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Abstract 

Parkinson’s disease (PD) is a neurodegenerative disorder caused by the loss of nigral dopaminergic 

neurons innervating the striatum, the main input structure of the basal ganglia. This creates an 

imbalance between dopaminergic inputs and cholinergic interneurons (ChIs) within the striatum. The 

efficacy of anticholinergic drugs, one of the earliest therapy for PD before the discovery of L-3,4-

dihydroxyphenylalanine (L-DOPA) suggests an increased cholinergic tone in this disease. The 

dopamine (DA)-acetylcholine (ACh) balance hypothesis is now revisited with the use of novel cutting-

edge techniques (optogenetics, pharmacogenetics, new electrophysiological recordings). This review 

will provide the background of the specific contribution of ChIs to striatal microcircuit organization in 

physiological and pathological conditions. The second goal of this review is to delve into the 

respective contributions of nicotinic and muscarinic receptor cholinergic subunits to the control of 

striatal afferent and efferent neuronal systems. Special attention will be given to the role played by 

muscarinic acetylcholine receptors (mAChRs) in the regulation of striatal network which may have 

important implications in the development of novel therapeutic strategies for motor and cognitive 

impairment in PD. 

  



 

4 

Introduction 

The striatum is the most prominent nucleus of the basal ganglia circuitry controlling goal-directed 

action selection, habit learning and motivational processes (Pisani et al., 2007; Schultz, 2002). Striatal 

activity is mainly driven by excitatory glutamatergic cortical and thalamic afferents as well as 

modulatory dopaminergic (DA) afferents from the midbrain (Bolam et al., 2000; Gerfen and Surmeier, 

2011; Kreitzer and Malenka, 2008; Tepper et al., 2007). Progressive degeneration of DA neurons in 

the substantia nigra pars compacta (SNc) is known to be the major neuropathological characteristic of 

Parkinson’s disease (PD), although recent studies highlight the degeneration of serotonergic, 

noradrenergic, cholinergic and glutamatergic neuronal systems during the course of the disease 

(Brichta et al., 2013; Hung and Schwarzschild, 2014; Moghaddam et al., 2017). This produces major 

changes in the striatal microcircuits and in the projection neurons of the striatum, named medium 

spiny neurons (MSNs), representing 90-95% of the striatal neuronal population. The remaining 5-10% 

of striatal neurons are interneurons, which are crucial regulators of MSNs and afferents to the striatum. 

Among them, cholinergic interneurons (ChIs) closely interact with the midbrain DA afferents in a 

dynamic balance.  Despite being few in numbers, ChIs modulate MSNs activity and control neuronal 

afferents by extensive ramifications and widespread projections throughout the striatum (Phelps et al., 

1985). Disruption of ChIs activity often leads to the basal ganglia-related movement disorders such as 

PD, dystonia and Tourette syndrome (Deffains and Bergman, 2015; Gonzales and Y. Smith, 2015; 

Pisani et al., 2007; Tanimura et al., 2018). PD is well-characterized by its motor symptomatology 

(akinesia, rigidity and tremor at rest), but may also be associated with mood disorders and cognitive 

impairment (Chaudhuri et al., 2006; Obeso et al., 2000). Striatal ChIs appear to be important 

contributors to affective, attentional, motivational, synaptic plasticity and cognitive functions mediated 

by the dorsal striatum (Aarsland, 2016; Bohnen and Albin, 2011; Calabresi et al., 2006; Chaudhuri et 

al., 2006; Deffains and Bergman, 2015; Owen et al., 1993). Considering that ChIs, in close interaction 

with the dopaminergic system, play a key regulatory role in motor function, in physiological and 

pathological conditions (Acquas and Di Chiara, 2002; Aosaki et al., 2010; Di Chiara et al., 1994; 

Gittis and Kreitzer, 2012; Lester et al., 2010; Rizzi and Tan, 2017), their involvement in non-motor 

symptoms of PD remains an important question.  
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The prevailing view of DA-ACh interactions in the striatum supports the idea that the cholinergic and 

dopamine systems exert opposing actions to produce movement, and that unbalanced interactions are 

observed in pathological condition (Aosaki et al., 2010). This was supported by preclinical studies in 

PD models demonstrating that striatal dopamine depletion leads to increased ChIs excitability in vitro 

(Fino et al., 2007; Maurice et al., 2015), synaptic reorganization of striatal ChIs within the striatum 

(Salin et al., 2009; Tozzi et al., 2016) and increased release of striatal ACh (Bonsi et al., 2011; DeBoer 

et al., 1993; Pisani et al., 2007). The DA-ACh balance hypothesis was also supported by clinical 

evidence showing improvement of parkinsonian tremor and rigidity by both DA agonists and 

anticholinergic drugs (Barbeau, 1962). Within the striatum, these two neurotransmitters exhibit 

coincident changes in their activity during behavior (Apicella, 2007; Morris et al., 2004) and exert 

reciprocal control on their release (Cragg, 2006; DeBoer and Abercrombie, 1996; Pisani et al., 2000; 

Threlfell et al., 2012). However, this competition, and sometimes cooperation, between the two 

systems has been revisited in light of the major role played by thalamostriatal connections on striatal 

microcircuits and synaptic rearrangements in PD and the complexity of the receptors involved in these 

regulations (Parker et al., 2016; Surmeier and Graybiel, 2012; Threlfell et al., 2012). Although 

cholinergic tone increases as striatal DA level decline, the mechanisms underlying this alteration are 

still unclear. This review will focus on the specific interaction between striatal ChIs and DA systems 

and the mechanisms underlying the regulation of striatal and basal ganglia function in physiological 

and pathophysiological state, in light of the recent results obtained with novel technologies and 

selective cholinergic receptor subtypes drugs, with a specific emphasis on muscarinic acetylcholine 

receptors (mAChRs) subtypes. The complexity of the mechanisms by which ACh modulates striatal 

microcircuit in physiological condition and its implication for PD has been recently addressed in 

different reviews (Abudukeyoumu et al., 2018; Conti et al., 2018; Girasole and Nelson, 2018; 

Tanimura et al., 2018). 

 

Cholinergic interneurons in the striatal microcircuitry 
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ChIs represent approximately 1-2% of striatal neurons (Bolam et al., 1984; Kemp and Powell, 1971; 

Phelps et al., 1985) and were first identified in 1896 by Kölliker on the basis of choline 

acetyltransferase immunolabeling (ChAT, the ACh synthesizing enzyme) and acetylcholinesterase 

(AChE, the ACh degrading enzyme). Despite a recent tract tracing and electron microscopy study 

reporting an external cholinergic projection from the brainstem into the striatum (Dautan et al., 2014), 

ChIs are still considered the main source of acetylcholine (ACh) within the striatum (Phelps et al., 

1985; Satoh et al., 1983; Woolf and Butcher, 1981). Anatomically, they are easily characterized from 

other striatal cell types by their large spherical soma (20-50 μm of diameter) and widespread dendritic 

and axonal arborizations (Bolam et al., 1984). ChIs are heterogeneously distributed within the striatum 

with a preferential distribution at the border between striosomes and extra-striosomal matrix (van 

Vulpen and van der Kooy, 1998). 

Referred to as giant aspiny interneurons, striatal ChIs send projections widely throughout the striatum, 

leading to high levels of cholinergic markers (ChAT and AChE) in the striatum. ChIs axons are 

characterized by small varicosities; it is estimated that each ChI possesses an average of 500,000 

varicosities (Contant et al., 1996). In contrast to the dense striatal cholinergic innervation, few 

cholinergic synapses have been found (Aznavour et al., 2003; Contant et al., 1996), suggesting that 

ACh, in addition to synaptic transmission, acts also via non-synaptic transmission (volumetric 

transmission) released by these varicosities (Descarries et al., 1997; Havekes et al., 2011). 

Electrophysiological characteristics of ChIs are distinct from MSNs and GABAergic interneurons 

during in vivo recordings. In contrast to other striatal neuronal populations, ChIs fire spontaneously 

even in the absence of synaptic activity. This particular autonomous pacemaker activity led them to be 

referred to ‘tonically active neurons’ (TANs) (Aosaki et al., 1995; Tepper and Bolam, 2004; Wilson et 

al., 1990). In vitro electrophysiological recordings show that ChIs display tonic action potential firing 

(2-10 Hz) (Bennett and Wilson, 1999), depolarized resting membrane potential (-60 mV) (Lee et al., 

1998), long-lasting action potential (Kawaguchi, 1993), high input resistance (200 MΩ), slow spike 

afterhyperpolarization current (Goldberg and Wilson, 2005), and prominent hyperpolarization-

activated cation current (Ih) (Deng et al., 2007). 
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ChIs have a wide range of effects in the striatum mediated by two types of receptors, metabotropic 

muscarinic ACh receptors (mAChRs) and ionotropic nicotinic ACh receptors (nAChRs). These two 

types of receptors are expressed by ChIs, MSNs, as well as corticostriatal and thalamostriatal 

glutamatergic terminals, and nigrostriatal dopaminergic terminals. As illustrated in Fig. 1, the diversity 

of mAChRs and nAChRs and their localization highlights the complexity of striatal connectivity 

(Bonsi et al., 2011; Conti et al., 2018; Kreitzer, 2009; Lim et al., 2014; Pisani et al., 2007).  

Five distinct G-protein-coupled mAChRs (M1-M5) are divided into two main classes according to 

their pharmacological properties and transduction mechanisms (Wess et al., 2007): M1-like (M1, M3, 

and M5) and M2-like (M2 and M4). M1-like receptors are coupled to Gq/11 proteins, intracellular 

Ca2+ mobilization, phospholipase C and protein kinase C activation, whereas M2-like receptors are 

coupled to Gi/o proteins, reduce cAMP formation and inhibit Ca2+ channels (Kreitzer, 2009). 

Interestingly, the activation of mAChRs has been shown to result in both excitation and inhibition of 

cholinergic, dopaminergic, GABAergic and glutamatergic activities in the striatum, suggesting a 

complex modulatory role of mAChRs involving numerous subtypes at multiple pre- or postsynaptic 

levels (Conti et al., 2018; Pisani et al., 2007). Several receptor localization studies in rodents report a 

predominant expression of M4 mAChRs within the striatum (45% of total striatal mAChRs) whereas 

M1 and M2 mAChRs are expressed at 30% and 20% of total striatal mAChRs, respectively (Chapman 

et al., 2011; Volpicelli and Levey, 2004; Waelbroeck et al., 1990; Yasuda et al., 1993). M3 mAChRs 

are clearly less abundant and M5 mAChRs are expressed at a very low level (Chapman et al., 2011; 

Hersch and Levey, 1995; Weiner et al., 1990; Yasuda et al., 1993). 

nAChRs constitute the second type of cholinergic receptors. They are ligand-gated ion channels 

composed of five subunits that are assembled into homomeric or heteromeric subunits combinations, 

which determine pharmacological characteristics and biophysical properties of the receptors (Dani, 

2001). Different subtypes of nAChRs composed of α4, α6, α7, β2, and β3 subunits are the most 

expressed in the striatum, with a predominant expression of α4β2 and α6β2 subunits combination, 
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with other subunits present at lower levels (Quik et al., 2007; Quik and Wonnacott, 2011; Zhou et al., 

2002). nAChRs are expressed on glutamatergic and dopaminergic neuron terminals, fast-spiking 

GABAergic interneurons (English et al., 2011; Nelson et al., 2014) and ChIs, but are absent from 

MSNs (Quik et al., 2007). They can be expressed both pre- and post-synaptically, where they induce 

depolarization and increase excitability and thus glutamate, DA and GABA release (Brichta et al., 

2013; Koós and Tepper, 2002; Rice et al., 2011; Zhou et al., 2001).  

Despite that both types of acetylcholine receptors transduce ACh signals, mAChRs are highly 

expressed by axon terminals of all major afferents to the striatum (glutamatergic and dopaminergic 

terminals) and by all striatal neurons examined so far, primarily in ChIs and in MSNs (Goldberg et al., 

2012; Kreitzer, 2009; Zhou et al., 2003) as illustrated in Fig. 1. Activation of mAChRs results in a 

slower, but potentially more sustained response (Lester et al., 2010). The part played by mAChRs in 

the regulation of striatal network is the main focus of this review. Excellent reviews about the 

involvement of nAChRs in the regulation of striatal circuit complement the topics broached here 

(Abudukeyoumu et al., 2018; Conti et al., 2018; Cragg, 2006; Gonzales and Y. Smith, 2015; Threlfell 

and Cragg, 2011; Zhou et al., 2003; 2002). 

 

Muscarinic modulation of cholinergic interneurons 

M2 and M4 mAChRs, coupled to Gi/o proteins, are expressed presynaptically in ChIs where they act 

as autoreceptors which exert a negative feedback control on ACh release (Calabresi et al., 2000; 

1998a; J. J. Ding et al., 2006; Oldenburg and J. B. Ding, 2011; Pisani et al., 2007; Yan and Surmeier, 

1996). A relatively selective antagonist of M2 mAChRs, AF-DX 116, induces a net increase of ACh 

release in the striatum by blocking negative feedback control (Galarraga et al., 1999). Using M2 or M4 

mAChRs-knockout mice or even double M2/M4-knockout mice, a study showed that deletion of M2 

mAChRs does not affect ACh release whereas deletion of M4 mAChRs completely suppresses the 

inhibitory control on ACh release in the striatum (Zhang et al., 2002). These data indicate that M4 

mAChRs expressed in ChIs rather than M2 mAChRs play a critical role in the negative feedback 

control of ACh release within the striatum. 
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Muscarinic modulation of MSNs 

M1 mAChRs are expressed in both direct and indirect MSNs, while M4 mAChRs are mainly 

expressed in direct MSNs (Bonsi et al., 2011; Ince et al., 1997; Pisani et al., 2007). Indeed, a study 

investigated their distribution and reported that M4 mAChRs are found in 86% of direct MSNs and 

14% of indirect MSNs (Santiago and Potter, 2001). M1 mAChRs are coupled to Gq proteins that 

activate phospholipase C resulting in activation of inositol trisphosphatase and diacyl-glycerol, 

ultimately increasing intracellular Ca2+ (Pisani et al., 2007). The pharmacological blockade of M1 

mAChRs with the selective antagonist, telenzepine, thus produces a reduction of activity in the two 

striatal output pathways (Ztaou et al., 2016). Several studies suggest that the activation of M1 

mAChRs enhances NMDA-receptor mediated currents, promoting MSNs depolarization and 

corticostriatal long-term potentiation (Bonsi et al., 2011; Calabresi et al., 1999; 1998b; Oldenburg and 

J. B. Ding, 2011). 

M4 mAChRs activate Gi/o proteins and their activation results, among other mechanisms, in Cav2 

channel inhibition and therefore shapes the spiking of direct MSNs (Santiago and Potter, 2001; Pisani 

et al., 2007).  

 

Muscarinic modulation of GABAergic interneurons 

GABAergic interneurons express predominantly M1 mAChRs and to a lesser extent M2 and M4 

mAChRs (Kreitzer, 2009). Electrophysiological data show that the nonselective mAChRs agonist, 

muscarine, decreases GABA release, suggesting that M2 and M4 mAChRs are predominantly 

expressed by GABAergic interneurons and involved in inhibition of GABA release (Kreitzer, 2009). 

 

Muscarinic modulation of glutamatergic terminals 

M2 and M3 mAChRs are both expressed on glutamatergic corticostriatal afferents where they exert 

opposite effects either by inhibiting or facilitating glutamate release, respectively (Alcantara et al., 
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2001; Higley et al., 2009; Pisani et al., 2007). Overall, scopolamine, a nonselective mAChRs 

antagonist, has been shown to increase the extracellular glutamate concentration within the striatum 

(Rawls and McGinty, 1998). The contribution of mAChRs to the regulation of the glutamatergic 

thalamostriatal connections remains unknown and will greatly benefit from delineation of the 

respective contributions of corticostriatal and thalamostriatal inputs to the synaptic rearrangements in 

pathological condition. 

 

Muscarinic modulation of dopaminergic terminals 

Dopaminergic nerve terminals express M4 mAChRs and their activation induces a decrease of DA 

release. In vitro studies using striatal slices or striatal synaptosomes show that activation of mAChRs 

from dopaminergic terminals increases ACh release (Bonanno et al., 1985; Lehmann and Langer, 

1982). Conversely, in vivo microdialysis studies revealing that local injection of mAChRs agonists and 

antagonists may either increase, decrease, or have no effect on DA release (Meltzer et al., 1994; 

Smolders et al., 1997; Westerink et al., 1990; Whitehead et al., 2001; Xu et al., 1989). These data are 

contradictory, however the diversity of cholinergic receptors subtypes could be partially responsible 

for the different effects on DA release. This also might be explained by the fact that muscarinic 

modulation of dopaminergic terminals is only a minor contribution to the cholinergic regulation of 

striatal activity compared to nicotinic receptor modulation. 

 

Functional dysregulation of cholinergic interneurons in Parkinson’s disease 

The classical view of basal ganglia functional organization posits that two pathways control basal 

ganglia output structures. Direct pathway MSNs project to globus pallidus internal segment (GPi) and 

substantia nigra pars reticulata (SNr), and preferentially express DA D1 receptors. Indirect pathway 

MSNs that project indirectly to GPi/SNr via the globus pallidus external segment (GPe) and the 

subthalamic nucleus (STN) and preferentially express the DA D2 receptors (Albin et al., 1989; 
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Alexander and Crutcher, 1990; Bolam et al., 2000; DeLong, 1990; Gerfen et al., 1990; A. D. Smith 

and Bolam, 1990). The direct pathway promotes the initiation of movement by transiently interrupting 

the tonic inhibitory GPi/SNr effect on the thalamocortical pathway and brainstem targets while the 

indirect pathway inhibits movement. However, recent studies challenge this view by showing that both 

pathways may be concurrently active during movements (Calabresi et al., 2014; Tecuapetla et al., 

2014). 

In PD, the degeneration of DA neurons in the SNc induces a reduction of DA levels within the 

striatum and creates an imbalance between the activity in the direct and indirect pathways. The 

prevailing view is that the progressive loss of DA activation of D1 and D2 receptors leads to 

hypoactivity of direct MSNs and hyperactivity of indirect MSNs. Decreased activity of the direct 

pathway results in the disinhibition of basal ganglia output structures GPi/SNr. Meanwhile, increased 

activity of the indirect pathway causes GPe inhibition, resulting in STN disinhibition, which 

exacerbates basal ganglia output structures GPi/SNr signaling (Albin et al., 1989; DeLong, 1990). The 

overall effect leads to an overstimulation of the inhibitory GPi/SNr control of the thalamocortical 

pathway and the brainstem targets, which is presumably responsible for motor symptoms expressed by 

akinesia and bradykinesia in PD patients.  

Previous clinical observations showing that antimuscarinic drugs were the first symptomatic treatment 

of PD patients before the discovery of L-DOPA (Charcot, 1879; Fahn, 1989) led to the hypothesis that 

both cholinergic and dopaminergic signaling systems had to be in balance to allow the striatum to 

function normally to control movement (Barbeau, 1962; McGeer et al., 1961). In PD, anticholinergic 

drugs presumably would reduce the increased striatal cholinergic tone caused by the loss of DA and 

thus partially restore the balance between these two signaling systems (Conti et al., 2018; Langmead et 

al., 2008; Ztaou et al., 2018; 2016). Indeed, it has long been reported that DA and ACh exert opposing 

effects on striatal circuitry (Aosaki et al., 2010; Bonsi et al., 2011; Conti et al., 2018; Lester et al., 

2010; Lim et al., 2014; Perez-Lloret and Barrantes, 2016; Pisani et al., 2007; Rizzi and Tan, 2017). 
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However, whether and how the cholinergic disruption of striatal properties contributes to motor and 

non-motor symptoms as DA level falls and affects basal ganglia circuitry remain open questions. 

Moreover, this classical view has been challenged recently in a review reporting that these two 

neurotransmitters could also work in concert with one another to create patterns of activity in the 

striatum crucial for the control of movement (Tanimura et al., 2018).  

 

Dopamine-acetylcholine balance in physiological condition 

The balance between dopaminergic and cholinergic systems is crucial to modulate the striatal circuitry 

for the control of movement in the physiological state. Indeed, ChIs activity is modulated by DA 

projections originating from the SNc and ventral tegmental area (VTA). Direct MSNs are activated by 

DA action on D1 receptors and inhibited by ACh action on M4 mAChRs. In contrast, indirect MSNs 

are inhibited by DA action on D2 receptors but activated by ACh action on M1 mAChRs (Bonsi et al., 

2011; Gerfen and Surmeier, 2011; Goldberg et al., 2012; Kreitzer, 2009; Oldenburg and J. B. Ding, 

2011; Pisani et al., 2007; Rizzi and Tan, 2017). Hence, dopaminergic and cholinergic transmissions 

modulate the functional balance between the direct and indirect pathways and consequently the correct 

execution of movement. 

Dopaminergic control of ACh release depends on dopaminergic receptors expressed by ChIs. All ChIs 

express D2 receptors while only a small proportion of them express D1 receptors (Gonzales and Y. 

Smith, 2015, Lim et al., 2014). Several in vitro and in vivo studies show that DA exerts an inhibitory 

control on ChIs via D2 receptors and induces a decrease of ACh release (Consolo et al., 1993; DeBoer 

and Abercrombie, 1996; Lehmann and Langer, 1983; Pisani et al., 2000; Stoof et al., 1992; Yan et al., 

1997). On the contrary, in absence of D2 receptors, DA acts on D1 receptors and increases ACh 

release (Acquas and Di Chiara, 1999; Damsma et al., 1991; DeBoer and Abercrombie, 1996; Di 

Chiara et al., 1994; Steinberg et al., 1998). 
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Cholinergic control of DA release is dependent upon the activation of presynaptic nAChRs and 

mAChRs modulation (Acquas and Di Chiara, 2002; Aosaki et al., 2010; Exley and Cragg, 2008; 

Goldberg et al., 2012; Kreitzer, 2009; Oldenburg and J. B. Ding, 2011; Threlfell and Cragg, 2011). 

Recent studies showed that optogenetic activation of ChIs generates a local release of DA in the 

striatum, via the activation of presynaptic nAChRs expressed on dopaminergic terminals (Threlfell et 

al., 2012; Wang et al., 2014). Cachope et al. reported that the effect of ChIs activation on DA release 

is only partially mediated by the activation of nAChRs (Cachope et al., 2012). Indeed, the combination 

of optogenetic and pharmacological in vitro approaches demonstrate a concomitant action of ACh on 

β2-containing nAChRs and mAChRs, together with an inactivation of AMPA receptors. 

There is evidence of a predominant expression of mAChRs in the ventral striatum in comparison to 

the dorsal striatum in rodents (Tayebati et al., 2004; Threlfell and Cragg, 2011). In the dorsolateral 

striatum, both types of cholinergic receptors are involved in the regulation of DA release, whereas in 

the dorsomedial striatum mAChRs have a predominant role (Gauchy et al., 1991). M1 mAChRs-

knockout mice exhibit increased DA release in the striatum (Gerber et al., 2001). As dopaminergic 

terminals do not express M1 mAChRs, cholinergic modulation has been suggested to indirectly affect 

DA transmission in the striatum by an action on M1 mAChRs expressed on a subset of MSNs that 

project directly to the SNc and inhibit dopaminergic neurons. In the absence of M1 receptors, the loss 

of this inhibitory control of dopaminergic neurons produces greater discharge activity and elevation of 

striatal DA release (Gerber et al., 2001). Other studies using M2 mAChRs-knockout mice or M4 

mAChRs-knockout mice suggest that they are involved in the DA-ACh balance in the striatum and are 

crucial in motor control (Gomeza et al., 1999a; 1999b; Salamone et al., 2001; Wess et al., 2007). In 

these mutant mice, an exacerbated dopaminergic transmission is also observed. The loss of 

autoreceptors function on ACh release results in a net increase in striatal ACh, which then activates 

nAChRs expressed in the dopaminergic terminals (Pisani et al., 2007; Wess et al., 2007). 
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In the striatum, neuropeptides such as tachykinins (substance P, neurokinins A and B) and opioids 

(enkephalins and dynorphins) expressed by MSNs play also a crucial role in the DA-ACh balance. 

When these peptides are released by MSNs collaterals, they regulate dopaminergic (Di Chiara and 

Imperato, 1988; Dourmap et al., 1997; Kemel et al., 1992; Krebs et al., 1994; Li et al., 2002; Tremblay 

et al., 1992) and cholinergic transmission in the striatum (Arenas et al., 1991; Blanchet et al., 1998; 

Jabourian et al., 2004; Steinberg et al., 1998). Indeed, direct MSNs co-express substance P with 

GABA and form synaptic connections with ChIs. By stimulation of NK1 receptors expressed in ChIs, 

Substance P induces a release of ACh (Lim et al., 2014). In contrast, enkephalins co-expressed with 

GABA in indirect MSNs exert an inhibitory control of ACh release via μ opioid receptors (MORs) 

expressed in ChIs. Inhibition of ACh, via MORs activation, induces a decrease of DA release in the 

striatum, presumably by limiting presynaptic activation of nAChRs (Britt and McGehee, 2008). 

Electrophysiological recordings in non-human primates display distinct but coincident reward-related 

activity in DA neurons and ChIs during performance on an instrumental conditioning task (Cragg, 

2006).  DA neurons signal reward-predicting or unexpected events by a phasic burst or pause in firing 

rate associated with reward presentation or omission, respectively, while ChIs always display a pause 

in firing rate following reward-related events (Aosaki et al., 2010; 1994; Apicella et al., 1997; Morris 

et al., 2004; Zhang and Cragg, 2017). The pause response of ChIs actually consists of triphasic 

response which begins with an initial excitation, followed by a pause and a rebound excitation (Aosaki 

et al. 2010; Morris et al., 2004). DA neurons and ChIs responses are ‘time-locked’: when DA neurons 

are recorded in the same learning conditioning task, their reward-related bursts occur with similar 

latency and duration than ChIs response (Morris et al., 2004). Although the precise mechanisms 

contributing to the pause response of ChIs are still being investigated, it requires both the nigrostriatal 

dopaminergic projections and the thalamostriatal glutamatergic projections to occur, as the pause 

response disappears if either projection is interrupted (Aosaki et al., 1994; Reynolds and Wickens, 

2004; Zhang and Cragg, 2017). 
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Disruption of the dopamine-acetylcholine balance in Parkinson’s disease 

In non-human primates, unilaterally injected with a selective neurotoxin of dopamine neurons 1-methyl-

4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and trained in a classical conditioning task, responsive 

TANs were dramatically decreased in the depleted striatum, whereas cells in the intact side remained 

responsive (Aosaki et al., 2010; 1994). This evidence suggests that there is close relationship between 

ChIs activity and DA neuronal firing, ultimately altered in parkinsonian state. 

In the 6-hydroxydopamine (6-OHDA) lesion model of PD, microdialysis studies showed that striatal 

ACh levels are elevated in the DA-depleted rat striatum (DeBoer et al., 1993), indicating a deregulation 

of ChIs excitability in vitro (Fino et al., 2007; Maurice et al., 2015). The increased striatal ACh level 

was attributed to the loss of inhibitory control mediated by D2 receptors on ChIs (Maurice et al., 2004). 

However another study indicates that it could also be due to a reduction in the efficacy of M4 mAChRs 

autoreceptors (through downregulation of RGS4 expression, an autoreceptor-associated, GTPase-

accelerating protein) and this would consequently increase ACh signaling (J. J. Ding et al., 2006). Given 

the therapeutic effects of anticholinergic drugs in PD mentioned above, and the physiological changes in 

ChIs seen in animals models of the disease, it is evident that DA-ACh imbalance is crucial to the 

expression of parkinsonian-like symptoms (Brichta et al., 2013; Kalia et al., 2013; Langmead et al., 

2008; Maurice et al., 2015; Ztaou et al., 2018; 2016). 

In DA-depleted rats, there is also evidence of synaptic reorganization of striatal ChIs within the striatum 

following intranigral 6-OHDA injection (Salin et al., 2009). Salin et al. used retrograde transynaptic 

spread of rabies virus injected into the GPe or SNr to identify the strength of ChIs connection onto 

either direct or indirect MSNs. In normal condition, ChIs provide equivalent input onto direct or indirect 

MSNs. In parkinsonian state, however, there is a switch of cholinergic innervation onto indirect MSNs, 

which could contribute to the imbalanced striatal outflow. Recent studies using optogenetics support the 

central role of striatal ChIs activity in the reorganization of striatal microcircuitry and the production of 

motor symptoms in PD condition (Conti et al., 2018; Lester et al., 2010; Pisani et al., 2007; Rizzi and 
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Tan, 2017). Indeed, optogenetic photoinhibition of ChIs in DA-depleted mice following unilateral 6-

OHDA lesions improves PD-like motor symptomatology by reducing akinesia, bradykinesia, and 

sensorimotor neglect (Maurice et al., 2015; Ztaou et al., 2016). Interestingly, positive effects of ChIs 

photoinhibition are also observed on cognitive and affective alterations (anxiety, visuospatial short-term 

memory) induced by partial striatal DA depletion, mimicking the premotor phase of PD (Ztaou et al., 

2018), suggesting that the DA-ACh imbalance may also be present in the early stages of the disease. In 

addition, striatal ChIs appear to be crucial to the expression of L-DOPA-induced dyskinesia and 

optogenetic activation of striatal ChIs regulates their expression (Bordia and Perez, 2018; Bordia et al., 

2016).  

Dopaminergic depletion also induces an alteration of neuropeptide expression (tachykinins, opioids) in 

the striatum and thus of striatal cholinergic transmission leading to an imbalance of the DA-ACh 

interaction. In DA-depleted rats, tachykinin increases cholinergic transmission in the sensorimotor 

(Kemel et al., 2002) and limbic (Pérez et al., 2007) territories of the striatum. Moreover, in the absence 

of dopaminergic transmission, enkephalins via μ opioid receptors (MORs) expressed by ChIs inhibit 

ACh release in the limbic regions of the striatum (Jabourian et al., 2007). Hence, an alteration of the 

regulation of cholinergic transmission, via enkephalins and MORs, play a role in cognitive and 

motivational deficits associated with PD in rodent parkinsonian model. 

In addition to alteration in ChIs signaling, M2 and M4 mAChR subtypes, and nAChRs expression are 

also affected in PD (Aubert et al., 1992; Bohnen and Albin, 2011; Brown and Marsden, 1990; Lang and 

Lozano, 1998a; 1998b; Müller and Bohnen, 2013). A loss of M2 mAChRs has been shown in a genetic 

model for PD, the Pitx3ak/ak mice (Cremer et al., 2015). Conflicting studies show that M4 mAChRs 

expression may be either decreased or enhanced in parkinsonian states. The loss of DA innervation has 

been reported to attenuate M4 mAChRs expression in ChIs, which might be a main factor in the 

elevated striatal ACh signaling after DA depletion (J. J. Ding et al., 2006). On the other hand, other 

studies indicate that M4 mAChRs activation contributes to PD symptoms. Salamone et al. showed that 
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central-acting M4 mAChRs antagonist and M4 mAChRs-knockout mice reduce tremulous jaw 

movements in a pharmacological rat model of dyskinesia in PD (Salamone et al., 2001). M4 mAChRs 

antagonism also alleviate motor deficits such as akinesia, bradykinesia, and sensorimotor neglect in the 

6-OHDA mice model of PD (Ztaou et al., 2016). The anti-parkinsonian effects of the M4 mAChRs 

antagonist tropicamide have been shown to be almost completely abolished in mutant 6-OHDA-lesioned 

mice lacking M4 mAChRs specifically in direct MSNs (D1-M4-knockout mice). This suggests that the 

beneficial effects of M4 mAChRs antagonism on motor symptoms is the consequence of a postsynaptic 

M4 mAChRs expressed on direct MSNs blockade rather than a presynaptic blockade of M4 mAChRs 

located on ChIs (Ztaou et al., 2016). 

The loss of dopamine is associated with a widespread loss of nAChRs expression in PD (Aubert et al., 

1992; Bohnen and Albin, 2011; Müller and Bohnen, 2013). An estimated 50-90% loss of nigrostriatal 

nAChRs expression is observed after DA depletion in experimental models and clinical populations 

(Conti et al., 2018). A post-mortem in vitro study using a nAChRs ligand demonstrated a loss of 

nAChRs specifically in the striatum concomitantly to the loss of nigrostriatal dopaminergic markers 

(Pimlott et al., 2004). In vivo imaging studies of PD patients have also reported a reduction of α4β2 

nAChRs expression in the striatum (Fujita et al., 2006; Kas et al., 2009). The loss of nAChRs containing 

α6β2 tends to be more severe than that of those containing α4β2 since α6β2-containing nAChRs are 

selectively located on nigrostriatal terminals (Conti et al., 2018; Perez, 2015; Perez et al., 2010). 

Whether these impairments are the cause or the consequence of DA loss in PD, targeting cholinergic 

receptors offers potential therapeutic application to normalize the striatal DA-ACh balance and thus, 

treat parkinsonian symptoms. 

 

Potential targets for Parkinson’s disease treatment 

As mentioned above, as striatal DA levels fall in PD, the cholinergic tone rises (Barbeau, 1962; 

Duvoisin, 1967; Hornykiewicz and Kish, 1987). This elevation is clinically important, as antagonizing 
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mAChRs – which appears to be the highest concentration of cholinergic receptors found in the striatum 

(Cortes and Palacios, 1986; Cortes et al., 1986) – might effectively reverses many motor (and non-

motor) symptoms of PD (Bonsi et al., 2011; Ferreira et al., 2013; Langmead et al., 2008; Pisani et al., 

2007; Rascol et al., 2011; Rezak, 2007; Y. Smith et al., 2012). 

Charcot was the first, in 1879, to note the beneficial effects of belladonna alkaloids (agents with potent 

anticholinergic properties) containing atropine on the parkinsonian motor signs. They were effective on 

rigidity and tremor, potentially exerting their effects by preventing ChIs overactivity (Barbeau, 1962; 

Hornykiewicz and Kish, 1987). However, anticholinergic drugs do not alleviate akinesia or 

bradykinesia. Moreover, they produce side-effects including urinary retention, nausea, falls, and 

drowsiness. Cognitive impairment affecting learning and memory processes, as well as cognitive 

flexibility may also be produced by anticholinergic drugs presumably caused by the decrease of ACh 

tone in frontal cortical areas during the course of the disease (Ferreira et al., 2013; Rascol et al., 2011; 

Rezak, 2007). Anticholinergics remained the only drugs available for the symptomatic treatment of PD 

for nearly a century until the introduction of L-DOPA. Nowadays, anticholinergics drugs are prescribed 

if tremor persists (Ferreira et al., 2013) and only to relatively young patients in the early stages of PD or 

for those who do not respond to DA replacement therapy (Yamada et al., 2002).  

Despite the fact that anticholinergic drugs are accompanied by troublesome side effects, impairment of 

striatal ChIs activity could be pharmacologically manipulated by targeting the multitude of cholinergic 

receptor subtypes expressed in the striatal circuitry. Thus, their potential therapeutic relevance warrants 

further research to obtain more selective agents (Pisani et al., 2007). Whether the discovery of selective 

antagonists, more precisely targeting a mAChRs subtype, will provide better treatment for parkinsonian 

rigidity and tremor without the side effects remains to be investigated (Langmead et al., 2008). 

In pharmacology, it is generally considered easier to develop subtype selective antagonists than 

agonists. In animal models and early stage of PD, blocking mAChRs, more precisely M1 and M4 

mAChRs, has been shown to improve parkinsonian motor deficits (Betz et al., 2007; Xiang et al., 2012; 
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Ztaou et al., 2016). Mice lacking M1 mAChRs (M1 mAChRs-knockout mice) exhibit an elevated 

locomotor activity and an exacerbated dopaminergic transmission in the striatum, suggesting that 

blocking M1 mAChRs might be an alternative strategy for alleviating motor symptoms (Gerber et al., 

2001). However, M1 mAChRs blockade has been associated with puzzling effects on non-motor 

symptoms in PD. Studies show that antagonizing M1 mAChRs impairs working memory, memory 

consolidation and behavioral flexibility (Anagnostaras et al., 2003; Ragozzino et al., 2002; Tzavos et al., 

2004). On the contrary, the selective M1 mAChRs antagonist, telenzepine, injected at low dosage 

reduce mood disorders such as anxiety-like behavior (Ztaou et al., 2018). 

M4 mAChRs antagonists may also be used to restore the DA-ACh balance in PD and thus improve 

motor symptoms. Studies show that M4 mAChRs antagonists could be potential antiparkinsonian agents 

to alleviate pilocarpine-induced tremulous jaw movements in rats (Mayorga et al., 1999) and 

akinesia/bradykinesia in 6-OHDA mice (Ztaou et al., 2016). Gomeza et al. show that mice lacking M4 

mAChRs (M4 mAChRs-knockout mice) exhibit an elevated basal locomotor activity (Gomeza et al., 

1999b). A review describing recent progress made in mAChRs drug discovery promotes the use of 

selective M4 mAChRs antagonists to address the parkinsonian tremor and rigidity and M1 mAChRs 

agonists to treat cognitive deficits (Langmead et al., 2008).  

In summary, investigation of highly selective components and translation into clinical use remains a 

challenge. Normalizing ChIs signaling, by targeting cholinergic receptors, is a crucial therapeutic goal 

for a multisystem disorder like PD. However, modulating striatal ACh to alleviate either motor 

symptoms or non-motor symptoms of PD across the disease progression may require multi-faceted 

treatment across the disease progression. 

 

Concluding remarks 

The advances in the experimental tools (optogenetic and chemogenetic techniques, new recording 

techniques, highly selective mAChRs compounds) have shed light on the function of ChIs in 

physiological and pathological conditions.  
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The ability of ChIs to release other neurotransmitters like glutamate, in addition to ACh itself, has been 

increasingly described in recent reviews (Kljakic et al., 2017; Mestikawy et al., 2011; Trudeau and 

Mestikawy, 2018). A study shows that glutamate via the vesicular glutamate transporter type 3 

(VGLUT3) plays also an important role in the development of L-DOPA-induced dyskinesia 

(Gangarossa et al., 2016). Furthermore, these two co-transmitters exert opposing effects on DA release. 

DA efflux is stimulated by nAChRs and inhibited by VGLUT3- dependent glutamate (through 

metabotropic glutamate receptors, mGluRs, most likely located on DA terminals) (Sakae et al., 2015). 

Although the co-release ACh/glutamate and the nAChRs regulation are not central in this review, these 

two points need to be considered in the regulation of striatal network.  

Moreover, DA inputs regulate ChIs differently across dorsal striatal regions. Two recents studies 

reported that DA neurons drive pauses in the firing of dorsomedial ChIs but bursts in dorsolateral ChIs 

(Cai and Ford, 2018; Chuhma et al., 2018). These variations are due to different actions of 

DA/glutamate cotransmission and encompass once more the complexity of DA-ACh balance regulation 

in the striatum. 

In this review, we discuss the long-standing model that DA and ACh oppose one another. There are 

still compelling evidence of opposite effects of these two neurotransmitters in striatal microcircuitry 

regulation. However, this view has been revised also suggesting a cooperation between DA and ACh, 

that indicates a more complex interaction between these two neuronal systems (Surmeier and 

Graybiel, 2012, Threlfell et al., 2012). 

It is clear that cholinergic signaling plays a major role in modulation of striatal microcircuitry and basal 

ganglia output. ChIs undergo major changes during PD that will be more and more investigated in the 

future years, as well as in other basal ganglia diseases (e.g. dystonia, Tourette syndrome, Huntington’s 

disease). The development of novel anticholinergic drugs, more selective of mAChR subtypes, may help 

to avoid the major side-effects associated with classical anticholinergic treatment. Novel wireless 

implantable micro-scale devices will allow the use of optogenetics to target specific neural circuits, like 

ChIs, in experimental models of these diseases and probably in the future will provide new therapeutic 

strategies.   
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Figure 1 

Cholinergic modulation of the striatal microcircuitry. Simplified diagram of the interactions among the 

different types of striatal neurons – cholinergic interneuron (red), direct/indirect MSNs (yellow), 

GABAergic interneuron (blue) – and glutamatergic (orange) and dopaminergic (green) afferents to the 

striatum. The illustration reports the widespread distribution of muscarinic acetylcholine receptors 

(mAChRs: M1, M2, M3, M4), nicotinic acetylcholine receptors (nAChRs), and dopamine receptor 

subtypes (D1, D2). G protein-coupled receptors are displayed with their associated G-protein: Gs, Gi, or 

Gq. The diversity of mAChRs and nAChRs and their localization highlight the complexity of 

cholinergic modulation in the striatum. Abbreviations: ACh, acetylcholine; DA, dopamine; GABA, 

Gamma-aminobutyric acid, Glu, glutamate; MSN, medium spiny neuron. 

  



 

23 

References 

Aarsland, D., 2016. Cognitive impairment in Parkinson's disease and dementia with Lewy bodies. 

Parkinsonism Relat. Disord. 22 Suppl 1, S144–8. doi:10.1016/j.parkreldis.2015.09.034 

Abudukeyoumu, N., Hernández-Flores, T., Garcia-Munoz, M., Arbuthnott, G.W., 2018. Cholinergic 

modulation of striatal microcircuits. Eur J Neurosci. doi:10.1111/ejn.13949 

Acquas, E., Di Chiara, G., 2002. Dopamine — Acetylcholine Interactions, in: Dopamine in the CNS 

II, Handbook of Experimental Pharmacology. Springer Berlin Heidelberg, Berlin, Heidelberg, pp. 

85–115. doi:10.1007/978-3-662-06765-9_3 

Acquas, E., Di Chiara, G., 1999. Dopamine D(1) receptor-mediated control of striatal acetylcholine 

release by endogenous dopamine. Eur. J. Pharmacol. 383, 121–127. 

Albin, R.L., Young, A.B., Penney, J.B., 1989. The functional anatomy of basal ganglia disorders. 

Trends Neurosci 12, 366–375. 

Alcantara, A.A., Mrzljak, L., Jakab, R.L., Levey, A.I., Hersch, S.M., Goldman-Rakic, P.S., 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. 

Alexander, G.E., Crutcher, M.D., 1990. Functional architecture of basal ganglia circuits: neural 

substrates of parallel processing. Trends Neurosci 13, 266–271. 

Anagnostaras, S.G., Murphy, G.G., Hamilton, S.E., Mitchell, S.L., Rahnama, N.P., Nathanson, N.M., 

Silva, A.J., 2003. Selective cognitive dysfunction in acetylcholine M1 muscarinic receptor mutant 

mice. Nat Neurosci 6, 51–58. doi:10.1038/nn992 

Aosaki, T., Graybiel, A.M., Kimura, M., 1994. Effect of the nigrostriatal dopamine system on 

acquired neural responses in the striatum of behaving monkeys. Science 265, 412–415. 

Aosaki, T., Kimura, M., Graybiel, A.M., 1995. Temporal and spatial characteristics of tonically active 

neurons of the primate's striatum. J. Neurophysiol. 73, 1234–1252. 

Aosaki, T., Miura, M., Suzuki, T., Nishimura, K., Masuda, M., 2010. Acetylcholine-dopamine balance 

hypothesis in the striatum: an update. Geriatr Gerontol Int 10 Suppl 1, S148–57. 

doi:10.1111/j.1447-0594.2010.00588.x 



 

24 

Apicella, P., 2007. Leading tonically active neurons of the striatum from reward detection to context 

recognition. Trends Neurosci 30, 299–306. doi:10.1016/j.tins.2007.03.011 

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. 

Arenas, E., Alberch, J., Perez-Navarro, E., Solsona, C., Marsal, J., 1991. Neurokinin receptors 

differentially mediate endogenous acetylcholine release evoked by tachykinins in the neostriatum. 

J Neurosci 11, 2332–2338. 

Aubert, I., Araujo, D.M., Cécyre, D., Robitaille, Y., Gauthier, S., Quirion, R., 1992. Comparative 

alterations of nicotinic and muscarinic binding sites in Alzheimer’s and Parkinson’s diseases. J. 

Neurochem. 58, 529–541. 

Aznavour, N., Mechawar, N., Watkins, K.C., Descarries, L., 2003. Fine structural features of the 

acetylcholine innervation in the developing neostriatum of rat. J. Comp. Neurol. 460, 280–291. 

doi:10.1002/cne.10660 

Barbeau, A., 1962. The pathogenesis of Parkinson's disease: a new hypothesis. Can Med Assoc J 87, 

802–807. 

Bennett, B.D., Wilson, C.J., 1999. Spontaneous activity of neostriatal cholinergic interneurons in 

vitro. J Neurosci 19, 5586–5596. 

Betz, A.J.A., McLaughlin, P.J.P., Burgos, M.M., Weber, S.M., Salamone, J.D.J., 2007. The 

muscarinic receptor antagonist tropicamide suppresses tremulous jaw movements in a rodent 

model of parkinsonian tremor: possible role of M4 receptors. Psychopharmacology (Berl) 194, 

347–359. doi:10.1007/s00213-007-0844-6 

Blanchet, F., Gauchy, C., Perez, S., Soubrié, P., Glowinski, J., Kemel, M.-L., 1998. Distinct 

modifications by neurokinin1 (SR140333) and neurokinin2 (SR48968) tachykinin receptor 

antagonists of the N-methyl-D-aspartate-evoked release of acetylcholine in striosomes and matrix 

of the rat striatum. Neuroscience 85, 1025–1036. 

Bohnen, N.I., Albin, R.L., 2011. The cholinergic system and Parkinson disease. Behav. Brain Res. 

221, 564–573. doi:10.1016/j.bbr.2009.12.048 



 

25 

Bolam, J.P., Hanley, J.J., Booth, P.A., Bevan, M.D., 2000. Synaptic organisation of the basal ganglia. 

J. Anat. 196 ( Pt 4), 527–542. 

Bolam, J.P., Wainer, B.H.B., Smith, A.D., 1984. Characterization of cholinergic neurons in the rat 

neostriatum. A combination of choline acetyltransferase immunocytochemistry, Golgi-

impregnation and electron microscopy. Neuroscience 12, 711–718. 

Bonanno, G., Marchi, M., Raiteri, M., 1985. Activation of muscarinic receptors on striatal 

synaptosomes increases the release of endogenous dopamine. Neuropharmacology 24, 261–264. 

Bonsi, P., Cuomo, D., Martella, G., Madeo, G., Schirinzi, T., Puglisi, F., Ponterio, G., Pisani, A., 

2011. Centrality of striatal cholinergic transmission in Basal Ganglia function. Front Neuroanat 5, 

6. doi:10.3389/fnana.2011.00006 

Bordia, T., Perez, X.A., 2018. Cholinergic control of striatal neurons to modulate L-dopa-induced 

dyskinesias. Eur J Neurosci 16, 448. doi:10.1111/ejn.14048 

Bordia, T., Perez, X.A., Heiss, J.E., Zhang, D., Quik, M., 2016. Optogenetic activation of striatal 

cholinergic interneurons regulates L-dopa-induced dyskinesias. Neurobiol. Dis. 91, 47–58. 

doi:10.1016/j.nbd.2016.02.019 

Brichta, L., Greengard, P., Flajolet, M., 2013. Advances in the pharmacological treatment of 

Parkinson's disease: targeting neurotransmitter systems. Trends Neurosci 36, 543–554. 

doi:10.1016/j.tins.2013.06.003 

Britt, J.P., McGehee, D.S., 2008. Presynaptic opioid and nicotinic receptor modulation of dopamine 

overflow in the nucleus accumbens. J Neurosci 28, 1672–1681. doi:10.1523/JNEUROSCI.4275-

07.2008 

Brown, R.G., Marsden, C.D., 1990. Cognitive function in Parkinson's disease: from description to 

theory. Trends Neurosci 13, 21–29. 

Cachope, R., Mateo, Y., Mathur, B.N., Irving, J., Wang, H.-L., Morales, M., Lovinger, D.M., Cheer, 

J.F., 2012. Selective activation of cholinergic interneurons enhances accumbal phasic dopamine 

release: setting the tone for reward processing. Cell Rep 2, 33–41. 

doi:10.1016/j.celrep.2012.05.011 

Cai, Y., Ford, C.P., 2018. Dopamine Cells Differentially Regulate Striatal Cholinergic 



 

26 

Transmission across Regions through Corelease of Dopamine and Glutamate. Cell Rep 25, 

3148–3157.e3. doi:10.1016/j.celrep.2018.11.053 

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., Centonze, D., Gubellini, P., Pisani, A., Bernardi, G., 2000. Acetylcholine-mediated 

modulation of striatal function. Trends Neurosci 23, 120–126. doi:10.1016/S0166-

2236(99)01501-5 

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., Gubellini, P., Pisani, A., Bernardi, G., 1998b. Endogenous ACh enhances 

striatal NMDA-responses via M1-like muscarinic receptors and PKC activation. Eur J Neurosci 

10, 2887–2895. 

Calabresi, P., Picconi, B., Parnetti, L., Di Filippo, M., 2006. A convergent model for cognitive 

dysfunctions in Parkinson's disease: the critical dopamine-acetylcholine synaptic balance. Lancet 

Neurol 5, 974–983. doi:10.1016/S1474-4422(06)70600-7 

Calabresi, P., Picconi, B., Tozzi, A., Ghiglieri, V., Di Filippo, M., 2014. Direct and indirect pathways 

of basal ganglia: a critical reappraisal. Nat Neurosci 17, 1022–1030. doi:10.1038/nn.3743 

Chapman, K.L., Vaswani, D., Hendry, N., Langmead, C.J., Kew, J.N.C., Watson, J.M., 2011. The 

muscarinic M(4) receptor is the functionally predominant subtype in rat and mouse striatum as 

demonstrated using [(35)S] GTPγS binding. Eur. J. Pharmacol. 652, 1–6. 

doi:10.1016/j.ejphar.2010.10.079 

Charcot, J.-M., 1879. Lectures on Diseases of the Nervous System. HC Lea: Philadelphia 1–23. 

Chaudhuri, K.R., Healy, D.G., Schapira, A.H.V., 2006. Non-motor symptoms of Parkinson's disease: 

diagnosis and management. Lancet Neurol 5, 235–245. doi:10.1016/S1474-4422(06)70373-8 

Chuhma, N., Mingote, S., Yetnikoff, L., Kalmbach, A., Ma, T., Ztaou, S., Sienna, A.-C., Tepler, 

S., Poulin, J.-F., Ansorge, M., Awatramani, R., Kang, U.J., Rayport, S., 2018. Dopamine 

neuron glutamate cotransmission evokes a delayed excitation in lateral dorsal striatal 



 

27 

cholinergic interneurons. Elife 7, 9424. doi:10.7554/eLife.39786 

Consolo, S., Girotti, P., Zambelli, M., Russi, G., Benzi, M., Bertorelli, R., 1993. D1 and D2 dopamine 

receptors and the regulation of striatal acetylcholine release in vivo. Prog. Brain Res. 98, 201–

207. 

Contant, C., Umbriaco, D., Garcia, S., Watkins, K.C., Descarries, L., 1996. Ultrastructural 

characterization of the acetylcholine innervation in adult rat neostriatum. Neuroscience 71, 937–

947. 

Conti, M.M., Chambers, N., Bishop, C., 2018. A new outlook on cholinergic interneurons in 

Parkinson's disease and L-DOPA-induced dyskinesia. Neurosci Biobehav Rev 92, 67–82. 

doi:10.1016/j.neubiorev.2018.05.021 

Cortes, R., Palacios, J.M., 1986. Muscarinic cholinergic receptor subtypes in the rat brain. I. 

Quantitative autoradiographic studies. Brain Res. 362, 227–238. doi:10.1016/0006-

8993(86)90448-8 

Cortes, R., Probst, A., Tobler, H.-J., Palacios, J.M., 1986. Muscarinic cholinergic receptor subtypes in 

the human brain. II. Quantitative autoradiographic studies. Brain Res. 362, 239–253. 

doi:10.1016/0006-8993(86)90449-X 

Cragg, S.J., 2006. Meaningful silences: how dopamine listens to the ACh pause. Trends Neurosci 29, 

125–131. doi:10.1016/j.tins.2006.01.003 

Cremer, J.N., Amunts, K., Graw, J., Piel, M., Rösch, F., Zilles, K., 2015. Neurotransmitter receptor 

density changes in Pitx3ak mice--a model relevant to Parkinson's disease. Neuroscience 285, 11–

23. doi:10.1016/j.neuroscience.2014.10.050 

Damsma, G., Robertson, G.S., Tham, C.S., Fibiger, H.C., 1991. Dopaminergic regulation of striatal 

acetylcholine release: importance of D1 and N-methyl-D-aspartate receptors. J Pharmacol Exp 

Ther 259, 1064–1072. 

Dani, J.A., 2001. Overview of nicotinic receptors and their roles in the central nervous system. Biol. 

Psychiatry 49, 166–174. 

Dautan, D., Huerta-Ocampo, I., Witten, I.B., Deisseroth, K., Bolam, J.P., Gerdjikov, T., Mena-

Segovia, J., 2014. A major external source of cholinergic innervation of the striatum and nucleus 



 

28 

accumbens originates in the brainstem. J Neurosci 34, 4509–4518. 

doi:10.1523/JNEUROSCI.5071-13.2014 

DeBoer, P., Abercrombie, E.D., 1996. Physiological release of striatal acetylcholine in vivo: 

modulation by D1 and D2 dopamine receptor subtypes. J Pharmacol Exp Ther 277, 775–783. 

DeBoer, P., Abercrombie, E.D., Heeringa, M.J., Westerink, B.H., 1993. Differential effect of systemic 

administration of bromocriptine and L-dopa on the release of acetylcholine from striatum of intact 

and 6-OHDA-treated rats. Brain Res. 608, 198–203. 

Deffains, M., Bergman, H., 2015. Striatal cholinergic interneurons and cortico-striatal synaptic 

plasticity in health and disease. Mov Disord 30, 1014–1025. doi:10.1002/mds.26300 

DeLong, M.R., 1990. Primate models of movement disorders of basal ganglia origin. Trends Neurosci 

13, 281–285. doi:10.1016/0166-2236(90)90110-V 

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

striatal cholinergic interneurons. J Neurosci 27, 3148–3156. doi:10.1523/JNEUROSCI.5535-

06.2007 

Descarries, L., Gisiger, V., Steriade, M., 1997. Diffuse transmission by acetylcholine in the CNS. 

Prog. Neurobiol. 53, 603–625. 

Di Chiara, G., Imperato, A., 1988. Opposite effects of mu and kappa opiate agonists on dopamine 

release in the nucleus accumbens and in the dorsal caudate of freely moving rats. J Pharmacol 

Exp Ther 244, 1067–1080. 

Di Chiara, G., Morelli, M., Consolo, S., 1994. Modulatory functions of neurotransmitters in the 

striatum: ACh/dopamine/NMDA interactions. Trends Neurosci 17, 228–233. 

Ding, J.J., Guzman, J.N., Tkatch, T.T., Chen, S.S., Goldberg, J.A., Ebert, P.J., Levitt, P.P., Wilson, 

C.J., Hamm, H.E.H., Surmeier, D.J., 2006. RGS4-dependent attenuation of M4 autoreceptor 

function in striatal cholinergic interneurons following dopamine depletion. Nat Neurosci 9, 832–

842. doi:10.1038/nn1700 

Dourmap, N., Clero, E., Costentin, J., 1997. Involvement of cholinergic neurons in the release of 

dopamine elicited by stimulation of mu-opioid receptors in striatum. Brain Res. 749, 295–300. 

doi:10.1016/S0006-8993(96)01319-4 



 

29 

Duvoisin, R.C., 1967. Cholinergic-anticholinergic antagonism in parkinsonism. Arch. Neurol. 17, 

124–136. 

English, D.F.D., Ibanez-Sandoval, O.O., Stark, E.E., Tecuapetla, F.F., Buzsáki, G., Deisseroth, 

K., Tepper, J.M.J., Koos, T.T., 2011. GABAergic circuits mediate the reinforcement-related 

signals of striatal cholinergic interneurons. Nat Neurosci 15, 123–130. doi:10.1038/nn.2984 

Exley, R., Cragg, S.J., 2008. Presynaptic nicotinic receptors: a dynamic and diverse cholinergic filter 

of striatal dopamine neurotransmission. Br J Pharmacol 153 Suppl 1, S283–97. 

doi:10.1038/sj.bjp.0707510 

Fahn, S., 1989. The history of parkinsonism. Mov Disord 4 Suppl 1, S2–10. 

Ferreira, J.J., Katzenschlager, R., Bloem, B.R., Bonuccelli, U., Burn, D., Deuschl, G., Dietrichs, E., 

Fabbrini, G., Friedman, A., Kanovsky, P., Kostic, V., Nieuwboer, A., Odin, P., Poewe, W., 

Rascol, O., Sampaio, C., Schüpbach, M., Tolosa, E., Trenkwalder, C., Schapira, A.H., Berardelli, 

A., Oertel, W.H., 2013. Summary of the recommendations of the EFNS/MDS-ES review on 

therapeutic management of Parkinson's disease. Eur. J. Neurol. 20, 5–15. doi:10.1111/j.1468-

1331.2012.03866.x 

Fino, E., Glowinski, J., Venance, L., 2007. Effects of acute dopamine depletion on the 

electrophysiological properties of striatal neurons. Neurosci Res 58, 305–316. 

doi:10.1016/j.neures.2007.04.002 

Fujita, M., Ichise, M., Zoghbi, S.S., Liow, J.-S., Ghose, S., Vines, D.C., Sangare, J., Lu, J.-Q., 

Cropley, V.L., Iida, H., Kim, K.M., Cohen, R.M., Bara-Jimenez, W., Ravina, B., Innis, R.B., 

2006. Widespread decrease of nicotinic acetylcholine receptors in Parkinson's disease. Ann. 

Neurol. 59, 174–177. doi:10.1002/ana.20688 

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 different 

types of muscarinic receptors. J Neurosci 19, 3629–3638. 

Gangarossa, G., Guzman, M.S., Prado, V.F., Prado, M.A.M., Daumas, S., Mestikawy, El, S., 

Valjent, E., 2016. Role of the atypical vesicular glutamate transporter VGLUT3 in l-DOPA-

induced dyskinesia. Neurobiol. Dis. 87, 69–79. doi:10.1016/j.nbd.2015.12.010 



 

30 

Gauchy, C., Desban, M., Krebs, M.O., Glowinski, J., Kemel, M.-L., 1991. Role of dynorphin-

containing neurons in the presynaptic inhibitory control of the acetylcholine-evoked release of 

dopamine in the striosomes and the matrix of the cat caudate nucleus. Neuroscience 41, 449–458. 

Gerber, D.J., Sotnikova, T.D., Gainetdinov, R.R., Huang, S.Y., Caron, M.G., Tonegawa, S., 2001. 

Hyperactivity, elevated dopaminergic transmission, and response to amphetamine in M1 

muscarinic acetylcholine receptor-deficient mice. Proc. Natl. Acad. Sci. U.S.A. 98, 15312–15317. 

doi:10.1073/pnas.261583798 

Gerfen, C.R., Engber, T.M., Mahan, L.C., Susel, Z., Chase, T.N., Monsma, F.J., Sibley, D.R., 1990. 

D1 and D2 dopamine receptor-regulated gene expression of striatonigral and striatopallidal 

neurons. Science 250, 1429–1432. 

Gerfen, C.R., Surmeier, D.J., 2011. Modulation of striatal projection systems by dopamine. Annu. 

Rev. Neurosci. 34, 441–466. doi:10.1146/annurev-neuro-061010-113641 

Girasole, A.E., Nelson, A.B., 2018. Probing striatal microcircuitry to understand the functional role of 

cholinergic interneurons. Mov Disord 30, 1306–1318. doi:10.1002/mds.26340 

Gittis, A.H., Kreitzer, A.C., 2012. Striatal microcircuitry and movement disorders. Trends Neurosci 

35, 557–564. doi:10.1016/j.tins.2012.06.008 

Goldberg, J.A., Ding, J.B., Surmeier, D.J., 2012. Muscarinic modulation of striatal function and 

circuitry. Handb Exp Pharmacol 223–241. doi:10.1007/978-3-642-23274-9_10 

Goldberg, J.A., Wilson, C.J., 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. doi:10.1523/JNEUROSCI.2734-05.2005 

Gomeza, J., Shannon, H., Kostenis, E., Felder, C., Zhang, L., Brodkin, J., Grinberg, A., Sheng, H., 

Wess, J.J., 1999a. Pronounced pharmacologic deficits in M2 muscarinic acetylcholine receptor 

knockout mice. Proc. Natl. Acad. Sci. U.S.A. 96, 1692–1697. 

Gomeza, J., Zhang, L., Kostenis, E., Felder, C., Bymaster, F., Brodkin, J., Shannon, H., Xia, B., Deng, 

C.-X., Wess, J.J., 1999b. Enhancement of D1 dopamine receptor-mediated locomotor stimulation 

in M(4) muscarinic acetylcholine receptor knockout mice. Proc. Natl. Acad. Sci. U.S.A. 96, 

10483–10488. 



 

31 

Gonzales, K.K., Smith, Y., 2015. Cholinergic interneurons in the dorsal and ventral striatum: 

anatomical and functional considerations in normal and diseased conditions. Ann. N. Y. Acad. 

Sci. 1349, 1–45. doi:10.1111/nyas.12762 

Havekes, R., Abel, T., Van der Zee, E.A., 2011. The cholinergic system and neostriatal memory 

functions. Behav. Brain Res. 221, 412–423. doi:10.1016/j.bbr.2010.11.047 

Hersch, S.M., Levey, A.I., 1995. Diverse pre- and post-synaptic expression of m1-m4 muscarinic 

receptor proteins in neurons and afferents in the rat neostriatum. Life Sci. 56, 931–938. 

Higley, M.J., Soler-Llavina, G.J., Sabatini, B.L., 2009. Cholinergic modulation of multivesicular 

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

doi:10.1038/nn.2368 

Hornykiewicz, O., Kish, S.J., 1987. Biochemical pathophysiology of Parkinson's disease. Adv Neurol 

45, 19–34. 

Hung, A.Y., Schwarzschild, M.A., 2014. Treatment of Parkinson’s disease: what’s in the non-

dopaminergic pipeline? Neurotherapeutics 11, 34–46. doi:10.1007/s13311-013-0239-9 

Ince, E., Ciliax, B.J., Levey, A.I., 1997. Differential expression of D1 and D2 dopamine and m4 

muscarinic acetylcholine receptor proteins in identified striatonigral neurons. Synapse 27, 357–

366. doi:10.1002/(SICI)1098-2396(199712)27:4<357::AID-SYN9>3.0.CO;2-B 

Jabourian, M., Bourgoin, S., Perez, S., Godeheu, G., Glowinski, J., Kemel, M.-L., 2004. Mu opioid 

control of the N-methyl-D-aspartate-evoked release of [3H]-acetylcholine in the limbic territory 

of the rat striatum in vitro: diurnal variations and implication of a dopamine link. Neuroscience 

123, 733–742. 

Jabourian, M., Pérez, S., Ezan, P., Glowinski, J., Deniau, J.-M., Kemel, M.-L., 2007. Impact of 6-

hydroxydopamine lesions and cocaine exposure on mu-opioid receptor expression and regulation 

of cholinergic transmission in the limbic-prefrontal territory of the rat dorsal striatum. Eur J 

Neurosci 25, 1546–1556. doi:10.1111/j.1460-9568.2007.05375.x 

Kalia, L.V., Brotchie, J.M., Fox, S.H., 2013. Novel nondopaminergic targets for motor features of 

Parkinson's disease: review of recent trials. Mov Disord 28, 131–144. doi:10.1002/mds.25273 

Kas, A., Bottlaender, M., Gallezot, J.D., Vidailhet, M., Villafane, G., Grégoire, M.C., Coulon, C., 



 

32 

Valette, H., Dollé, F., Ribeiro, M.-J., Hantraye, P., Remy, P., 2009. Decrease of nicotinic 

receptors in the nigrostriatal system in Parkinson's disease. J. Cereb. Blood Flow Metab. 29, 

1601–1608. doi:10.1038/jcbfm.2009.74 

Kawaguchi, Y., 1993. Physiological, morphological, and histochemical characterization of three 

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

Kemel, M.-L., Gauchy, C., Desban, M., Krebs, M.O., Glowinski, J., 1992. Control of dopamine 

release by acetylcholine and dynorphin in the striosomal and matrix compartments of the cat 

caudate nucleus. Neurochem. Int. 20 Suppl, 111S–114S. 

Kemel, M.-L., Pérez, S., Godeheu, G., Soubrié, P., Glowinski, J., 2002. Facilitation by endogenous 

tachykinins of the NMDA-evoked release of acetylcholine after acute and chronic suppression of 

dopaminergic transmission in the matrix of the rat striatum. J Neurosci 22, 1929–1936. 

Kemp, J.M., Powell, T.P., 1971. The synaptic organization of the caudate nucleus. Philos. Trans. R. 

Soc. Lond., B, Biol. Sci. 262, 403–412. 

Kljakic, O., Janickova, H., Prado, V.F., Prado, M.A.M., 2017. Cholinergic/glutamatergic co-

transmission in striatal cholinergic interneurons: new mechanisms regulating striatal 

computation. J. Neurochem. 142 Suppl 2, 90–102. doi:10.1111/jnc.14003 

Koós, T., Tepper, J.M., 2002. Dual cholinergic control of fast-spiking interneurons in the neostriatum. 

J Neurosci 22, 529–535. 

Krebs, M.O., Gauchy, C., Desban, M., Glowinski, J., Kemel, M.-L., 1994. Role of dynorphin and 

GABA in the inhibitory regulation of NMDA-induced dopamine release in striosome- and matrix-

enriched areas of the rat striatum. J Neurosci 14, 2435–2443. 

Kreitzer, A.C., 2009. Physiology and pharmacology of striatal neurons. Neuroscience 32, 127–147. 

doi:10.1146/annurev.neuro.051508.135422 

Kreitzer, A.C., Malenka, R.C., 2008. Striatal plasticity and basal ganglia circuit function. Neuron 60, 

543–554. doi:10.1016/j.neuron.2008.11.005 

Lang, A.E., Lozano, A.M., 1998a. Parkinson's disease. First of two parts. N. Engl. J. Med. 339, 1044–

1053. doi:10.1056/NEJM199810083391506 

Lang, A.E., Lozano, A.M., 1998b. Parkinson's disease. Second of two parts. N. Engl. J. Med. 339, 



 

33 

1130–1143. doi:10.1056/NEJM199810153391607 

Langmead, C.J., Watson, J.M., Reavill, C., 2008. Muscarinic acetylcholine receptors as CNS drug 

targets. Pharmacol. Ther. 117, 232–243. doi:10.1016/j.pharmthera.2007.09.009 

Lee, K., Dixon, A.K., Freeman, T.C., Richardson, P.J., 1998. Identification of an ATP-sensitive 

potassium channel current in rat striatal cholinergic interneurones. J Physiol 510 ( Pt 2), 441–453. 

Lehmann, J., Langer, S.Z., 1983. The striatal cholinergic interneuron: synaptic target of dopaminergic 

terminals? Neuroscience 10, 1105–1120. 

Lehmann, J., Langer, S.Z., 1982. Muscarinic receptors on dopamine terminals in the cat caudate 

nucleus: neuromodulation of [3H]dopamine release in vitro by endogenous acetylcholine. Brain 

Res. 248, 61–69. 

Lester, D.B., Rogers, T.D., Blaha, C.D., 2010. Acetylcholine-dopamine interactions in the 

pathophysiology and treatment of CNS disorders. CNS Neurosci Ther 16, 137–162. 

doi:10.1111/j.1755-5949.2010.00142.x 

Li, J.-L., Kaneko, T., Mizuno, N., 2002. Synaptic association of dopaminergic axon terminals and 

neurokinin-1 receptor-expressing intrinsic neurons in the striatum of the rat. Neurosci. Lett. 324, 

9–12. 

Lim, S.A.O., Kang, U.J., McGehee, D.S., 2014. Striatal cholinergic interneuron regulation and circuit 

effects. Front Synaptic Neurosci 6, 22. doi:10.3389/fnsyn.2014.00022 

Maurice, N., Liberge, M., Jaouen, F., Ztaou, S., Hanini, M., Camon, J., Deisseroth, K., Amalric, M., 

Kerkerian-Le Goff, L., Beurrier, C., 2015. Striatal Cholinergic Interneurons Control Motor 

Behavior and Basal Ganglia Function in Experimental Parkinsonism. Cell Rep 13, 657–666. 

doi:10.1016/j.celrep.2015.09.034 

Maurice, N., Mercer, J., Chan, C.S., Hernandez-Lopez, S., Held, J., Tkatch, T., Surmeier, D.J., 2004. 

D2 dopamine receptor-mediated modulation of voltage-dependent Na+ channels reduces 

autonomous activity in striatal cholinergic interneurons. J Neurosci 24, 10289–10301. 

doi:10.1523/JNEUROSCI.2155-04.2004 

Mayorga, A.J., Cousins, M.S., Trevitt, J.T., Conlan, A., Gianutsos, G., Salamone, J.D., 1999. 

Characterization of the muscarinic receptor subtype mediating pilocarpine-induced tremulous jaw 



 

34 

movements in rats. Eur. J. Pharmacol. 364, 7–11. 

McGeer, P.L., Boulding, J.E., Gibson, W.C., Foulkes, R.G., 1961. Drug-induced extrapyramidal 

reactions. Treatment with diphenhydramine hydrochloride and dihydroxyphenylalanine. JAMA 

177, 665–670. 

Meltzer, H.Y., Chai, B.L., Thompson, P.A., Yamamoto, B.K., 1994. Effect of scopolamine on the 

efflux of dopamine and its metabolites after clozapine, haloperidol or thioridazine. J Pharmacol 

Exp Ther 268, 1452–1461. 

Mestikawy, El, S., Wallén-Mackenzie, A., Fortin, G.M., Descarries, L., Trudeau, L.-É., 2011. 

From glutamate co-release to vesicular synergy: vesicular glutamate transporters. Nat Rev 

Neurosci 12, 204–216. doi:10.1038/nrn2969 

Moghaddam, H.S., Zare-Shahabadi, A., Rahmani, F., Rezaei, N., 2017. Neurotransmission systems in 

Parkinson’s disease. Reviews in the Neurosciences 28, 509–536. doi:10.1515/revneuro-2016-

0068 

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. 

doi:10.1016/j.neuron.2004.06.012 

Müller, M.L.T.M., Bohnen, N.I., 2013. Cholinergic dysfunction in Parkinson's disease. Curr Neurol 

Neurosci Rep 13, 377. doi:10.1007/s11910-013-0377-9 

Nelson, A.B., Bussert, T.G., Kreitzer, A.C., Seal, R.P., 2014. Striatal cholinergic 

neurotransmission requires VGLUT3. J Neurosci 34, 8772–8777. 

doi:10.1523/JNEUROSCI.0901-14.2014 

Obeso, J.A., Rodríguez-Oroz, M.C., Rodríguez, M., Lanciego, J.L., Artieda, J., Gonzalo, N., Olanow, 

C.W., 2000. Pathophysiology of the basal ganglia in Parkinson's disease. Trends Neurosci 23, S8–

19. 

Oldenburg, I.A.I., Ding, J.B., 2011. Cholinergic modulation of synaptic integration and dendritic 

excitability in the striatum. Curr. Opin. Neurobiol. 21, 425–432. doi:10.1016/j.conb.2011.04.004 

Owen, A.M., Roberts, A.C., Hodges, J.R., Summers, B.A., Polkey, C.E., Robbins, T.W., 1993. 

Contrasting mechanisms of impaired attentional set-shifting in patients with frontal lobe damage 



 

35 

or Parkinson's disease. Brain 116 ( Pt 5), 1159–1175. 

Parker, P.R.L., Lalive, A.L., Kreitzer, A.C., 2016. Pathway-Specific Remodeling of Thalamostriatal 

Synapses in Parkinsonian Mice. Neuron 89, 734–740. doi:10.1016/j.neuron.2015.12.038 

Perez, X.A., 2015. Preclinical Evidence for a Role of the Nicotinic Cholinergic System in Parkinson’s 

Disease. Neuropsychol Rev 25, 371–383. doi:10.1007/s11065-015-9303-z 

Perez, X.A., Bordia, T., McIntosh, J.M., Quik, M., 2010. α6ß2* and α4ß2* nicotinic receptors both 

regulate dopamine signaling with increased nigrostriatal damage: relevance to Parkinson's 

disease. Mol. Pharmacol. 78, 971–980. doi:10.1124/mol.110.067561 

Perez-Lloret, S., Barrantes, F.J., 2016. Deficits in cholinergic neurotransmission and their clinical 

correlates in Parkinson's disease. Npj Parkinson's Disease 2, 16001. doi:10.1038/npjparkd.2016.1 

Pérez, S., Tierney, A., Deniau, J.-M., Kemel, M.-L., 2007. Tachykinin regulation of cholinergic 

transmission in the limbic/prefrontal territory of the rat dorsal striatum: implication of new 

neurokinine 1-sensitive receptor binding site and interaction with enkephalin/mu opioid receptor 

transmission. J. Neurochem. 103, 2153–2163. doi:10.1111/j.1471-4159.2007.04944.x 

Phelps, P.E., Houser, C.R., Vaughn, J.E., 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. doi:10.1002/cne.902380305 

Pimlott, S.L., Piggott, S.L., Owens, J., Greally, E., Court, J.A., Jaros, E., Perry, R.H., Perry, E.K., 

Wyper, D., 2004. Nicotinic acetylcholine receptor distribution in Alzheimer’s disease, dementia 

with Lewy bodies, Parkinson’s disease, and vascular dementia: in vitro binding study using 5-

[(125)i]-a-85380. Neuropsychopharmacology 29, 108–116. doi:10.1038/sj.npp.1300302 

Pisani, A., Bernardi, G., Ding, J.J., Surmeier, D.J., 2007. Re-emergence of striatal cholinergic 

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

doi:10.1016/j.tins.2007.07.008 

Pisani, A., Bonsi, P., Centonze, D., Calabresi, P., Bernardi, G., 2000. Activation of D2-like dopamine 

receptors reduces synaptic inputs to striatal cholinergic interneurons. J Neurosci 20, RC69–RC69. 

Quik, M., Bordia, T., O'Leary, K.K., 2007. Nicotinic receptors as CNS targets for Parkinson's disease. 

Biochem Pharmacol 74, 1224–1234. doi:10.1016/j.bcp.2007.06.015 



 

36 

Quik, M., Wonnacott, S., 2011. α6β2* and α4β2* nicotinic acetylcholine receptors as drug targets for 

Parkinson's disease. Pharmacol. Rev. 63, 938–966. doi:10.1124/pr.110.003269 

Ragozzino, M.E., Jih, J., Tzavos, A., 2002. Involvement of the dorsomedial striatum in behavioral 

flexibility: role of muscarinic cholinergic receptors. Brain Res. 953, 205–214. 

Rascol, O., Lozano, A., Stern, M., Poewe, W., 2011. Milestones in Parkinson's disease therapeutics. 

Mov Disord 26, 1072–1082. doi:10.1002/mds.23714 

Rawls, S.M., McGinty, J.F., 1998. Muscarinic receptors regulate extracellular glutamate levels in the 

rat striatum: an in vivo microdialysis study. J Pharmacol Exp Ther 286, 91–98. 

Reynolds, J.N.J., Wickens, J.R., 2004. The corticostriatal input to giant aspiny interneurons in the rat: 

a candidate pathway for synchronising the response to reward-related cues. Brain Res. 1011, 115–

128. doi:10.1016/j.brainres.2004.03.026 

Rezak, M., 2007. Current Pharmacotherapeutic Treatment Options in Parkinson’s Disease. Disease-a-

Month 53, 214–222. doi:10.1016/j.disamonth.2007.05.002 

Rice, M.E., Patel, J.C., Cragg, S.J., 2011. Dopamine release in the basal ganglia. Neuroscience 198, 

112–137. doi:10.1016/j.neuroscience.2011.08.066 

Rizzi, G., Tan, K.R., 2017. Dopamine and Acetylcholine, a Circuit Point of View in Parkinson’s 

Disease. Front Neural Circuits 11, 10829–14. doi:10.3389/fncir.2017.00110 

Sakae, D.Y., Marti, F., Lecca, S., Vorspan, F., Martín-García, E., Morel, L.J., Henrion, A., 

Gutiérrez-Cuesta, J., Besnard, A., Heck, N., Herzog, E., Bolte, S., Prado, V.F., Prado, 

M.A.M., Bellivier, F., Eap, C.B., Crettol, S., Vanhoutte, P., Caboche, J., Gratton, A., 

Moquin, L., Giros, B., Maldonado, R., Daumas, S., Mameli, M., Jamain, S., Mestikawy, El, 

S., 2015. The absence of VGLUT3 predisposes to cocaine abuse by increasing dopamine and 

glutamate signaling in the nucleus accumbens. Mol. Psychiatry 20, 1448–1459. 

doi:10.1038/mp.2015.104 

Salamone, J.D., Correa, M., Carlson, B.B., Wisniecki, A., Mayorga, A.J., Nisenbaum, E., Nisenbaum, 

L., Felder, C., 2001. Neostriatal muscarinic receptor subtypes involved in the generation of 

tremulous jaw movements in rodents implications for cholinergic involvement in parkinsonism. 

Life Sci. 68, 2579–2584. 



 

37 

Salin, P., López, I.P., Kachidian, P., Barroso-Chinea, P., Rico, A.J., Gómez-Bautista, V., Coulon, P., 

Kerkerian-Le Goff, L., Lanciego, J.L., 2009. Changes to interneuron-driven striatal microcircuits 

in a rat model of Parkinson's disease. Neurobiol. Dis. 34, 545–552. doi:10.1016/j.nbd.2009.03.006 

Santiago, M.P., Potter, L.T., 2001. Biotinylated m4-toxin demonstrates more M4 muscarinic receptor 

protein on direct than indirect striatal projection neurons. Brain Res. 894, 12–20. 

Satoh, K., Staines, W.A., Atmadja, S., Fibiger, H.C., 1983. Ultrastructural observations of the 

cholinergic neuron in the rat striatum as identified by acetylcholinesterase 

pharmacohistochemistry. Neuroscience 10, 1121–1136. 

Schultz, W., 2002. Getting formal with dopamine and reward. Neuron 36, 241–263. 

Smith, A.D., Bolam, J.P., 1990. The neural network of the basal ganglia as revealed by the study of 

synaptic connections of identified neurones. Trends Neurosci 13, 259–265. 

Smith, Y., Wichmann, T., Factor, S.A., DeLong, M.R., 2012. Parkinson's disease therapeutics: new 

developments and challenges since the introduction of levodopa. Neuropsychopharmacology 37, 

213–246. doi:10.1038/npp.2011.212 

Smolders, I., Bogaert, L., Ebinger, G., Michotte, Y., 1997. Muscarinic modulation of striatal 

dopamine, glutamate, and GABA release, as measured with in vivo microdialysis. J. Neurochem. 

68, 1942–1948. 

Steinberg, R., Souilhac, J., Rodier, D., Alonso, R., Emonds-Alt, X., Le Fur, G., Soubrié, P., 1998. 

Facilitation of striatal acetylcholine release by dopamine D1 receptor stimulation: involvement of 

enhanced nitric oxide production via neurokinin-2 receptor activation. Neuroscience 84, 511–518. 

Stoof, J.C., Drukarch, B., de Boer, P., Westerink, B.H., Groenewegen, H.J., 1992. Regulation of the 

activity of striatal cholinergic neurons by dopamine. Neuroscience 47, 755–770. 

Surmeier, D.J., Graybiel, A.M., 2012. A feud that wasn't: acetylcholine evokes dopamine release in 

the striatum. Neuron 75, 1–3. doi:10.1016/j.neuron.2012.06.028 

Tanimura, A., Pancani, T., Lim, S.A.O., Tubert, C., Melendez, A.E., Shen, W., Surmeier, D.J., 2018. 

Striatal cholinergic interneurons and Parkinson's disease. Eur J Neurosci. doi:10.1111/ejn.13638 

Tayebati, S.K., Di Tullio, M.A., Amenta, F., 2004. Age-related changes of muscarinic cholinergic 

receptor subtypes in the striatum of Fisher 344 rats. Exp. Gerontol. 39, 217–223. 



 

38 

doi:10.1016/j.exger.2003.10.016 

Tecuapetla, F., Matias, S., Dugue, G.P., Mainen, Z.F., Costa, R.M., 2014. Balanced activity in basal 

ganglia projection pathways is critical for contraversive movements. Nature Communications 5, 

4315. doi:10.1038/ncomms5315 

Tepper, J.M., Abercrombie, E.D., Bolam, J.P., 2007. Basal ganglia macrocircuits. Prog. Brain Res. 

160, 3–7. doi:10.1016/S0079-6123(06)60001-0 

Tepper, J.M.J., Bolam, J.P., 2004. Functional diversity and specificity of neostriatal interneurons. 

Curr. Opin. Neurobiol. 14, 685–692. doi:10.1016/j.conb.2004.10.003 

Threlfell, S., Cragg, S.J., 2011. Dopamine signaling in dorsal versus ventral striatum: the dynamic role 

of cholinergic interneurons. Front Syst Neurosci 5, 11. doi:10.3389/fnsys.2011.00011 

Threlfell, S., Lalic, T., Platt, N.J., Jennings, K.A., Deisseroth, K., Cragg, S.J., 2012. Striatal dopamine 

release is triggered by synchronized activity in cholinergic interneurons. Neuron 75, 58–64. 

doi:10.1016/j.neuron.2012.04.038 

Tozzi, A., de Iure, A., Bagetta, V., Tantucci, M., Durante, V., Quiroga-Varela, A., Costa, C., Di 

Filippo, M., Ghiglieri, V., Latagliata, E.C., Wegrzynowicz, M., Decressac, M., Giampà, C., 

Dalley, J.W., Xia, J., Gardoni, F., Mellone, M., El-Agnaf, O.M., Ardah, M.T., Puglisi-Allegra, S., 

Björklund, A., Spillantini, M.G., Picconi, B., Calabresi, P., 2016. Alpha-Synuclein Produces 

Early Behavioral Alterations via Striatal Cholinergic Synaptic Dysfunction by Interacting With 

GluN2D N-Methyl-D-Aspartate Receptor Subunit. Biol. Psychiatry 79, 402–414. 

doi:10.1016/j.biopsych.2015.08.013 

Tremblay, L., Kemel, M.-L., Desban, M., Gauchy, C., Glowinski, J., 1992. Distinct presynaptic 

control of dopamine release in striosomal- and matrix-enriched areas of the rat striatum by 

selective agonists of NK1, NK2, and NK3 tachykinin receptors. Proc. Natl. Acad. Sci. U.S.A. 89, 

11214–11218. 

Trudeau, L.-É., Mestikawy, El, S., 2018. Glutamate Cotransmission in Cholinergic, GABAergic 

and Monoamine Systems: Contrasts and Commonalities. Front Neural Circuits 12, 113. 

doi:10.3389/fncir.2018.00113 

Tzavos, A., Jih, J., Ragozzino, M.E., 2004. Differential effects of M1 muscarinic receptor blockade 



 

39 

and nicotinic receptor blockade in the dorsomedial striatum on response reversal learning. Behav. 

Brain Res. 154, 245–253. doi:10.1016/j.bbr.2004.02.011 

van Vulpen, E.H., van der Kooy, D., 1998. Striatal cholinergic interneurons: birthdates predict 

compartmental localization. Brain Res. Dev. Brain Res. 109, 51–58. 

Volpicelli, L.A., Levey, A.I., 2004. Muscarinic acetylcholine receptor subtypes in cerebral cortex and 

hippocampus. Prog. Brain Res. 145, 59–66. doi:10.1016/S0079-6123(03)45003-6 

Waelbroeck, M., Tastenoy, M., Camus, J., Christophe, J., 1990. Binding of selective antagonists to 

four muscarinic receptors (M1 to M4) in rat forebrain. Mol. Pharmacol. 38, 267–273. 

Wang, L., Shang, S., Kang, X., Teng, S., Zhu, F., Liu, B., Wu, Q., Li, M., Liu, W., Xu, H., Zhou, L., 

Jiao, R., Dou, H., Zuo, P., Zhang, X., Zheng, L., Wang, S., Wang, C., Zhou, Z., 2014. Modulation 

of dopamine release in the striatum by physiologically relevant levels of nicotine. Nature 

Communications 5, 3925. doi:10.1038/ncomms4925 

Weiner, D.M., Levey, A.I., Brann, M.R., 1990. Expression of muscarinic acetylcholine and dopamine 

receptor mRNAs in rat basal ganglia. Proc. Natl. Acad. Sci. U.S.A. 87, 7050–7054. 

Wess, J.J., Eglen, R.M., Gautam, D., 2007. Muscarinic acetylcholine receptors: mutant mice provide 

new insights for drug development. Nat Rev Drug Discov 6, 721–733. doi:10.1038/nrd2379 

Westerink, B.H., de Boer, P., Damsma, G., 1990. Dopamine-acetylcholine interaction in the striatum 

studied by microdialysis in the awake rat: some methodological aspects. J. Neurosci. Methods 34, 

117–124. 

Whitehead, K.J., Rose, S., Jenner, P., 2001. Involvement of intrinsic cholinergic and GABAergic 

innervation in the effect of NMDA on striatal dopamine efflux and metabolism as assessed by 

microdialysis studies in freely moving rats. Eur J Neurosci 14, 851–860. 

Wilson, C.J., Chang, H.T., Kitai, S.T., 1990. Firing patterns and synaptic potentials of identified giant 

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

Woolf, N.J., Butcher, L.L., 1981. Cholinergic neurons in the caudate-putamen complex proper are 

intrinsically organized: a combined Evans blue and acetylcholinesterase analysis. Brain Res. Bull. 

7, 487–507. 

Xiang, Z., Thompson, A.D., Jones, C.K., Lindsley, C.W., Conn, P.J., 2012. Roles of the m1 



 

40 

muscarinic acetylcholine receptor subtype in the regulation of Basal Ganglia function and 

implications for the treatment of Parkinson's disease. J Pharmacol Exp Ther 340, 595–603. 

doi:10.1124/jpet.111.187856 

Xu, M., Mizobe, F., Yamamoto, T., Kato, T., 1989. Differential effects of M1- and M2-muscarinic 

drugs on striatal dopamine release and metabolism in freely moving rats. Brain Res. 495, 232–

242. 

Yamada, H., Momose, T., Okada, M., Kuroiwa, Y., 2002. Anticholinergic drugs: response of 

parkinsonism not responsive to levodopa. J. Neurol. Neurosurg. Psychiatr. 72, 111–113. 

Yan, Z., Song, W.J., Surmeier, D.J., 1997. D2 dopamine receptors reduce N-type Ca2+ currents in rat 

neostriatal cholinergic interneurons through a membrane-delimited, protein-kinase-C-insensitive 

pathway. J. Neurophysiol. 77, 1003–1015. 

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

rat neostriatal cholinergic interneurons through a fast, membrane-delimited, G-protein pathway. J 

Neurosci 16, 2592–2604. 

Yasuda, R.P., Ciesla, W., Flores, L.R., Wall, S.J., Li, M., Satkus, S.A., Weisstein, J.S., Spagnola, 

B.V., Wolfe, B.B., 1993. Development of antisera selective for m4 and m5 muscarinic cholinergic 

receptors: distribution of m4 and m5 receptors in rat brain. Mol. Pharmacol. 43, 149–157. 

Zhang, W.W., Basile, A.S., Gomeza, J., Volpicelli, L.A.L., Levey, A.I., Wess, J.J., 2002. 

Characterization of central inhibitory muscarinic autoreceptors by the use of muscarinic 

acetylcholine receptor knock-out mice. J Neurosci 22, 1709–1717. 

Zhang, Y.-F., Cragg, S.J., 2017. Pauses in Striatal Cholinergic Interneurons: What is Revealed by 

Their Common Themes and Variations? Front Syst Neurosci 11, 80. 

doi:10.3389/fnsys.2017.00080 

Zhou, F.-M., Liang, Y., Dani, J.A., 2001. Endogenous nicotinic cholinergic activity regulates 

dopamine release in the striatum. Nat Neurosci 4, 1224–1229. doi:10.1038/nn769 

Zhou, F.-M., Wilson, C., Dani, J.A., 2003. Muscarinic and nicotinic cholinergic mechanisms in the 

mesostriatal dopamine systems. Neuroscientist 9, 23–36. 

Zhou, F.-M., Wilson, C.J., Dani, J.A., 2002. Cholinergic interneuron characteristics and nicotinic 



 

41 

properties in the striatum. J. Neurobiol. 53, 590–605. doi:10.1002/neu.10150 

Ztaou, S., Lhost, J., Watabe, I., Torromino, G., Amalric, M., 2018. Striatal cholinergic interneurons 

regulate cognitive and affective dysfunction in partially dopamine-depleted mice. Eur J Neurosci 

134, 110. doi:10.1111/ejn.14153 

Ztaou, S., Maurice, N., Camon, J., Guiraudie-Capraz, G., Kerkerian-Le Goff, L., Beurrier, C., Liberge, 

M., Amalric, M., 2016. Involvement of Striatal Cholinergic Interneurons and M1 and M4 

Muscarinic Receptors in Motor Symptoms of Parkinson's Disease. J Neurosci 36, 9161–9172. 

doi:10.1523/JNEUROSCI.0873-16.2016 

 


