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Abstract

Cholinergic signaling plays a key role in regulating striatal function. The principal source of
acetylcholine in the striatum are the cholinergic interneurons which, although low in number,
densely arborize to modulate striatal neurotransmission. This modulation occurs via strategically
positioned nicotinic and muscarinic acetylcholine receptors that influence striatal dopamine,
GABA and other neurotransmitter release. Cholinergic interneurons integrate multiple striatal
synaptic inputs and outputs to regulate motor activity under normal physiological conditions.
Consequently, an imbalance between these systems is associated with basal ganglia disorders.
Here, we provide an overview of how striatal cholinergic interneurons modulate striatal activity
under normal and pathological conditions. Numerous studies show that nigrostriatal damage such
as that occurs with Parkinson’s disease affects cholinergic receptor-mediated striatal activity. This
altered cholinergic signaling is an important contributor to Parkinson’s disease as well as to the
dyskinesias that develop with L-dopa therapy, the gold standard for treatment. Indeed, multiple
preclinical studies show that cholinergic receptor drugs may be beneficial for the treatment of L-
dopa induced dyskinesias. In this review, we discuss the evidence indicating that therapeutic
modulation of the cholinergic system, particularly targeting of nicotinic cholinergic receptors, may
offer a novel approach to manage this debilitating side effect of dopamine replacement therapy for
Parkinson’s disease.
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1. Striatal cholinergic transmission modulates striatal output

Normal striatal function is dependent in part on an equilibrium between the midbrain
dopaminergic (DAergic) and striatal cholinergic systems (Lim et al., 2014). The striatum has
the highest density of cholinergic markers and acetylcholine levels in the brain (Macintosh,
1941; Graybiel, 1990; Mesulam et al., 1992; Contant et al., 1996). The two sources of
acetylcholine in the striatum are the pedunculopontine nucleus-laterodorsal tegmental
complex (Dautan et al., 2014) and striatal cholinergic interneurons (Chls) (Woolf and
Butcher, 1981; Graybiel, 1990), the latter of which is the focus of this review. Cholinergic
interneurons comprise 1-2% of striatal neurons (Zhou et al., 2001; Bohnen and Albin, 2011;
Lenz and Lobo, 2013). Although low in number, Chls have widespread dendritic and axonal
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arbors, with a preferential distribution in the matrix area along the patches border (Bolam et
al., 1984; Smith and Bolam, 1990; Wilson et al., 1990; van Vulpen and van der Kooy, 1998).
Thus, Chls have the ability to integrate the majority of striatal synaptic inputs as well as its
output via medium spiny neurons (MSNS), highlighting the importance of cholinergic
transmission to striatal function.

Cholinergic interneurons show a range of spontaneous tonic firing activity which can vary
from irregular single spiking to rhythmic bursting (Bolam et al., 1984; Wilson et al., 1990;
Kawaguchi, 1993; Aosaki et al., 1995; Bennett and Wilson, 1998; Bennett et al., 2000; Zhou
et al., 2002; Goldberg and Wilson, 2005; Wilson and Goldberg, 2006; Goldberg et al., 2009).
This activity is highly regulated not only via their intrinsic properties but also by the
neuromodulatory control exerted on Chls by DAergic, serotonergic, noradrenergic, and
GABAergic afferents as well as cortical and thalamic glutamatergic inputs (Lim et al.,
2014). Indeed, Chls express a plethora of receptors for these systems (Lim et al., 2014).
Importantly, the pattern of Chl firing maintains a background tone of acetylcholine that gates
striatal output by modulating MSN activity (Calabresi et al., 1998; Galarraga et al., 1999;
Calabresi et al., 2000; Koos and Tepper, 2002; Zhou et al., 2002; Pakhotin and Bracci, 2007;
Carrillo-Reid et al., 2009; Goldberg et al., 2012; Mamaligas and Ford, 2016). This
modulation of MSN output can occur directly or indirectly via muscarinic acetylcholine
receptors (MAChRs) and nicotinic acetylcholine receptors (nAChRS).

a. Direct cholinergic modulation of striatal MSN output via mAChRs

Acetylcholine directly modulates striatal output primarily by acting on mAChRs present on
MSNss as the evidence indicating that nAChRs are expressed on MSNs is limited
(Matsubayashi et al., 2001; Xiao et al., 2009; Goldberg et al., 2012; Luo et al., 2013).
Activation of metabotropic mMAChRs exerts a long-term modulatory role on striatal function.
These receptors are divided into two classes depending on the intracellular signaling
cascades through which they act. Excitatory mAChRs include the M1, M3 and M5 subtypes
which are couple to G131 and induce activation of phospholipase C. Inhibitory receptors
include M2 and M4, which are coupled to Gj, proteins and decrease adenylyl cyclase
activity. Although all five mAChR subtypes are expressed in the striatum (Table 1), direct
modulation of MSN activity by acetylcholine occurs via M1 and M4 mAChRs (Perez-
Rosello et al., 2005; Ding et al., 2006; Wang et al., 2006; Ding et al., 2010; Goldberg et al.,
2012; Kuroiwa et al., 2012; Hernandez-Flores et al., 2015). M1 mAChRs are robustly
expressed on both direct (D1 DA receptor-expressing) and indirect (D2 DA receptor
expressing) pathway MSNs (Hersch et al., 1994). Activation of these receptors depresses K
*-currents and enhance Na*-currents such that their activation increases MSN excitability
(Galarraga et al., 1999; Perez-Rosello et al., 2005; Xiang et al., 2012; Shen et al., 2015; Lv
etal., 2017). By contrast, M4 mAChRs are preferentially expressed on D1 DA receptor-
expressing MSNs (D1 MSNs), where they decrease excitability upon activation (Bernard et
al., 1992; Hersch et al., 1994; Howe and Surmeier, 1995; Jeon et al., 2010; Shen et al.,
2015). The concerted action of acetylcholine at M1 and M4 mAChRs potently controls MSN
activity. For instance, studies have shown that Chls participate in long-term potentiation
(LTP) induction at MSNs via a direct action on M1 mAChRs (Wang et al., 2006). In
addition, striatal Chl activation via thalamic inputs interrupts cortical signaling to MSNs and
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subsequently enhances D2 DA receptor expressing MSN (D2 MSN) activity via M1
receptors, which is thought to contribute to attentional shift and interruption of ongoing
motor activity (Ding et al., 2010). The effect of M4 mAChR on MSN activity has been less
studied; nevertheless, recent work shows that activation of these receptors enhances Ca%*-
currents and facilitates direct pathway long-term depotentiation (LTD) (Hernandez-Flores et
al., 2015; Shen et al., 2015). In fact, M4 mAChRs are becoming increasingly viewed as
important regulators of D1 pathway activity and motor function (Jeon et al., 2010;
Hernandez-Flores et al., 2015; Shen et al., 2015; Ztaou et al., 2016).

b. Indirect cholinergic modulation of MSN output via control of DA release

Multiple studies have shown that acetylcholine-mediated activation of NAChRs is a primary
facilitator of striatal dopamine release (Grady et al., 1992; Marshall et al., 1997; Wonnacott
et al., 2000; Zhou et al., 2001; Champtiaux et al., 2003; Rice and Cragg, 2004; Salminen et
al., 2004; Zhang and Sulzer, 2004; Exley and Cragg, 2008; Perez et al., 2008; Zhang et al.,
2009; Drenan et al., 2010; Perez et al., 2010; Threlfell et al., 2010; Quik et al., 2011; Quik
and Wonnacott, 2011; Threlfell et al., 2012; Zhang et al., 2012; Exley et al., 2013; Koranda
et al., 2014; Kosillo et al., 2016). nAChRs are pentameric ligand-gated ion channels of
which there are multiple subtypes comprised of either a subunits or a combination of a and
B subunits (Albuquerque et al., 2009; Millar and Gotti, 2009; Quik and Wonnacott, 2011).
Acute agonist activation of these receptors induces rapid depolarization and Ca%* entry that
lead to neurotransmitter release, while prolonged exposure to agonist can activate Ca*
dependent signaling cascades and induce nAChR desensitization to ultimately reduce
neurotransmitter release (Dajas-Bailador and Wonnacott, 2004; Garcia-Montes et al., 2012;
Perez et al., 2012; Quik et al., 2012b; Bordia et al., 2013; Exley et al., 2013; Perez et al.,
2013). Extensive studies show that the main functionally active nAChRs in the striatum are
the p2* nAChRs, which include the a6B2* and a4p2* receptor subtypes (the asterisks
indicate the possible presence of other nAChR subunits in the receptor complex), with a
minor population of the a7 nAChR subtype (Champtiaux et al., 2003; Quik and Wonnacott,
2011) (Table 1). a6p2* nAChRs are highly localized to dopaminergic terminals projecting
from the substantia nigra while a4p2* nAChRs are abundantly expressed on DA terminals,
GABAergic interneurons and serotonergic afferents (Takahashi et al., 1998; Livingstone and
Wonnacott, 2009; Xiao et al., 2009; Quik et al., 2011; Luo et al., 2013) (Table 1). By
contrast, a7 nAChRs appear to be primarily localized on glutamatergic afferents (Kaiser and
Wonnacott, 2000; Marchi et al., 2002; Livingstone and Wonnacott, 2009; Quik et al., 2015b)
(Table 1). Thus, nAChRs can indirectly modulate MSN activity not only by regulating
striatal DA release but also GABA and glutamate release. Additionally, a4p2* and a7
nAChRs are widely expressed on other neuronal circuits and connections of the basal
ganglia such as the cortical and thalamic regions where they can also regulate GABA and
glutamate transmission, respectively, to ultimately influence dopaminergic transmission.

Striatal dopamine release is also facilitated by activation of M4 and M5 mAChRs, inhibited
by M3 mAChRs and unaffected by M1 and M2 mAChRs (Zhang et al., 2002). Although it
has generally been thought that mAChRs are not present on striatal dopaminergic terminals,
some studies support a role for the M3 and M5 mAChRs subtypes to directly modulate DA
release (Zhang et al., 2002; Kuroiwa et al., 2012; Foster et al., 2014) (Table 1). M2/M4
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MAChRSs are present in cholinergic interneurons, where they can inhibit neuron activity and
control acetylcholine release; thereby, indirectly influencing nAChR-mediated DA release
(Bernard et al., 1992; Hersch et al., 1994; Yan and Surmeier, 1996; Threlfell et al., 2010;
Foster et al., 2016) (Table 1). mAChR activation however can also lead to sustained DA
release inhibition independent of NAChR signaling. This effect appears to be mediated via
activation of M4 mAChRs on D1 receptor-expressing MSNs that induces the release of
endocannabinoids and activation of CB, cannabinoid receptor signaling (Foster et al., 2016).

The ability of NnAChRs and mAChRs to regulate striatal DA release makes the cholinergic
system a key player in modulating the output of D1 and D2 MSNs and basal ganglia
function. Based on this, preclinical studies have been carried out to elucidate the alterations
in nNAChR- and mAChR-mediated signaling that occur with nigrostriatal DAergic damage,
which underlie movement disorders such as L-dopa-induced dyskinesias (LIDs).

2. Alterations in striatal cholinergic signaling with nigrostriatal DAergic

damage

The loss of nigral DA neuron innervation to the striatum in Parkinson’s disease (PD) leads to
a hypercholinergic tone in the basal ganglia (Fino et al., 2007; Salin et al., 2009; Tubert et
al., 2016). This increase in cholinergic signaling occurs without changes in the tonic firing
of Chls (Ding et al., 2006). However, Chl activity becomes highly synchronized (Raz et al.,
1996). There is also a shift toward greater acetylcholine innervation of D2 MSNs than D1
MSNs (Salin et al., 2009), which may contribute to the selective pruning of spines and
glutamatergic synapses in D2 MSNs observed after DA depletion (Shen et al., 2007). More
recent studies show that optogenetic Chl silencing potentiated excitatory postsynaptic
currents in D1 and D2 MSNs and decreased excitability more in D1 than D2 MSNs while
alleviating motor symptoms in animal models of DA depletion (Maurice et al., 2015).
Additional work now suggests that a reduction in NMDA/AMPA ratio at glutamatergic
parafascicular synapses to Chls after DA depletion also plays a primary role in disrupting
the balance between D1 and D2 MSNs (Aceves Buendia et al., 2017). These changes in
striatal cholinergic signaling with DA depletion certainly not only contribute to PD
pathology but also to the appearance of LIDs, a debilitating side effect of DA replacement
therapy in PD.

a. Alterations in nAChR-mediated function contribute to changes in dopaminergic
transmission in DA depletion models

Under normal physiological conditions, activation of NAChRs promotes striatal DA release
as these receptors are strategically expressed on DA neurons and terminals (Quik and
Wonnacott, 2011). Nigrostriatal damage alters nAChR expression and its contribution to the
release process. Receptor studies show decreases in a4p2* and a6p2* nAChRs in animals
lesioned with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine and 6-hydroxydopamine, with
nigrostriatal damage inducing a greater decrease in the a6p2* than the a4p2* nAChR
subtype (Quik et al., 2003; McCallum et al., 2005; Bordia et al., 2007; Perez et al., 2010;
Perez and Quik, 2011; Quik and Wonnacott, 2011). Further studies using striatal
synaptosomal preparations and tissue slices from lesioned animals also revealed a decline in
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DA release mediated via these receptor subtypes (McCallum et al., 2005; McCallum et al.,
2006; Quik et al., 2006; Perez et al., 2010; Quik and Wonnacott, 2011). In contrast, although
no alterations in a7 receptor expression or its mediation of striatal DA release have been
found thus far, the dense expression of this receptor subtype in neuronal circuits that regulate
striatal function suggests their involvement in PD (Quik et al., 2015b).

Work using cyclic voltammetry in striatal slices has shown that the control exerted by a4p2*
and a6p2* nAChRs on DA release is dependent on DA neuron firing frequency (Zhou et al.,
2001; Rice and Cragg, 2004; Zhang and Sulzer, 2004; Exley and Cragg, 2008; Zhang et al.,
2009; Perez et al., 2010; Perez and Quik, 2011). Interestingly, studies in 6-
hydroxydopamine-lesioned rodents show a dysregulation of DA release after nigrostriatal
damage such that release is less sensitive to DA neuron activity (Perez et al., 2010; Jennings
et al., 2015). Importantly, these impairments in DA release appear to be exacerbated by a
loss of NAChR activation. Paradoxically, pre-clinical and clinical studies to date do not
indicate that nAChR drugs consistently ease the motor deficits typically associated with
nigrostriatal damage despite their ability to sensitize DA receptor-mediated responses
(Gregorio et al., 2009; Quik et al., 2015a); However, multiple evidence outlined later in this
review suggest that nAChR drugs may ameliorate the dopaminergic imbalance contributing
to the development of LIDs in PD patients.

b. Changes in mAChR-mediated transmission after nigrostriatal DAergic damage

Muscarinic antagonists were among the first treatments for Parkinson’s disease, although
their use is limited by poor selectivity and side effects (Duvoisin, 1967; Katzenschlager et
al., 2003). Striatal DA depletion provokes a reduction in the efficacy of M4 auto-receptors
on Chls resulting in the self-disinhibition of acetylcholine release that contributes to the
hypercholinergic tone observed with DA depletion (Ding et al., 2006). In addition,
dysregulated striatal cholinergic transmission via M1 and M4 mAChRs has directly been
shown to contribute to the motor impairments observed with dopamine depletion (Ztaou et
al., 2016). These finding together with the recent development of drugs interacting with
allosteric sites in mMAChRs have led to interest in these receptors as novel therapeutics for
Parkinson’s disease and other disorders of the basal ganglia (Jeon et al., 2010; Hernandez-
Flores et al., 2015; Shen et al., 2015; Ztaou et al., 2016).

3. Role for the cholinergic system in LIDs

A motor complication commonly observed in PD patients arises from the use of the DA
precursor L-dopa, which is the main therapeutic agent used to treat the motor deficits
associated with the disease. L-dopa enhances synaptic DA transmission and thus alleviates
the dopaminergic deficit that arises with nigrostriatal damage. Although it still remains the
most effective treatment for the motor symptoms of PD, long-term L-dopa use leads to the
development of fluctuations in motor response (Quinn et al., 1982; Quinn, 1998). This side
effect includes unpredictable changes in mobility, a decrease in the duration of L-dopa
action and LIDs (Huot et al., 2013; Heumann et al., 2014; Bastide et al., 2015). LIDs are
abnormal involuntary movements that develop in the majority of patients within the first
decade of treatment and can be very debilitating (Ahlskog and Muenter, 2001; Huot et al.,
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2013; Schaeffer et al., 2014). Although both amantadine and deep brain stimulation help
reduce LIDs, both of these approaches are associated with complications that limit their
usefulness (Brotchie, 2010; Tambasco et al., 2012; Heumann et al., 2014; Merola et al.,
2014; Rizzone et al., 2014; Schaeffer et al., 2014). Thus, there is a need for novel anti-
dyskinetic drugs. To achieve this, studies in rodent and primate models of LIDs have been
widely used to broaden our understanding of the pathophysiology related to LIDs and
facilitate preclinical testing of novel therapeutics targets. We will focus on preclinical studies
highlighting the ability of cholinergic drugs to decrease LIDs in rodent and primate models.

LIDs are unquestionably linked to aberrant striatal MSN output arising from alterations in
D1 and D2 DA receptor signaling due to nigrostriatal damage and chronic L-dopa exposure
(Huot et al., 2013; Cenci, 2014; Bastide et al., 2015; Suarez et al., 2016). Multiple evidence
supports a stronger role for D1 MSNs in LIDs as studies show that D1 receptor agonists
promote dyskinesias and D1 receptor antagonists reduce them (Grondin et al., 1999; Taylor
et al., 2005; Delfino et al., 2007; Westin et al., 2007). Additionally, genetically modified
mice lacking D1 receptors do not develop LIDs and deletion of D3 receptors decreases LIDs
via targeting of D1 receptor-mediated signaling (Darmopil et al., 2009; Solis et al., 2015).
Accordingly, optogenetic stimulation of D1 MSN induces LIDs while inhibition of D1 MSN
activity via chemical ablation or chemogenetic approaches reduces them (Revy et al., 2014;
Engeln et al., 2016; Alcacer et al., 2017; Perez et al., 2017). Importantly, most molecular
markers associated with LIDs are expressed in D1 MSNs (Pavon et al., 2006). By contrast,
the contribution of D2 MSNs to LIDs is less clear. D2 receptor agonists produce only mild
or no dyskinesias in L-dopa-naive lesioned rodents. However, their administration leads to
more severe dyskinesia in L-dopa-primed animals as alterations in D2 receptor-mediated
signaling contribute to the D1 MSN modulation of LIDs (Grondin et al., 1999; Delfino et al.,
2007; Gold et al., 2007; Larramendy et al., 2008). In addition, D2 receptor antagonists
attenuate LIDs (Taylor et al., 2005; Lindgren et al., 2009). Thus, although D1 MSNs are
primary players in LIDs development, a role for D2 MSNs cannot be disregarded.

In addition, multiple other neurotransmitter systems contribute to the changes that lead to
LIDs development, including the cholinergic system (Quik and Wonnacott, 2011; Huot et
al., 2013; Bastide et al., 2015). Enhanced cholinergic tone and its facilitation of LTP with
DAergic loss is thought to be a contributing factor to LIDs development (Fino et al., 2007;
Salin et al., 2009; Cenci and Konradi, 2010; Nishijima et al., 2014; Tubert et al., 2016).
Work by Ding and colleagues showed that while acute L-dopa administration increases ERK
phosphorylation in MSNs, repeated exposure leads to a shift of ERK activation from MSNs
to Chls (Ding et al., 2011). This enhanced ERK activation leads to higher basal firing and
potentiated excitatory responses to DA in Chls concomitant with L1Ds expression (Ding et
al., 2011). Interestingly, pharmacological reduction of striatal cholinergic tone and ablation
of striatal Chls have both been shown to decrease LIDs (Ding et al., 2011; Won et al., 2014).
In addition, our recent optogenetic studies show that stimulation of Chls modulates LIDs
(Bordia et al., 2016) as discussed later in section 3c. Thus, converging evidence supports the
idea that enhanced cholinergic activity contributes to LIDs expression. As such, it has
become increasingly important to understand the involvement of NnAChR- and mAChR-
mediated transmission in LIDs with the aim of uncovering novel targets for treatment.
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a. NAChR drugs as therapeutic targets to ameliorate LIDs

Alterations in the nicotinic cholinergic system are implicated in the pathological events
leading to LIDs (Quik and Wonnacott, 2011; Huot et al., 2013; Schaeffer et al., 2014;
Bastide et al., 2015; Perez, 2015; Quik et al., 2015a). The first evidence for this came from
studies showing that long-term nicotine treatment decreased LIDs by ~50% in a cohort of
MPTP-treated primates (Quik et al., 2007) (Table 2). Additional studies in mice, rats and
primates have since shown that route of administration and treatment regimen (pre- vs post-
treatment) do not affect nicotine’s antidyskinetic effect (Bordia et al., 2008; Bordia et al.,
2010; Huang et al., 2011a; Huang et al., 2011b; Quik et al., 2012a; Bordia et al., 2013; Quik
et al., 2013a; Quik et al., 2013b; Quik et al., 2013c; Quik et al., 2013d; Bordia et al., 2015).
Further experiments with general NAChR agonists have yielded a similar reduction in LIDs
as nicotine treatment indicating that nAChRs mediate nicotine’s effect (Huang et al., 2011a;
Zhang et al., 2013) (Table 2). Interestingly, treatment with the general NAChR antagonist
mecamylamine also decreased LIDs to a similar extent as that observed with nAChR
agonists (Bordia et al., 2010) (Table 2). This suggests that long-term treatment with nAChR
agonists exerts its antidyskinetic effect via a receptor desensitization block. Altogether, the
preclinical evidence thus far indicates that nAChR compounds can interfere with LIDs
development and reduce existing LIDs. In fact, a small phase I/11 clinical trial by Neuraltus
Inc. has demonstrated the potential of oral nicotine treatment as a safe and well-tolerated
approach to improve dyskinesias in PD patients with LIDs (https://www.prnewswire.com/
news-releases/neuraltus-pharmaceuticals-reports-clinical-results-from-phase-12-np002-
study-in-the-treatment-of-dyskinesias-resulting-from-levodopa-therapy-for-parkinsons-
disease-111255279.html).

Several nAChR subtypes appear to be involved in the antidyskinetic effect of nicotine.
Studies in 6-OHDA-lesioned genetically modified mice have shown that nicotine reduces
LIDs via p2* and a7 nAChRs. Specifically, it appears that 32* nAChRs are required for the
appearance of LIDs as well as for the antidyskinetic effect of nicotine, with the relevant
receptors being the a4p2* and a6p2* nAChR subtypes (Huang et al., 2011b; Quik et al.,
2012a; Bordia et al., 2015). By contrast, studies with a7 nAChR null mice show that these
receptors partly suppress the occurrence of LIDs (Quik et al., 2013b). Altogether, these
findings suggested that nAChR subtype selective drugs may be beneficial therapeutic agents
for LIDs management.

Studies to determine the usefulness of NAChR drugs to reduce LIDs focused on p2*
nAChRs as these are the main subtype expressed in the nigrostriatal pathway. p2* nAChR
agonists such as A-85380, sazetidine, TC-2696, TI-10165, TC-8831, TC-10600, ABT-089
and ABT-894 decreased LIDs by 20-60% in dyskinetic rats and primates (Huang et al.,
2011a; Bordia et al., 2013; Johnston et al., 2013; Quik et al., 2013a; Zhang et al., 2013; Quik
etal., 2014; Zhang et al., 2014a) (Table 2). These drugs decreased LIDs severity in most
dyskinetic animals without worsening parkinsonism. Importantly, no tolerance developed
with any of the doses tested. Thus, drugs targeting the p2* nAChR subtype alone appear to
be a good therapeutic approach to decrease LIDs.

As mentioned earlier, nicotine also exerts its antidyskinetic effect via a7 nAChRs. Although
this receptor subtype is not densely expressed in the basal ganglia, it is widely expressed on
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other neuronal circuits that regulate basal ganglia function (Quik et al., 2015b). Therefore,
studies were carried out in monkeys to test the ability of the a.7 nAChR agonists AQW051,
ABT-107 and ABT-126 to modulate LIDs expression (Di Paolo et al., 2014; Zhang et al.,
2014b; Quik et al., 2015b; Zhang et al., 2015) (Table 2). Interestingly, ABT-107 and
ABT-126 decreased LIDs to the same extent as 2* nAChR agonists in moderately lesioned
animals (Table 2). In addition, co-administration of a7 and p2* nAChR agonists did not
increase the extent by which either type of drug alone decreases L1Ds suggesting they exert
their therapeutic effect through a common mechanism of action. Conversely, only a.7
nAChR drug treatment ameliorated LIDs in severely-lesioned animals (Zhang et al., 2015).
This is probably because p2* nAChRs are markedly reduced with severe nigrostriatal
damage while a7 nAChR expression is less affected due their neuronal localization.

Overall, the evidence thus far indicates that $2* and a7 nAChR agonists are effective to
alleviate LIDs. Thus, both classes of drugs may be promising antidyskinetic agents to test in
the clinical setting, with 2* nAChR drugs likely being more effective in the earlier stages
of the disease.

b. Involvement of mAChRs in LIDs

Non selective muscarinic receptor antagonism has been shown to decrease (Ding et al.,
2011) or not affect (Bordia et al., 2016) LIDs expression (Table 2). This discrepancy may be
due to differences in drug dosing or timing. This possibility is supported by studies showing
that the order of mAChR and DA receptor activation influences MSN activity (Hernandez-
Flores et al., 2015) which could in turn affect behavioral outcome. The non-selective nature
of the antagonists used in these studies may also contribute to their discrepant results. In
fact, more recent studies with selective antagonist show that enhanced M4 mAChR signaling
via positive allosteric modulators reduced LTP induction in D1 MSNs and decreased
dyskinesias (Shen et al., 2015) (Table 2). Importantly, the actions of M4 mAChRs may be
additive to enhance D1 MSN excitability or conversely oppose it depending on whether they
are activated before or after D1 receptors (Hernandez-Flores et al., 2015). This observation
may explain why a decrease in LIDs is reported with M4 PAMs (Shen et al., 2015) as well
as with muscarinic receptor blockade (Ding et al., 2011; Won et al., 2014).

c. Optogenetic and pharmacogenetic evidence demonstrating a role for striatal Chls and
cholinergic receptors in LIDs

The advent of optogenetics and chemogenetics has broadened our understanding of the role
of cholinergic interneurons in striatal function. For instance, studies have shown that
synchronous activation of Chls modulates DA release primarily via nAChRs and drives
GABA release from DA terminals (Cachope et al., 2012; Threlfell et al., 2012; Nelson et al.,
2014a; Nelson et al., 2014b; Wang et al., 2014). In addition, striatal Chl firing drives
spontaneous muscarinic activation in MSNs (Mamaligas and Ford, 2016). With respect to
LIDs, our ongoing work using ChAT-cre mice expressing channelrhodopsin in striatal Chls
shows that selective striatal cholinergic activation regulates LIDs expression in L-dopa-
treated 6-OHDA lesioned mice (Bordia et al., 2016). Specifically, prolonged optical Chl
stimulation decreased LIDs to a similar extent as that previously observed with nicotine and
nAChR antagonist treatment (Fig. 1) (Bordia et al., 2008; Bordia et al., 2010; Bordia et al.,
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2016). This observation supports the hypothesis that striatal NAChR desensitization
underlies nicotine’s antidyskinetic effect as prolonged Chl stimulation may result in a
relatively large release of acetylcholine that induces nNAChR desensitization similar to that
observed with nicotine exposure (Mamaligas et al., 2016). Importantly, the effect of optical
stimulation was prevented by pre-treatment with the general nAChR antagonist
mecamylamine, further implicating an involvement for nAChRs (Bordia et al., 2016). In
addition, the decrease in LIDs with optical stimulation was associated with an increase in c-
Fos* ChAT neurons but decreases in c-Fos™ non-ChAT neurons, indicating a role for this
immediate early gene (Bordia et al., 2016).

In regard to the involvement of mMAChRs in LIDs regulation, our optogenetic work thus far
indicates that non-selective mAChR activation facilitates LIDs. This is based on our data
showing that short optical stimulation of Chls increases LIDs via an interaction at mAChRs
(Bordia et al., 2016). Interestingly, short pulse durations enhanced LIDs in L-dopa-primed
dyskinetic as well as non-dyskinetic mice (Bordia et al., 2016). Recent pharmacogenetic
studies in lesioned ChAT-Cre rats expressing excitatory designer receptors exclusively
activated by designer drugs (DREADD) have also shown that striatal Chl activation
potentiates the therapeutic effect of L-dopa. However, it aggravates LIDs and D2 agonist-
induced dyskinesias without affecting D1 agonist-induced dyskinesias (Aldrin-Kirk et al.,
2018). The authors conclude the increase in LIDs with Chl activation arises from muscarinic
signaling in MSNs and pre-synaptic glutamatergic terminals (Aldrin-Kirk et al., 2018).

Overall, these data provide further evidence for the importance of striatal Chls in LIDs
development and expression. Further studies of how the nicotinic cholinergic system, and
specifically nAChR agonist treatment, modulates Chl activity and cholinergic receptor
function are critical for the development of novel therapies for PD management.

4. Concluding remarks

Striatal Chls regulate striatal activity and play an essential role in basal ganglia function.
Thus, advancing our understanding of the alterations that occur in cholinergic signaling in
disorders such as LIDs is critical for the development of novel tools that will allow for
pharmacological manipulation of cholinergic transmission. Specifically, drugs targeting
various NAChR subtypes such the p2* and a7 nAChRs as well as M4 mAChRs appear to be
effective interventions to regulate cholinergic transmission and provide some relief for basal
ganglia disorders such as dyskinesias.
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Fig. 1.

Ni?:otine, mecamylamine and striatal cholinergic stimulation similarly decrease L-dopa-
induced AlMs. Four groups of mice were rendered parkinsonian by unilateral intracranial
injection of 6-OHDA and treated with L-dopa until stably dyskinetic as previously (Huang et
al., 2011b; Quik et al., 2013a; Quik et al., 2013b; Bordia et al., 2015). Briefly, one group of
mice received vehicle treatment while the mice in the nicotinic drug treatment groups were
chronically exposed to nicotine (Nic, drinking water for at least 1 month) or injected with
the nAChR blocker mecamylamine (Meca, sc, 30 min before L-dopa), and rated for L-dopa-
induced AlMs. To directly asses the role for striatal cholinergic interneurons, ChAT-Cre
mice expressing channelrhodopsin were optically stimulated (Stim) >20 ms pulses every 0.5
s for the whole 2 h of L-dopa time course. All three treatment conditions reduced AIMs to a
similar extent. Prolonged cholinergic interneuron stimulation results in a relatively large
release of acetylcholine that induces nAChR desensitization and a subsequent decrease in
nAChR-mediated function similar to that observed with long-term nicotine exposure and
mecamylamine. Thus. these combined data support the hypothesis that decreasing nAChR-
mediated signaling alleviates LIDs.
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Table 1
Striatal nAChR and mAChR subtypes
Receptor subtype Striatal location References
mAChRs
(Bernard et al., 1992; Hersch et al., 1994; Koos and Tepper, 2002; Perez-Rosello
M1 D1 and D2 MSNs, GABAergic et al., 2005; Ding et al., 2006; Wang et al., 2006; Ding et al., 2010; Jeon et al.,
interneurons 2010; Goldberg et al., 2012; Kuroiwa et al., 2012; Hernandez-Flores et al.,
2015)
Cholinergic interneurons, . . .
M2 glutamatergic terminals (Bernard et al., 1992; Hersch et al., 1994; Yan and Surmeier, 1996)
M3 DA terminals, glutamatergic (Zhang et al., 2002; Goldberg et al., 2012; Kuroiwa et al., 2012; Foster et al.,
terminals, GABAergic interneurons 2014)
M4 Cholinergic interneurons, D1 MSNs g%ig;ard etal., 1992; Hersch et al., 1994; Yan and Surmeier, 1996; Jeon et al.,
M5 DA terminals (Zhang et al., 2002; Kuroiwa et al., 2012; Foster et al., 2014)
nAChRs

ad(non a6)p2*

a6p2*

a’

GABAergic interneurons, DA and 5-
HT terminals

DA terminals

Glutamatergic terminals

(Takahashi et al., 1998; Champtiaux et al., 2003; Livingstone and Wonnacott,
2009; Quik and Wonnacott, 2011)

(Quik et al., 2003; McCallum et al., 2005; Bordia et al., 2007; Perez et al., 2010;
Perez and Quik, 2011; Quik and Wonnacott, 2011)

(Kaiser and Wonnacott, 2000; Livingstone and Wonnacott, 2009)
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Nicotinic and muscarinic cholinergic receptor drugs decrease LIDs in parkinsonian rats, mice or monkeys

Receptor subtype Receptor subtype Drug Declinein LIDs Reference
(Quik et al., 2007; Bordia et al., 2008;

Nicotine ~35-60% Bordia et al., 2010; Quik et al., 2013d;

Nonselective agonist Bordia et al., 2016)
Varenicline ~10-50% (Huang et al., 2011a; Zhang et al., 2013)
ABT-089 ~50% (Zhang et al., 2014a)
ABT-894 ~60% (Zhang et al., 2014a)
AZD1446 ~30% (Mather et al., 2014)

B2* selective agonist Sazetidine ~23% (Quik et al., 2013a)

nAChRs TC2696 ~30% (Quik et al., 2013a)
) o (Johnston et al., 2013; Quik et al., 2013a;

TC-8831 25-50% Zhang et al., 2013)
TC-10600 ~30% (Quik et al., 2013a)
ABT-107 ~60% (Zhang et al., 2014b)

a7 selective agonist ABT-126 ~60% (Zhang et al., 2015)
AQWO051 ~60% (Di Paolo et al., 2014)

B2* nonselective antagonist  Mecamylamine (Bordia et al., 2010; Bordia et al., 2016)
Dicyclomine 60% (Ding et al., 2011)

Nonselective antagonist

mAChRs Atropine No effect (Bordia et al., 2016)
M4 PAM VUO0467154, VU0476406  20-65% (Shen et al., 2015)
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