and (3) the thalamostriatal feed-forward circuit through cholinergic

interneurons.

3.1 The Corticostriatal Circuit

The most basic striatal microcircuit is the one formed by glutamatergic cortical

pyramidal neurons and SPNs (Bolam et al. 2000; Wilson 2004). 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 mm�1) 50–60 mm from the soma and then falling off very

gradually in density to the tips of the sparsely branching dendrites (250–400 mm)

(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).

Glutamatergic synapses onto SPNs are richly invested with M2-class mAChRs.

These presynaptic mAChRs diminish glutamate release, reducing the excitatory

effect of a cortical volley on SPNs (Akaike et al. 1988; Briggs et al. 1981; Malenka

and Kocsis 1988). Using an elegant paired recording approach, Pakhotin and Bracci

(2007) were able to show that a single cholinergic interneuron spike was able to

significantly reduce electrically evoked glutamatergic evoked postsynaptic currents

(EPSCs) in nearby SPNs. As expected from the signaling linkages of mAChRs, the

presynaptic inhibition was mediated by reducing the opening of Cav2 Ca2+ channels

controlling terminal exocytosis. This modulation appears to be exclusively of Ca2+

channels with a Cav2.1 pore-forming subunit (Barral et al. 1999). A recent study

using a novel optical quantal analysis has beautifully characterized the mAChR

modulation of release probability at this synapse, confirming previous inferences

from less direct measurements (Higley et al. 2009). Because the release of ACh is

sustained by the autonomous activity of cholinergic interneurons, the presynaptic

mAChR signaling results in the tonic inhibition of glutamatergic synapses on SPNs

(Pakhotin and Bracci 2007). Thus, either antagonizing M2-class mAChRs or

suppressing the activity of interneurons results in an increased frequency of

glutamatergic miniature mEPSCs in SPNs.

What has not been fully appreciated by these studies is the heterogeneity of

glutamatergic afferent fibers reaching the striatum. As mentioned earlier, both
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cortical and thalamic glutamatergic neurons project to the striatum and form

synapses on SPNs (Dube et al. 1988; Wilson 2004). Contrary to widely held

prejudice, thalamic synapses are nearly as numerous as cortical synapses. More-

over, while some thalamic axons form synapses on dendritic shafts, other thalamic

axons synapse on spine heads, just as cortical axons do (Doig et al. 2010; Dube et al.

1988). There seems to be no qualitative difference between SPNs of the direct and

indirect pathway (see below) in their innervation by cortex or thalamus (Ding et al.

2008; Doig et al. 2010), in spite of earlier reports that only direct pathway SPNs

(dSPNs) were innervated by thalamic axons (Sidibe and Smith 1996; Smith et al.

2004).

Although sharing anatomical features, the physiological properties of these two

synapses are quite different. Using a parahorizontal slice that preserves a signifi-

cant component of the connectivity between cortex, thalamus, and the striatum

(Arbuthnott et al. 1985; Kawaguchi et al. 1989; Smeal et al. 2007) Ding et al. (2008)

found that corticostriatal synapses exhibited paired-pulse facilitation regardless of

which type of SPN they targeted (see below), indicating that glutamate release

probability at this synapse was relatively low. In contrast, thalamostriatal synapses

exhibited paired-pulse depression, indicating that glutamate release probability was

high. Thus, the corticostriatal synapse was “tuned” to repetitive activity, whereas

the thalamostriatal synapse was tuned to transient, episodic activity.

Thalamostriatal synapses also had a significantly higher complement of NMDA

receptors relative to those of the AMPA type. Interestingly, thalamostriatal

synapses on cholinergic interneurons were facilitating (not depressing), suggesting

a different origin. Activation of M2-class mAChRs decreased release probability at

both types of synapse (Ding et al. 2008).

The postsynaptic effects of SPN mAChR activation are more complex and less

well characterized. Early studies clearly suggested that M1 mAChR signaling

increased the responsiveness of SPNs to both intrasomatic current injection and

to synaptic stimulation (Akaike et al. 1988; Dodt and Misgeld 1986; Galarraga et al.

1999; Hsu et al. 1996). Subsequent studies have largely confirmed this view, putting

it on a firmer mechanistic footing (Figueroa et al. 2002; Gabel and Nisenbaum

1999; Howe and Surmeier 1995; Lin et al. 2004; Olson et al. 2005; Perez-Burgos

et al. 2008; Perez-Rosello et al. 2005; Shen et al. 2005).

One of the complications in sorting out the effects of mAChR signaling that was

not fully appreciated until recently is the heterogeneity of SPNs. SPNs can be

divided into two broad classes on the basis of their axonal projections (Fujiyama

et al. 2011; Gerfen et al. 1990; Robertson et al. 1992). So-called dSPNs have 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 dSPNs also extend an axon collateral to the GABAergic neurons of the

external segment of the globus pallidus (GPe). Indirect pathway SPNs (iSPNs)

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). Thus,

the indirect pathway forms a multisynaptic (or indirect) circuit between the striatum

and the basal ganglia output nuclei. These differences in axonal trajectory are
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paralleled by differences in dendritic anatomy that result in iSPNs being more

responsive to intrasomatic current injection than dSPNs (Fujiyama et al. 2011;

Gertler et al. 2008). In addition, although both types of SPN co-express M1 and M4

mAChRs, the latter is less abundant in iSPNs than in dSPNs (Bernard et al. 1992;

Yan et al. 2001).

Understanding the actions of mAChRs requires some context about SPNs

physiology. Both types of SPN have a similar core physiological phenotype. At

rest, SPNs are dominated by dendritically positioned, inwardly rectifying, Kir2 K+

channels that hold the membrane potential near the K+ equilibrium potential

(~�90 mV), far from spike threshold (Mermelstein et al. 1998; Shen et al. 2007;

Wilson 1993). This is the so-called down-state (Stern et al. 1998; Wilson and

Groves 1981). Synaptic release of glutamate on spine heads can produce a localized

depolarization of sufficient magnitude to open voltage-dependent Ca2+ channels

(Carter and Sabatini 2004). However, if this input lacks spatial or temporal conver-

gence, the constitutively open Kir2 K+ channels shunt this synaptic current,

minimizing the somatodendritic depolarization it produces. Kv4 and Ca2+

activated, small conductance K+ (SK) channels might contribute to this shunting

(Day et al. 2008; Higley et al. 2009). On the other hand, if synaptic activity is

convergent, the inward currents generated can overwhelm those of the Kir2 K+

channels, causing them to block as Mg2+ and polyamines are swept from the

cytoplasm into their pore (Lopatin and Nichols 1996; Wilson and Kawaguchi

1996). Although the battle between synaptically generated currents and Kir2 K+

channels has been thought to be largely independent of postsynaptic boosting by

voltage-dependent channels (Wilson and Kawaguchi 1996), more recent studies

have found that in distal dendrites, spatially convergent synaptic input can recruit

low threshold Cav3 Ca2+ channels and NMDA receptors to produce a regenerative

event (Plotkin et al. 2011).

Closure of dendritic Kir2 K+ channels leads to an elevation of the input imped-

ance of SPN dendrites and a reduction in their electrotonic length (Day et al. 2008;

Wilson 1993). With this transition, the SPN somatic membrane can reach a

potential near spike threshold. Membrane potential transitions to near spike thresh-

old seen in recordings from SPNs in vivo are called an up-state (Stern et al. 1998;

Wilson and Groves 1981). Up-states can last hundreds of milliseconds, during

which SPNs spike. The voltage trajectory to spike threshold is influenced by slowly

inactivating Kv1 and Kv7 (KCNQ) K+ channels that appear to be localized largely

in the somata and axon initial segment (AIS) (Nisenbaum et al. 1994; Shen et al.

2004, 2005). Voltage-dependent Nav1 Na+ channels and Kv4 K+ channels also help

shape this trajectory (Akins et al. 1990; Carrillo-Reid et al. 2009; Tkatch et al.

2000). During the spike, high-voltage-activated Cav2 Ca2+ channels open, leading

to activation of SK K+ channels, which regulate – in concert with Kv1 and Kv7

channels – the relatively slow, modestly adapting discharge of SPNs (Galarraga

et al. 2007).

Activation of postsynaptic M1 mAChRs leads to a beautifully coordinated

modulation of these channels, resulting in a sustained elevation in the

responsiveness to synaptic release of glutamate without modulating the function
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of glutamate receptors themselves. In dendrites, M1 receptor activation diminishes

the open probability of both Kv4 and Kir2 K+ channels, increasing input resistance

and producing a modest depolarization (Akins et al. 1990; Figueroa et al. 2002; Hsu

et al. 1996; Shen et al. 2007). The Kv4 channel modulation is attributable to

signaling mechanisms that have been characterized in pyramidal neurons (Hoffman

and Johnston 1998). The Kir2 modulation is mediated by depletion of membrane

phosphatidylinositol 4,5-bisphosphate (PIP2) by activation of PLC. This modula-

tion is stronger in iSPNs than dSPNs, possibly as a consequence of expression of

Kir2 subunits that are more sensitive to fluctuations in membrane PIP2 concentra-

tion (Shen et al. 2007). Complementing this dendritic modulation, M1 signaling

reduces opening of Kv7 K+ channels (also likely to be through a PIP2-dependent

mechanism) and reduces Cav2 Ca2+ channel opening (through a PKC-dependent

mechanism), leading to reduced SK K+ channel opening (Howe and Surmeier 1995;

Shen et al. 2005; Vilchis et al. 2000). In addition, M1 receptor signaling enhances

the persistent component of the Nav1 Na+ channel opening (Carrillo-Reid et al.

2009). Thus, by modulating ion channels in both dendritic and somatic

compartments, SPNs become transiently more likely to spike repetitively in

response to a synaptic barrage from cortical pyramidal neurons.

If one considers then how the release of ACh modulates the corticostriatal

microcircuit as a unit, there appears to be a paradox. ACh inhibits presynaptic

glutamate release, but potentiates the postsynaptic response to glutamate without

changing glutamate receptors themselves (Higley et al. 2009). This paradox is more

apparent than real. First, presynaptic “inhibition” preferentially reduces glutamate

release to a single action potential; when a burst of action potentials reach the

terminal, the effect on glutamate release is much less affected and is enhanced in

some circumstances; that is, the reduction in release probability is largely overcome

with repetitive spiking. As a consequence, presynaptic inhibition can be viewed as a

means of tuning synapses to repetitive stimulation (rather than simply being

inhibited). At the same time, the postsynaptic membrane has been modulated to

be more responsive to repetitive synaptic input. Thus, cholinergic interneurons

serve to bias the corticostriatal circuitry toward a preferential responsiveness to

bursts of cortical activity.

It is also important to consider the other mode of cholinergic interneuron

spiking. In response to salient stimuli, interneurons will interrupt their tonic, low

frequency spiking with a burst of spikes followed by a pause in activity that can last

for a second (Aosaki et al. 1994; Apicella et al. 1997; Kimura et al. 1984; Raz et al.

1996). This burst–pause pattern can be evoked by stimulation of thalamic axons in a

pattern like that evoked by salient stimuli (Ding et al. 2010). The burst of ACh

release produced by this pattern results in a strong, rapid presynaptic modulation

that is over in less than a hundred milliseconds, as it relies upon M2-class receptor,

membrane delimited G-protein signaling. In contrast, the postsynaptic effects of

M1 receptor signaling are slow, because they rely upon membrane enzymes and

soluble second messengers; this modulation appears to last about a second – the

duration of the thalamically evoked pause. In this situation, the pre- and postsynap-

tic modulations are largely separated in time. In this way, the thalamically
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generated burst–pause pattern of interneuron activity might serve to reset the

corticostriatal circuit (allowing a reassessment of ongoing action selection) and

then preferentially enhance the responsiveness in iSPNs that are responsible for

action suppression.

Within the context of this response, the recently described disynaptic linkage

between cholinergic interneurons and SPNs through an undefined GABAergic

interneuron makes some sense (Witten et al. 2010). This nicotinic receptor-

mediated activation of GABAergic interneurons also links cholinergic interneurons

(Sullivan et al. 2008). The identity of the GABAergic interneurons participating in

this network remains to be determined, but a likely candidate is the parvalbumin,

fast-spiking interneuron (Koos and Tepper 2002). Acting through this network,

transient elevation in the spiking of cholinergic interneurons will shut down

SPNs at the same time that M2-class receptors are inhibiting their excitatory

glutamatergic input.

Although ACh 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. The best studied form of plasticity in the

striatum is long-term depression (LTD) at corticostriatal synapses onto SPNs.

Unlike the situation at many other synapses, striatal LTD induction requires pairing

of postsynaptic depolarization with moderate- to high-frequency afferent stimula-

tion at physiological temperatures (Kreitzer and Malenka 2005; Lovinger et al.

1993). Typically for the induction to be successful, postsynaptic L-type calcium

channels andmGluR5 receptors need to be co-activated. Both L-type calcium channels

and mGluR5 receptors are found near glutamatergic synapses on SPN spines, making

them capable of responding to local synaptic events (Carter and Sabatini 2004;

Carter et al. 2007; Day et al. 2006; Olson et al. 2005; Testa et al. 1994). 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 SPN signaling (Gao et al. 2010; Giuffrida et al. 1999; Lerner et al.

2010; Tanimura et al. 2010). A key question about the induction of striatal LTD is

whether activation of D2 receptors is necessary. Activation of D2 receptors is a

potent stimulus for anandamide production (Giuffrida et al. 1999). Studies have

consistently found that in iSPNs, D2 receptor activation is necessary (Kreitzer and

Malenka 2007; Shen et al. 2008; Wang et al. 2006). This could be due to the need to

suppress A2a adenosine receptor signaling impeding efficient EC synthesis and LTD

induction (Fuxe et al. 2007; Shen et al. 2008). Indeed, Lerner et al. (2010) demon-

strate quite convincingly that antagonism of A2a receptors promotes EC-dependent

LTD induction in iSPNs.

The question then is can EC-dependent LTD be induced in dSPNs that do not

express D2 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 dSPNs (Wang et al. 2006), consistent with the high
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probability of SPN induction seen in previous work (Calabresi et al. 2007). How

could induction of LTD in dSPNs be dependent upon D2 receptors? There are a

couple of possibilities. One is that D2 receptor stimulation reduces DA release

through a presynaptic mechanism, preferentially reducing stimulation of D1

receptors that oppose the induction of LTD in dSPNs (Shen et al. 2008). The

other possibility is that for LTD to be induced in dSPNs, ACh release and postsyn-

aptic M1 muscarinic receptor signaling must fall (Calabresi et al. 2007; Wang et al.

2006). D2 receptor stimulation slows the autonomous spiking of cholinergic

interneurons and also inhibits ACh release (Aosaki et al. 1998; Deng et al. 2007;

Maurice et al. 2004). Tozzi et al. (2011) have put this latter possibility on firm

experimental ground showing that decreasing ACh release and M1 receptor signal-

ing is critical to the reduction of corticostriatal glutamatergic transmission in both
dSPNs and iSPNs. They also show that the interaction between D2 and A2a

receptors is critical to the regulation of interneuron activity, particularly in parkin-

sonian states.

Long-term potentiation (LTP) at glutamatergic synapses is less well

characterized because it is more difficult to induce in the in vitro preparations

typically used to study plasticity. Most of the work describing LTP at glutamatergic

synapses has been done with sharp electrodes (either in vivo or 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 M1, D1, NMDA, and

TrkB receptors (Calabresi et al. 2007; Jia et al. 2010; Kerr and Wickens 2001). The

involvement of NMDA receptors in LTP induction is clear. The involvement of

TrkB receptors and its ligand, brain-derived neurotrophic factor (BDNF), is less

well characterized but plausible given the expression of TrkB receptors in both

classes of SPN (Lobo et al. 2010). However, the necessity of D1 receptors is another

matter. Although D1 receptors appear to play an obligatory role in dSPNs, in iSPNs

A2a receptor activation, not D1 receptor activation, is necessary (Shen et al. 2008).

The role of M2 and M1 receptors in LTP induction needs more study. Antagonism

of M2 receptors appears to promote LTP induction, either by enhancing glutamate

or ACh release (Calabresi et al. 1998a, 1999). On the other hand, Calabresi et al.

(1999) have suggested that M1 receptors are necessary for LTP induction in SPNs.

Although plausible, more mechanistic studies in identified neurons need to be

conducted, particularly in light of the apparent lack of M1 receptor effect on

postsynaptic glutamate receptors (Higley et al. 2009). If M1 receptors are critical

to LTP induction, it would suggest that cholinergic interneurons are full partners

with dopaminergic neurons in the regulation of synaptic plasticity with the

corticostriatal circuit. In this scenario, bidirectionality of plasticity is dependent

not only upon differential expression of dopamine and adenosine receptors in SPNs

(Shen et al. 2008), but also by the co-expression of adenosine and dopamine

receptors in cholinergic interneurons.

For the sake of completeness, another component of the corticostriatal circuitry

needs to be considered. SPNs have a richly branching recurrent axon collateral that
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arborizes in the neighborhood of its parent cell body (Fujiyama et al. 2011;

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 feed-

back circuit has been controversial. In large measure, this is because the synapses

formed by recurrent collaterals are onto distal dendrites (Bolam et al. 1983; Wilson

and Groves 1980), making their physiological effects difficult to see with a somatic

electrode (Jaeger et al. 1994). Using paired patch clamp recordings from neighbor-

ing SPNs, it has been possible to more reliably see the effects of collateral activa-

tion (Czubayko and Plenz 2002; Guzman et al. 2003; Koos et al. 2004; Taverna

et al. 2008; Tunstall et al. 2002), but the percentage of synaptically connected

neighbors has been small (~10–15%) in randomly selected SPNs in brain slices.

Using D1 and D2 BAC transgenic mice to direct sampling, it was found that

although iSPNs project to both themselves and dSPNs, dSPNs connect essentially

only with other dSPNs (Taverna et al. 2008). The percentage of SPNs showing

demonstrable connectivity doubled when sampling was not random. More recent

work using optogenetic approaches to activate SPNs has inferred an even higher

degree of connectivity (Chuhma et al. 2011). Whether these approaches will yield a

pattern of connectivity consistent with that inferred from paired recordings remains

to be determined. It is very likely that these connections are modulated by ACh and

mAChR signaling, but this has yet to be definitively determined.

3.2 The Feed-Forward Thalamostriatal Circuit

The other major glutamatergic projection to the striatum originates in the thalamus

(Smith et al. 2004). This input targets both direct and iSPNs (Ding et al. 2008; Doig

et al. 2010). 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 feed-forward circuit involving FS

interneurons, the thalamostriatal projection makes a feed-forward connection to

SPNs through cholinergic interneurons (Ding et al. 2010). There appear to be two

phases to this feed-forward system. The first phase is a rapid and transient inhibition

of cortically driven activity in SPNs. This is mediated by a presynaptic, M2/M4

receptor-dependent inhibition of glutamate release (Ding et al. 2010) and a post-

synaptic, GABAergic inhibition (Witten et al. 2010). Whether this GABAergic

inhibition relies upon nicotinic receptor activation of PV GABAergic interneurons

remains to be determined (Koos and Tepper 2002; Sullivan et al. 2008). The second

phase is mediated by postsynaptic M1 receptors that enhance the somatic

excitability of both SPNs (Perez-Rosello et al. 2005; Pisani et al. 2007), but

preferentially enhances the dendritic excitability of iSPNs by decreasing Kir2 K+
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channel opening (Shen et al. 2007). 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 engage both phases of the response, but because

the inhibitory effects are fast (milliseconds in duration) and the postsynaptic effects

are slow (hundreds of milliseconds), the two modulations do not conflict and lead to

a patterned change in SPN activity that could underlie the alerting response.

There also is a feedback component of this microcircuit that is mediated by

mAChRs on cholinergic interneurons themselves. Cholinergic interneurons express

M1, M2, and M4 receptors (Alcantara et al. 2001; Hersch et al. 1994; Yan and

Surmeier 1996). Application of muscarinic agonists can silence cholinergic

interneurons, and focal stimulation of the slice can induce what has been described

as muscarinic inhibitory postsynaptic potential (IPSP) in these neurons. Both these

effects are mediated by postsynaptic M2-class receptors (Bonsi et al. 2008;

Calabresi et al. 1998b). Activation of the M2-class receptors downregulates

Cav2.1 and Cav2.2 channels in cholinergic interneurons (Yan and Surmeier

1996). Because CaV2.2 channels activate the SK channels that determine the size

of the AHP in these neurons (Goldberg and Wilson 2005), activation of mAChRs

reduces AHPs and induces irregular discharge (Ding et al. 2006). This mechanism

complements the collateral inhibition mediated by GABAergic interneurons

(Sullivan et al. 2008), suggesting that the temporal pattern of activity of cholinergic

interneurons is a meaningful network parameter.

3.3 The Feed-Forward 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 dSPNs and iSPNs (Bennett and Bolam 1994; Gittis

et al. 2010; Kita 1993; Koos and Tepper 1999; 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 (Gage et al. 2010; Kita et al.

1990; Parthasarathy and Graybiel 1997). Activation of M1 or M4 mAChRs inhibits

this synapse – a fact which is puzzling given the potent excitatory impact of

nAChRs on the FS interneurons (Barral et al. 1999; Koos and Tepper 2002).

Conceptually, this can be resolved by noting that the presynaptic inhibition of

GABA release is dependent upon postsynaptic M1 mAChRs that trigger the release

of ECs (Narushima et al. 2007). Hence, this mechanism complements the M1-

mAChR-mediated modulation of postsynaptic ion channels described earlier that

serve to increase SPN excitability. Although both types of SPN are targeted in this

circuit, paired recordings in BAC mice have found some preferential connectivity

of FS interneurons with dSPNs (Gittis et al. 2010). Whether the M1 mAChR-

mediated modulation of FS interneuron synapses is stronger in dSPNs is unclear.

Somatostatin (SOM)/neuropeptide Y (NPY) expressing GABAergic inter-

neurons also form another, less well studied, part of the feed-forward corticostriatal
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circuit (Tepper et al. 2010). 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 feed-forward

circuit differentially controls dSPNs and iSPNs remains to be determined. These

interneurons express M3 (M1 class) receptors with their strongest expression being

on axon terminals innervating SPNs (Hersch et al. 1994).

4 Muscarinic Signaling in Parkinson’s Disease and Dystonia

In Parkinson’s disease, striatal DA levels fall as the dopaminergic neurons in the

substantia nigra pars compacta (SNc) die. A concomitant of this fall is a rise in

striatal cholinergic signaling (Barbeau 1962; DeBoer et al. 1996; Lehmann and

Langer 1983; McGeer et al. 1961). This rise is thought to be in large measure

responsible for the symptoms of the disease and has motivated the use of mAChR

antagonists in the treatment of PD (Lang and Blair 1989; Pisani et al. 2007; Wooten

1990). The elevation in cholinergic signaling is attributable to the loss of negative

modulation of interneuron spiking and transmitter release by D2 dopamine

receptors (Aosaki et al. 1998; DeBoer et al. 1996; Maurice et al. 2004; Pisani

et al. 2007). In addition, DA depletion triggers an up-regulation in the expression of

RGS4 in cholinergic interneurons, resulting in an attenuation of M2-class

autoreceptor signaling and enhanced ACh release (Ding et al. 2006; Dolezal and

Wecker 1990).

DA depletion and the elevation in cholinergic signaling in PD models have a

variety of effects on the striatal circuitry. One dramatic effect is the pruning of iSPN

spines and glutamatergic synapses (Day et al. 2006; McNeill et al. 1988). This

remodeling requires calcium influx through L-type Ca2+ channels that are located

near synapses, as it is dramatically reduced in Cav 1.3 KO mice or in wild-type

mice treated with L-type channel antagonists (Day et al. 2006; Olson et al. 2005). It

is easy to imagine that this structural adaptation is homeostatic (Turrigiano et al.

1998). The loss of inhibitory D2 receptor signaling and the elevation of excitatory

M1 receptors signaling should drive spiking above the neuronal set point, leading to

pruning. Indeed, genetic deletion of M1 receptors significantly attenuates loss of

glutamatergic synapses following DA depletion (Shen et al. 2007). In agreement

with a homeostatic model, iSPN pruning can be blunted in vitro by inhibiting

calcineurin activity or knocking down the transcriptional regulator MEF2 (Tian

et al. 2010). Underscoring the importance of M1 mAChRs in PD, Tozzi et al. (2011)

have recently shown that following DA depletion, cholinergic interneurons become

more sensitive to inhibition by D2 receptor signaling and that this shift is likely to be

responsible for the enhanced ability of D2 receptor agonists to inhibit corticostriatal

synapses on SPNs.

Another major motor disorder with cholinergic determinants is dystonia. Dysto-

nia, characterized by muscle contraction, involuntary twisting, and abnormal
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posture (Fahn 1988), is the third most common movement disorder after PD and

essential tremor. DYT1 dystonia, the most common form of early onset generalized

dystonia, is a hereditary disorder caused by a deletion in the dyt1 gene, causing a

mutation in the torsinA protein (Ozelius et al. 1997). In a recent series of studies,

using a transgenic mouse model of DYT1 expressing mutant torsinA protein, Pisani

et al. (2006) found that contrary to the situation in wild-type mice activation of

dopamine D2 receptors in mutant mice increased the release of ACh (Pisani et al.

2006; Sciamanna et al. 2009). Additionally, in agreement with the role of M1

receptors in regulating the induction of synaptic plasticity (see above), LTD was

lost and LTP enhanced at corticostriatal synapses in mutant mice. Plasticity could

be normalized by antagonizing M1 mAChRs (Martella et al. 2009). These studies

suggest that mAChR antagonists should be an effective therapy for dystonia and

support the notion that dystonia is a muscarinic “disinhibition” disorder (Defazio

et al. 2007).

5 Summary

Striatal cholinergic interneurons are pivotal modulators of the striatal circuitry in

action selection and decision making. In this chapter, we have described the

presynaptic actions of M2 receptor and postsynaptic actions of M1 receptor on

SPNs and cholinergic interneurons. Recent studies have highlighted the roles of

these receptors in synaptic integration and plasticity, and how they differ between

the two populations of SPNs. These studies make it clear that temporally patterned

activity in cholinergic interneurons is a major determinant of the response to salient

environmental stimuli that serve to direct behavior. Moreover, they underscore the

need to revisit the clinical potential of anticholinergic therapies for treating move-

ment disorders such as dystonia and Parkinson’s disease.

References

Akaike A, Sasa M, Takaori S (1988) Muscarinic inhibition as a dominant role in cholinergic

regulation of transmission in the caudate nucleus. J Pharmacol Exp Ther 246:1129–1136

Akins PT, Surmeier DJ, Kitai ST (1990) Muscarinic modulation of a transient K+ conductance in

rat neostriatal neurons. Nature 344:240–242

Albin RL, Young AB, Penney JB (1989) The functional anatomy of basal ganglia disorders.

Trends Neurosci 12:366–375

Alcantara AA, Mrzljak L, Jakab RL, Levey AI, Hersch SM, Goldman-Rakic PS (2001) Muscarinic

m1 and m2 receptor proteins in local circuit and projection neurons of the primate striatum:

anatomical evidence for cholinergic modulation of glutamatergic prefronto-striatal pathways.

J Comp Neurol 434:445–460

Aosaki T, Tsubokawa H, Ishida A, Watanabe K, Graybiel AM, Kimura M (1994) Responses

of tonically active neurons in the primate’s striatum undergo systematic changes during

behavioral sensorimotor conditioning. J Neurosci 14:3969–3984

234 J.A. Goldberg et al.



Aosaki T, Kiuchi K, Kawaguchi Y (1998) Dopamine D1-like receptor activation excites rat striatal

large aspiny neurons in vitro. J Neurosci 18:5180–5190

Apicella P, Legallet E, Trouche E (1997) Responses of tonically discharging neurons in the

monkey striatum to primary rewards delivered during different behavioral states. Exp Brain

Res 116:456–466

Arbuthnott GW, MacLeod NK, Rutherfod A (1985) The rate cortico-striatal pathway in vitro.

J Physiol 367:102p

Barbeau A (1962) The pathogenesis of Parkinson’s disease: a new hypothesis. Can Med Assoc J

87:802–807

Barral J, Galarraga E, Bargas J (1999) Muscarinic presynaptic inhibition of neostriatal

glutamatergic afferents is mediated by Q-type Ca2+ channels. Brain Res Bull 49:285–289

Beiser DG, Hua SE, Houk JC (1997) Network models of the basal ganglia. Curr Opin Neurobiol

7:185–190

Bennett BD, Bolam JP (1994) Synaptic input and output of parvalbumin-immunoreactive neurons

in the neostriatum of the rat. Neuroscience 62:707–719

Bennett BD, Wilson CJ (1999) Spontaneous activity of neostriatal cholinergic interneurons

in vitro. J Neurosci 19:5586–5596

Bernard V, Normand E, Bloch B (1992) Phenotypical characterization of the rat striatal neurons

expressing muscarinic receptor genes. J Neurosci 12:3591–3600

Bolam JP, Somogyi P, Takagi H, Fodor I, Smith AD (1983) Localization of substance P-like

immunoreactivity in neurons and nerve terminals in the neostriatum of the rat: a correlated

light and electron microscopic study. J Neurocytol 12:325–344

Bolam JP, Wainer BH, Smith AD (1984) Characterization of cholinergic neurons in the

rat neostriatum. A combination of choline acetyltransferase immunocytochemistry, Golgi-

impregnation and electron microscopy. Neuroscience 12:711–718

Bolam JP, Hanley JJ, Booth PA, Bevan MD (2000) Synaptic organisation of the basal ganglia.

J Anat 196(Pt 4):527–542

Bonsi P, Martella G, Cuomo D, Platania P, Sciamanna G, Bernardi G, Wess J, Pisani A (2008)

Loss of muscarinic autoreceptor function impairs long-term depression but not long-term

potentiation in the striatum. J Neurosci 28:6258–6263

Briggs RS, Redgrave P, Nahorski SR (1981) Effect of kainic acid lesions on muscarinic agonist

receptor subtypes in rat striatum. Brain Res 206:451–456

Calabresi P, Centonze D, Gubellini P, Pisani A, Bernardi G (1998a) Blockade of M2-like

muscarinic receptors enhances long-term potentiation at corticostriatal synapses. Eur J

Neurosci 10:3020–3023

Calabresi P, Centonze D, Pisani A, Sancesario G, North RA, Bernardi G (1998b) Muscarinic IPSPs

in rat striatal cholinergic interneurones. J Physiol 510(Pt 2):421–427

Calabresi P, Centonze D, Gubellini P, Bernardi G (1999) Activation of M1-like muscarinic

receptors is required for the induction of corticostriatal LTP. Neuropharmacology 38:323–326

Calabresi P, Picconi B, Tozzi A, Di Filippo M (2007) Dopamine-mediated regulation of

corticostriatal synaptic plasticity. Trends Neurosci 30:211–219

Carrillo-Reid L, Tecuapetla F, Vautrelle N, Hernandez A, Vergara R, Galarraga E, Bargas J (2009)

Muscarinic enhancement of persistent sodium current synchronizes striatal medium spiny

neurons. J Neurophysiol 102:682–690

Carter AG, Sabatini BL (2004) State-dependent calcium signaling in dendritic spines of striatal

medium spiny neurons. Neuron 44:483–493

Carter AG, Soler-Llavina GJ, Sabatini BL (2007) Timing and location of synaptic inputs

determine modes of subthreshold integration in striatal medium spiny neurons. J Neurosci

27:8967–8977

Caulfield MP, Birdsall NJ (1998) International union of pharmacology. XVII. Classification of

muscarinic acetylcholine receptors. Pharmacol Rev 50:279–290

Chuhma N, Tanaka KF, Hen R, Rayport S (2011) Functional connectome of the striatal medium

spiny neuron. J Neurosci 31:1183–1192

Muscarinic signaling in the striatum 235



Contant C, Umbriaco D, Garcia S, Watkins KC, Descarries L (1996) Ultrastructural characteriza-

tion of the acetylcholine innervation in adult rat neostriatum. Neuroscience 71:937–947

Czubayko U, Plenz D (2002) Fast synaptic transmission between striatal spiny projection neurons.

Proc Natl Acad Sci USA 99:15764–15769

DayM,Wang Z, Ding J, An X, Ingham CA, Shering AF,Wokosin D, Ilijic E, Sun Z, Sampson AR,

Mugnaini E, Deutch AY, Sesack SR, Arbuthnott GW, Surmeier DJ (2006) Selective elimi-

nation of glutamatergic synapses on striatopallidal neurons in Parkinson disease models. Nat

Neurosci 9:251–259

Day M, Wokosin D, Plotkin JL, Tian X, Surmeier DJ (2008) Differential excitability and

modulation of striatal medium spiny neuron dendrites. J Neurosci 28:11603–11614

DeBoer P, Heeringa MJ, Abercrombie ED (1996) Spontaneous release of acetylcholine in striatum

is preferentially regulated by inhibitory dopamine D2 receptors. Eur J Pharmacol 317:257–262

Defazio G, Berardelli A, Hallett M (2007) Do primary adult-onset focal dystonias share

aetiological factors? Brain 130:1183–1193

DeLong M, Wichmann T (2009) Update on models of basal ganglia function and dysfunction.

Parkinsonism Relat Disord 15(Suppl 3):S237–S240

Deng P, Zhang Y, Xu ZC (2007) Involvement of I(h) in dopamine modulation of tonic firing in

striatal cholinergic interneurons. J Neurosci 27:3148–3156

Ding J, Guzman JN, Tkatch T, Chen S, Goldberg JA, Ebert PJ, Levitt P, Wilson CJ, Hamm HE,

Surmeier DJ (2006) RGS4-dependent attenuation of M4 autoreceptor function in striatal

cholinergic interneurons following dopamine depletion. Nat Neurosci 9:832–842

Ding J, Peterson JD, Surmeier DJ (2008) Corticostriatal and thalamostriatal synapses have

distinctive properties. J Neurosci 28:6483–6492

Ding JB, Guzman JN, Peterson JD, Goldberg JA, Surmeier DJ (2010) Thalamic gating of

corticostriatal signaling by cholinergic interneurons. Neuron 67:294–307

Dodt HU, Misgeld U (1986) Muscarinic slow excitation and muscarinic inhibition of synaptic

transmission in the rat neostriatum. J Physiol 380:593–608

Doig NM, Moss J, Bolam JP (2010) Cortical and thalamic innervation of direct and indirect

pathway medium-sized spiny neurons in mouse striatum. J Neurosci 30:14610–14618

Dolezal V, Wecker L (1990) Muscarinic receptor blockade increases basal acetylcholine release

from striatal slices. J Pharmacol Exp Ther 252:739–743

Dube L, Smith AD, Bolam JP (1988) Identification of synaptic terminals of thalamic or cortical

origin in contact with distinct medium-size spiny neurons in the rat neostriatum. J Comp

Neurol 267:455–471

Eglen RM (2005) Muscarinic receptor subtype pharmacology and physiology. Prog Med Chem

43:105–136

Fahn S (1988) Concept and classification of dystonia. Adv Neurol 50:1–8

Figueroa A, Galarraga E, Bargas J (2002) Muscarinic receptors involved in the subthreshold

cholinergic actions of neostriatal spiny neurons. Synapse 46:215–223

Frank MJ, Claus ED (2006) Anatomy of a decision: striato-orbitofrontal interactions in reinforce-

ment learning, decision making, and reversal. Psychol Rev 113:300–326

Fujiyama F, Sohn J, Nakano T, Furuta T, Nakamura KC, Matsuda W, Kaneko T (2011) Exclusive

and common targets of neostriatofugal projections of rat striosome neurons: a single neuron-

tracing study using a viral vector. Eur J Neurosci 33:668–677

Fuxe K, Ferre S, Genedani S, Franco R, Agnati LF (2007) Adenosine receptor-dopamine receptor

interactions in the basal ganglia and their relevance for brain function. Physiol Behav

92:210–217

Gabel LA, Nisenbaum ES (1999) Muscarinic receptors differentially modulate the persistent

potassium current in striatal spiny projection neurons. J Neurophysiol 81:1418–1423

Gage GJ, Stoetzner CR, Wiltschko AB, Berke JD (2010) Selective activation of striatal fast-

spiking interneurons during choice execution. Neuron 67:466–479

236 J.A. Goldberg et al.



Galarraga E, Hernandez-Lopez S, Reyes A, Miranda I, Bermudez-Rattoni F, Vilchis C, Bargas J

(1999) Cholinergic modulation of neostriatal output: a functional antagonism between differ-

ent types of muscarinic receptors. J Neurosci 19:3629–3638

Galarraga E, Vilchis C, Tkatch T, Salgado H, Tecuapetla F, Perez-Rosello T, Perez-Garci E,

Hernandez-Echeagaray E, Surmeier DJ, Bargas J (2007) Somatostatinergic modulation of

firing pattern and calcium-activated potassium currents in medium spiny neostriatal neurons.

Neuroscience 146:537–554

Gao Y, Vasilyev DV, Goncalves MB, Howell FV, Hobbs C, Reisenberg M, Shen R, Zhang MY,

Strassle BW, Lu P, Mark L, Piesla MJ, Deng K, Kouranova EV, Ring RH,Whiteside GT, Bates

B, Walsh FS, Williams G, Pangalos MN, Samad TA, Doherty P (2010) Loss of retrograde

endocannabinoid signaling and reduced adult neurogenesis in diacylglycerol lipase knock-out

mice. J Neurosci 30:2017–2024

Gerdeman GL, Ronesi J, Lovinger DM (2002) Postsynaptic endocannabinoid release is critical to

long-term depression in the striatum. Nat Neurosci 5:446–451

Gerfen CR (1992) The neostriatal mosaic: multiple levels of compartmental organization. Trends

Neurosci 15:133–139

Gerfen CR, Engber TM, Mahan LC, Susel Z, Chase TN, Monsma FJ Jr, Sibley DR (1990) D1 and

D2 dopamine receptor-regulated gene expression of striatonigral and striatopallidal neurons.

Science 250:1429–1432

Gertler TS, Chan CS, Surmeier DJ (2008) Dichotomous anatomical properties of adult striatal

medium spiny neurons. J Neurosci 28:10814–10824

Gittis AH, Nelson AB, Thwin MT, Palop JJ, Kreitzer AC (2010) Distinct roles of GABAergic

interneurons in the regulation of striatal output pathways. J Neurosci 30:2223–2234

Giuffrida A, Parsons LH, Kerr TM, Rodriguez de Fonseca F, Navarro M, Piomelli D (1999)

Dopamine activation of endogenous cannabinoid signaling in dorsal striatum. Nat Neurosci

2:358–363

Goldberg JA, Wilson CJ (2005) Control of spontaneous firing patterns by the selective coupling of

calcium currents to calcium-activated potassium currents in striatal cholinergic interneurons.

J Neurosci 25:10230–10238

Goldberg JA, Wilson CJ (2010) The cholinergic interneurons of the striatum: intrinsic properties

underlie multiple discharge patterns. In: Steiner H, Tseng K (eds) Handbook of basal gnaglia

structure and function. Academic, London, pp 133–149

Groves PM (1983) A theory of the functional organization of the neostriatum and the neostriatal

control of voluntary movement. Brain Res 286:109–132

Guzman JN, Hernandez A, Galarraga E, Tapia D, Laville A, Vergara R, Aceves J, Bargas J (2003)

Dopaminergic modulation of axon collaterals interconnecting spiny neurons of the rat striatum.

J Neurosci 23:8931–8940

Hersch SM, Gutekunst CA, Rees HD, Heilman CJ, Levey AI (1994) Distribution of m1-m4

muscarinic receptor proteins in the rat striatum: light and electron microscopic immunocyto-

chemistry using subtype-specific antibodies. J Neurosci 14:3351–3363

Higley MJ, Soler-Llavina GJ, Sabatini BL (2009) Cholinergic modulation of multivesicular

release regulates striatal synaptic potency and integration. Nat Neurosci 12:1121–1128

Hoffman DA, Johnston D (1998) Downregulation of transient K+ channels in dendrites of hippo-

campal CA1 pyramidal neurons by activation of PKA and PKC. J Neurosci 18:3521–3528

Houk JC, Bastianen C, Fansler D, Fishbach A, Fraser D, Reber PJ, Roy SA, Simo LS (2007)

Action selection and refinement in subcortical loops through basal ganglia and cerebellum.

Philos Trans R Soc Lond B Biol Sci 362:1573–1583

Howe AR, Surmeier DJ (1995) Muscarinic receptors modulate N-, P-, and L-type Ca2+ currents in

rat striatal neurons through parallel pathways. J Neurosci 15:458–469

Hsu KS, Yang CH, Huang CC, Gean PW (1996) Carbachol induces inward current in neostriatal

neurons through M1-like muscarinic receptors. Neuroscience 73:751–760

Jaeger D, Kita H, Wilson CJ (1994) Surround inhibition among projection neurons is weak or

nonexistent in the rat neostriatum. J Neurophysiol 72:2555–2558

Muscarinic signaling in the striatum 237



Jia Y, Gall CM, Presynaptic LG (2010) BDNF promotes postsynaptic long-term potentiation in the

dorsal striatum. J Neurosci 30:14440–14445

Kawaguchi Y (1993) Physiological, morphological, and histochemical characterization of three

classes of interneurons in rat neostriatum. J Neurosci 13:4908–4923

Kawaguchi Y,WilsonCJ, Emson PC (1989) Intracellular recording of identified neostriatal patch and

matrix spiny cells in a slice preparation preserving cortical inputs. J Neurophysiol 62:1052–1068

Kemp JM, Powell TP (1971) The synaptic organization of the caudate nucleus. Philos Trans R Soc

Lond B Biol Sci 262:403–412

Kerr JN, Wickens JR (2001) Dopamine D-1/D-5 receptor activation is required for long-term

potentiation in the rat neostriatum in vitro. J Neurophysiol 85:117–124

Kimura M, Rajkowski J, Evarts E (1984) Tonically discharging putamen neurons exhibit set-

dependent responses. Proc Natl Acad Sci USA 81:4998–5001

Kimura M, Yamada H, Matsumoto N (2003) Tonically active neurons in the striatum encode

motivational contexts of action. Brain Dev 25(Suppl 1):S20–S23

Kita H (1993) GABAergic circuits of the striatum. Prog Brain Res 99:51–72

Kita H, Kosaka T, Heizmann CW (1990) Parvalbumin-immunoreactive neurons in the rat

neostriatum: a light and electron microscopic study. Brain Res 536:1–15

Koos T, Tepper JM (1999) Inhibitory control of neostriatal projection neurons by GABAergic

interneurons. Nat Neurosci 2:467–472

Koos T, Tepper JM (2002) Dual cholinergic control of fast-spiking interneurons in the

neostriatum. J Neurosci 22:529–535

Koos T, Tepper JM, Wilson CJ (2004) Comparison of IPSCs evoked by spiny and fast-spiking

neurons in the neostriatum. J Neurosci 24:7916–7922

Kreitzer AC, Malenka RC (2005) Dopamine modulation of state-dependent endocannabinoid

release and long-term depression in the striatum. J Neurosci 25:10537–10545

Kreitzer AC, Malenka RC (2007) Endocannabinoid-mediated rescue of striatal LTD and motor

deficits in Parkinson’s disease models. Nature 445:643–647

Lang AE, Blair RDG (1989) Anticholinergic drugs and amantadine in the treatment of Parkinson’s

disease. In: Calne DB (ed) Handbook of experimental pharmacology. Springer, Heidelberg

Lehmann J, Langer SZ (1983) The striatal cholinergic interneuron: synaptic target of dopami-

nergic terminals? Neuroscience 10:1105–1120

Lerner TN, Horne EA, Stella N, Kreitzer AC (2010) Endocannabinoid signaling mediates psycho-

motor activation by adenosine A2A antagonists. J Neurosci 30:2160–2164

Lin JY, Chung KK, de Castro D, Funk GD, Lipski J (2004) Effects of muscarinic acetylcholine

receptor activation on membrane currents and intracellular messengers in medium spiny

neurones of the rat striatum. Eur J Neurosci 20:1219–1230

Lobo MK, Covington HE III, Chaudhury D, Friedman AK, Sun H, Damez-Werno D, Dietz DM,

Zaman S, Koo JW, Kennedy PJ, Mouzon E, Mogri M, Neve RL, Deisseroth K, Han MH,

Nestler EJ (2010) Cell type-specific loss of BDNF signaling mimics optogenetic control of

cocaine reward. Science 330:385–390

Lopatin AN, Nichols CG (1996) [K+] dependence of polyamine-induced rectification in inward

rectifier potassium channels (IRK1, Kir2.1). J Gen Physiol 108:105–113

Lovinger DM, Tyler EC, Merritt A (1993) Short- and long-term synaptic depression in rat

neostriatum. J Neurophysiol 70:1937–1949

Malenka RC, Kocsis JD (1988) Presynaptic actions of carbachol and adenosine on corticostriatal

synaptic transmission studied in vitro. J Neurosci 8:3750–3756

Martella G, Tassone A, Sciamanna G, Platania P, Cuomo D, Viscomi MT, Bonsi P, Cacci E,

Biagioni S, Usiello A, Bernardi G, Sharma N, Standaert DG, Pisani A (2009) Impairment of

bidirectional synaptic plasticity in the striatum of a mouse model of DYT1 dystonia: role of

endogenous acetylcholine. Brain 132:2336–2349

Matsumoto N, Minamimoto T, Graybiel AM, Kimura M (2001) Neurons in the thalamic CM-Pf

complex supply striatal neurons with information about behaviorally significant sensory

events. J Neurophysiol 85:960–976

238 J.A. Goldberg et al.



Maurice N, Mercer J, Chan CS, Hernandez-Lopez S, Held J, Tkatch T, Surmeier DJ (2004) D2

dopamine receptor-mediated modulation of voltage-dependent Na+ channels reduces autono-

mous activity in striatal cholinergic interneurons. J Neurosci 24:10289–10301

McGeer PL, Boulding JE, Gibson WC, Foulkes RG (1961) Drug-induced extrapyramidal

reactions. Treatment with diphenhydramine hydrochloride and dihydroxyphenylalanine.

JAMA 177:665–670

McHaffie JG, Stanford TR, Stein BE, Coizet V, Redgrave P (2005) Subcortical loops through the

basal ganglia. Trends Neurosci 28:401–407

McNeill TH, Brown SA, Rafols JA, Shoulson I (1988) Atrophy of medium spiny I striatal

dendrites in advanced Parkinson’s disease. Brain Res 455:148–152

Mermelstein PG, Song WJ, Tkatch T, Yan Z, Surmeier DJ (1998) Inwardly rectifying potassium

(IRK) currents are correlated with IRK subunit expression in rat nucleus accumbens medium

spiny neurons. J Neurosci 18:6650–6661

Mesulam MM, Mash D, Hersh L, Bothwell M, Geula C (1992) Cholinergic innervation of the

human striatum, globus pallidus, subthalamic nucleus, substantia nigra, and red nucleus.

J Comp Neurol 323:252–268

Mink JW (1996) The basal ganglia: focused selection and inhibition of competing motor

programs. Prog Neurobiol 50:381–425

Morris G, Arkadir D, Nevet A, Vaadia E, Bergman H (2004) Coincident but distinct messages of

midbrain dopamine and striatal tonically active neurons. Neuron 43:133–143

Narushima M, Uchigashima M, Fukaya M, Matsui M, Manabe T, Hashimoto K, Watanabe M,

Kano M (2007) Tonic enhancement of endocannabinoid-mediated retrograde suppression of

inhibition by cholinergic interneuron activity in the striatum. J Neurosci 27:496–506

Nisenbaum ES, Xu ZC, Wilson CJ (1994) Contribution of a slowly inactivating potassium current

to the transition to firing of neostriatal spiny projection neurons. J Neurophysiol 71:1174–1189

Olson PA, Tkatch T, Hernandez-Lopez S, Ulrich S, Ilijic E, Mugnaini E, Zhang H, Bezprozvanny

I, Surmeier DJ (2005) G-protein-coupled receptor modulation of striatal CaV1.3L-type Ca2+

channels is dependent on a Shank-binding domain. J Neurosci 25:1050–1062

Ozelius LJ, Hewett JW, Page CE, Bressman SB, Kramer PL, Shalish C, de Leon D, Brin MF,

Raymond D, Corey DP, Fahn S, Risch NJ, Buckler AJ, Gusella JF, Breakefield XO (1997) The

early-onset torsion dystonia gene (DYT1) encodes an ATP-binding protein. Nat Genet

17:40–48

Pakhotin P, Bracci E (2007) Cholinergic interneurons control the excitatory input to the striatum.

J Neurosci 27:391–400

Parent M, Parent A (2006) Single-axon tracing study of corticostriatal projections arising from

primary motor cortex in primates. J Comp Neurol 496:202–213

Parthasarathy HB, Graybiel AM (1997) Cortically driven immediate-early gene expression reflects

modular influence of sensorimotor cortex on identified striatal neurons in the squirrel monkey.

J Neurosci 17:2477–2491

Perez-Burgos A, Perez-Rosello T, Salgado H, Flores-Barrera E, Prieto GA, Figueroa A, Galarraga

E, Bargas J (2008) Muscarinic M(1) modulation of N and L types of calcium channels is

mediated by protein kinase C in neostriatal neurons. Neuroscience 155:1079–1097

Perez-Rosello T, Figueroa A, Salgado H, Vilchis C, Tecuapetla F, Guzman JN, Galarraga E,

Bargas J (2005) Cholinergic control of firing pattern and neurotransmission in rat neostriatal

projection neurons: role of CaV2.1 and CaV2.2 Ca2+ channels. J Neurophysiol 93:2507–2519

Phelps PE, Houser CR, Vaughn JE (1985) Immunocytochemical localization of choline

acetyltransferase within the rat neostriatum: a correlated light and electron microscopic

study of cholinergic neurons and synapses. J Comp Neurol 238:286–307

Pisani A, Martella G, Tscherter A, Bonsi P, Sharma N, Bernardi G, Standaert DG (2006) Altered

responses to dopaminergic D2 receptor activation and N-type calcium currents in striatal

cholinergic interneurons in a mouse model of DYT1 dystonia. Neurobiol Dis 24:318–325

Pisani A, Bernardi G, Ding J, Surmeier DJ (2007) Re-emergence of striatal cholinergic

interneurons in movement disorders. Trends Neurosci 30:545–553

Muscarinic signaling in the striatum 239



Planert H, Szydlowski SN, Hjorth JJ, Grillner S, Silberberg G (2010) Dynamics of synaptic

transmission between fast-spiking interneurons and striatal projection neurons of the direct

and indirect pathways. J Neurosci 30:3499–3507

Plotkin JL, Day M, Surmeier DJ (2011) Synaptically driven state transitions in distal dendrites of

striatal spiny neurons. Nat Neurosci 14:881–888

Raz A, Feingold A, Zelanskaya V, Vaadia E, Bergman H (1996) Neuronal synchronization of

tonically active neurons in the striatum of normal and parkinsonian primates. J Neurophysiol

76:2083–2088

Robertson GS, Vincent SR, Fibiger HC (1992) D1 and D2 dopamine receptors differentially

regulate c-fos expression in striatonigral and striatopallidal neurons. Neuroscience 49:285–296

Sciamanna G, Bonsi P, Tassone A, Cuomo D, Tscherter A, Viscomi MT, Martella G, Sharma N,

Bernardi G, Standaert DG, Pisani A (2009) Impaired striatal D2 receptor function leads to

enhanced GABA transmission in a mouse model of DYT1 dystonia. Neurobiol Dis 34:133–145

Shen W, Hernandez-Lopez S, Tkatch T, Held JE, Surmeier DJ (2004) Kv1.2-containing K+

channels regulate subthreshold excitability of striatal medium spiny neurons. J Neurophysiol

91:1337–1349

Shen W, Hamilton SE, Nathanson NM, Surmeier DJ (2005) Cholinergic suppression of KCNQ

channel currents enhances excitability of striatal medium spiny neurons. J Neurosci

25:7449–7458

Shen W, Tian X, Day M, Ulrich S, Tkatch T, Nathanson NM, Surmeier DJ (2007) Cholinergic

modulation of Kir2 channels selectively elevates dendritic excitability in striatopallidal

neurons. Nat Neurosci 10:1458–1466

Shen W, Flajolet M, Greengard P, Surmeier DJ (2008) Dichotomous dopaminergic control of

striatal synaptic plasticity. Science 321:848–851

Sidibe M, Smith Y (1996) Differential synaptic innervation of striatofugal neurones projecting to

the internal or external segments of the globus pallidus by thalamic afferents in the squirrel

monkey. J Comp Neurol 365:445–465

Smeal RM, Gaspar RC, Keefe KA, Wilcox KS (2007) A rat brain slice preparation for charac-

terizing both thalamostriatal and corticostriatal afferents. J Neurosci Methods 159:224–235

Smith Y, Raju DV, Pare JF, Sidibe M (2004) The thalamostriatal system: a highly specific network

of the basal ganglia circuitry. Trends Neurosci 27:520–527

Stern EA, Jaeger D, Wilson CJ (1998) Membrane potential synchrony of simultaneously recorded

striatal spiny neurons in vivo. Nature 394:475–478

Sullivan MA, Chen H, Morikawa H (2008) Recurrent inhibitory network among striatal choli-

nergic interneurons. J Neurosci 28:8682–8690

Tanimura A, Yamazaki M, Hashimotodani Y, Uchigashima M, Kawata S, Abe M, Kita Y,

Hashimoto K, Shimizu T, Watanabe M, Sakimura K, Kano M (2010) The endocannabinoid

2-arachidonoylglycerol produced by diacylglycerol lipase alpha mediates retrograde suppres-

sion of synaptic transmission. Neuron 65:320–327

Taverna S, Ilijic E, Surmeier DJ (2008) Recurrent collateral connections of striatal medium spiny

neurons are disrupted in models of Parkinson’s disease. J Neurosci 28:5504–5512

Tepper JM, Tecuapetla F, Koos T, Ibanez-Sandoval O (2010) Heterogeneity and diversity of

striatal GABAergic interneurons. Front Neuroanat 4:150

Testa CM, Standaert DG, Young AB, Penney JB Jr (1994) Metabotropic glutamate receptor

mRNA expression in the basal ganglia of the rat. J Neurosci 14:3005–3018

Tian X, Kai L, Hockberger PE, Wokosin DL, Surmeier DJ (2010) MEF-2 regulates activity-

dependent spine loss in striatopallidal medium spiny neurons. Mol Cell Neurosci 44:94–108

Tkatch T, Baranauskas G, Surmeier DJ (2000) Kv4.2 mRNA abundance and A-type K(+) current

amplitude are linearly related in basal ganglia and basal forebrain neurons. J Neurosci 20:579–588

Tozzi A, de Iure A, Di Filippo M, Tantucci M, Costa C, Borsini F, Ghiglieri V, Giampa C, Fusco

FR, Picconi B, Calabresi P (2011) The distinct role of medium spiny neurons and cholinergic

interneurons in the D2/A2A receptor interaction in the striatum: implications for Parkinson’s

disease. J Neurosci 31:1850–1862

240 J.A. Goldberg et al.



Tunstall MJ, Oorschot DE, Kean A, Wickens JR (2002) Inhibitory interactions between spiny

projection neurons in the rat striatum. J Neurophysiol 88:1263–1269

Turrigiano GG, Leslie KR, Desai NS, Rutherford LC, Nelson SB (1998) Activity-dependent

scaling of quantal amplitude in neocortical neurons. Nature 391:892–896

Vilchis C, Bargas J, Ayala GX, Galvan E, Galarraga E (2000) Ca2+ channels that activate Ca2+-

dependent K+ currents in neostriatal neurons. Neuroscience 95:745–752

Wang Y, Toledo-Rodriguez M, Gupta A, Wu C, Silberberg G, Luo J, Markram H (2004)

Anatomical, physiological and molecular properties of Martinotti cells in the somatosensory

cortex of the juvenile rat. J Physiol 561:65–90

Wang Z, Kai L, Day M, Ronesi J, Yin HH, Ding J, Tkatch T, Lovinger DM, Surmeier DJ (2006)

Dopaminergic control of corticostriatal long-term synaptic depression in medium spiny

neurons is mediated by cholinergic interneurons. Neuron 50:443–452

Wess J (1996) Molecular biology of muscarinic acetylcholine receptors. Crit Rev Neurobiol

10:69–99

Wess J, Eglen RM, Gautam D (2007) Muscarinic acetylcholine receptors: mutant mice provide

new insights for drug development. Nat Rev Drug Discov 6:721–733

Wichmann T, DeLong MR (1996) Functional and pathophysiological models of the basal ganglia.

Curr Opin Neurobiol 6:751–758

Wilson CJ (1993) The generation of natural firing patterns in neostriatal neurons. Prog Brain Res

99:277–297

Wilson CJ (1994) Understanding the neostriatal microcircuitry: high-voltage electron microscopy.

Microsc Res Tech 29:368–380

Wilson CJ (2004) Basal ganglia. In: Shepherd GM (ed) The synaptic organization of the brain.

Oxford University Press, New York, pp 361–413

Wilson CJ, Groves PM (1980) Fine structure and synaptic connections of the common spiny

neuron of the rat neostriatum: a study employing intracellular inject of horseradish peroxidase.

J Comp Neurol 194:599–615

Wilson CJ, Groves PM (1981) Spontaneous firing patterns of identified spiny neurons in the rat

neostriatum. Brain Res 220:67–80

Wilson CJ, Kawaguchi Y (1996) The origins of two-state spontaneous membrane potential

fluctuations of neostriatal spiny neurons. J Neurosci 16:2397–2410

Wilson CJ, Chang HT, Kitai ST (1990) Firing patterns and synaptic potentials of identified giant

aspiny interneurons in the rat neostriatum. J Neurosci 10:508–519

Witten IB, Lin SC, Brodsky M, Prakash R, Diester I, Anikeeva P, Gradinaru V, Ramakrishnan C,

Deisseroth K (2010) Cholinergic interneurons control local circuit activity and cocaine condi-

tioning. Science 330:1677–1681

Wooten GF (1990) Parkinsonism. In: Pearlman AL, Collins RC (eds) Neurobiology of disease.

Oxford University Press, New York, pp 454–468

Yan Z, Surmeier DJ (1996) Muscarinic (m2/m4) receptors reduce N- and P-type Ca2+ currents in

rat neostriatal cholinergic interneurons through a fast, membrane-delimited, G-protein path-

way. J Neurosci 16:2592–2604

Yan Z, Flores-Hernandez J, Surmeier DJ (2001) Coordinated expression of muscarinic receptor

messenger RNAs in striatal medium spiny neurons. Neuroscience 103:1017–1024

Zhang W, Yamada M, Gomeza J, Basile AS, Wess J (2002) Multiple muscarinic acetylcholine

receptor subtypes modulate striatal dopamine release, as studied with M1-M5 muscarinic

receptor knock-out mice. J Neurosci 22:6347–6352

Muscarinic signaling in the striatum 241


	Muscarinic Modulation of Striatal Function and Circuitry
	1 Introduction
	2 Striatal Muscarinic Receptors
	3 Muscarinic Modulation of Canonical Striatal Circuits
	3.1 The Corticostriatal Circuit
	3.2 The Feed-Forward Thalamostriatal Circuit
	3.3 The Feed-Forward Corticostriatal Circuit

	4 Muscarinic Signaling in Parkinson´s Disease and Dystonia
	5 Summary
	References


