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Introduction

Dopaminergic neurons in the substantia nigra pars compacta and ventral
tegmental area of the midbrain form the nigrostriatal and mesocorticolimbic
dopaminergic pathways that, respectively, project to dorsal and ventral stria-
tum (including prefrontal cortex). These midbrain dopaminergic nuclei and
their respective forebrain and cortical target areas are well established as serv-
ing a critical role in mediating voluntary motor control, as evidenced in Parkin-
son’s disease, and incentive-motivated behaviors and cognitive functions,
as exhibited in drug addiction and schizophrenia, respectively. Although it
cannot be disputed that excitatory and inhibitory amino acid-based neuro-
transmitters, such as glutamate and GABA, play a vital role in modulating
activity of midbrain dopaminergic neurons, recent evidence suggests that
acetylcholine may be as important in regulating dopaminergic transmission.
Midbrain dopaminergic cell tonic and phasic activity is closely dependent upon
projections from hindbrain pedunculopontine and the laterodorsal tegmental
nuclei, which comprises the only known cholinergic inputs to these neurons.
In close coordination with glutamatergic and GABAergic activity, these exci-
tatory cholinergic projections activate nicotinic and muscarinic acetylcholine
receptors within the substantia nigra and ventral tegmental area to modulate
dopamine transmission in the dorsal/ventral striatum and prefrontal cortex.
Additionally, acetylcholine-containing interneurons in the striatum also con-
stitute an important neural substrate to provide further cholinergic modulation
of forebrain striatal dopaminergic transmission. In this review, we examine
neurological and psychopathological conditions associated with dysfunctions
in the interaction of acetylcholine and dopamine and conventional and new
pharmacological approaches to treat these disorders.

triatal DA neurons is known to be the major neuropatho-
logical characteristic of Parkinson’s disease [5], while psy-
chopathological conditions such as drug addiction [6] and

Two major dopaminergic (DA) systems in the central ner-
vous system are comprised of the nigrostriatal system
with dopamine-containing cell bodies in the substantia
nigra pars compacta (SNc) of the midbrain that project
predominantly to the caudate-putamen in primates (re-
ferred to as the dorsal striatum in lower vertebrates,
such as the rat), and the mesocorticolimbic system with
dopamine-containing cell bodies originating in the ven-
tral tegmental area (VTA) of the midbrain and project-
ing to limbic structures, such as the nucleus accumbens
(NAc), hippocampus, amygdala, and medial prefrontal
cortex (mPFC) [1-4]. Progressive degeneration of nigros-
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schizophrenia [7] have been associated with aberrant al-
terations in the activity of DA neurons in the mesocor-
ticolimbic system. Normal basal and phasic activity of
these DA neuronal systems appear to be critically depen-
dent upon the only known cholinergic projections to DA
cells in the midbrain that arise from several acetylcholine
(ACh)-rich nuclei within the pons region of the hind-
brain, particularly the laterodorsal (LDT) and peduncu-
lopontine (PPT) tegmental nuclei. Furthermore, the cel-
lular make-up of the striatum includes ACh-containing

interneurons, which also constitute an additional
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neural substrate for dopamine-ACh interactions and
serve as modulators of the striatal output necessary for
production of fluid voluntary movements.

Cholinergic activation of neuronal elements in the CNS
is mediated by two types of receptors, metabotropic mus-
carinic ACh receptors (mAChRs) and ionotropic nicotinic
ACh receptors (nAChRs). Activation of mAChRs results
in a slower, but potentially more sustained response [8].
Molecular cloning has identified five mAChR subtypes,
including M1-like (M1, M3, and M5) receptors, selec-
tively linked to G4 proteins which decrease potassium
conductance upon activation, and M2-like (M2 and M4)
receptors, coupled to G; proteins that increase potassium
conductance upon activation [9-11]. Thus, the activa-
tion of mAChRs has interestingly been shown to result
in both excitation and inhibition of DA activity in the
basal ganglia [12,13], suggesting a complex modulatory
role of mAChRs involving numerous subtypes at multi-
ple levels of the nigrostriatal and mesocorticolimbic DA
systems. Conversely, operating as ligand-gated ion chan-
nels, nAChRs consist of different combinations of five o
and B protein subunits, but also include a homomeric o7
subtype. The roles of nAChRs in the brain are diverse,
but in general activation of nAChRs, which are com-
monly located presynaptically, results in a rapid increase
in sodium and/or calcium channel conductance, which
stimulates central neuronal activity and neurotransmitter
release [14].

Preclinical and clinical evidence indicates that DA and
cholinergic systems operate in a dynamic balance, with
disruptions often leading to neurological, psychiatric, and
drug-addictive disorders. Restoration of the balance be-
tween these two and other neurotransmitter systems
has been and remains the main approach for treating
such disorders and ameliorating the associated symp-
toms. Thus, the present review discusses the choliner-
gic influence on DA systems via the modulatory roles
of mAChRs and nAChRs, as well as, pharmaceutical ap-
proaches aimed at targeting cholinergic-DA interactions
to alleviate the symptoms of neuropsychiatric disorders.

Nigrostriatal Dopaminergic System

Stimulation of dopamine-containing cells in the SNc elic-
its fast excitatory responses in striatal neurons [15], while
6-OHDA lesions of these SNc cells reduce basal levels
of extracellular striatal dopamine concentrations [16].
In addition, dopamine content in the striatum is posi-
tively correlated with the degree of DA cell loss in the
SNc, with a 95% loss in striatal dopamine content lead-
ing to the greatest reduction in basal dopamine release
[17]. Dopamine transmission in the striatum is most com-
monly associated with voluntary movements [e.g.,18]
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and has been linked to the selection and initiation of con-
textually appropriate motor patterns [19,20]. Reduced
dopamine in the striatum is associated with motor symp-
toms of Parkinson’s disease such as difficulty initiating
and terminating movements, gait impairments, and mus-
cular rigidity [21-23], whereas excess dopamine release
in the striatum can lead to functional motor dysfunctions
such as stereotypy, with the degree of intensity of stereo-
typical behaviors being positively correlated with striatal
dopamine release [24].

The neurons of the striatum project to the internal
segment of the globus pallidus (GPi) and the substan-
tia nigra pars reticulata (SNr) via two pathways, a di-
rect (monosynaptic) connection and an indirect path-
way through the external segment of the globus pallidus
(GPe) and subthalamic nucleus (STN) (Figure 1). Stri-
atal neurons in the direct pathway utilize D1 receptors,
whereas those in the indirect pathway utilize D2 recep-
tors [25]. Activation of D1 receptors stimulates adenylate
cyclase activity, thus activating the GABAergic substance
P-containing medium spiny output neurons, whereas ac-
tivation of D2 receptors inhibits adenylate cyclase, thus
inhibiting GABAergic enkephalin-containing output neu-
rons [26]. Thus, the direct (via D1) and indirect (via D2)
pathways have opposing actions, but may reach the same
net outcome of activating motor regions of the cortex.
For example, activation of D1 receptors in the direct stri-
atal GABAergic pathway leads to inhibition of GPi/SNr
inhibitory GABAergic projections to the thalamus, subse-
quently increasing activity in the thalamus that, in turn,
excites motor areas in the cortex [26-28]. Alternatively,
activation of D2 receptors in the indirect pathway inhibits
striatal inhibitory GABAergic neurons, resulting in disin-
hibition (excitation) of GPe inhibitory GABAergic neu-
rons that project to the STN. As a consequence, decreased
activity of the STN excitatory glutamatergic neurons that
innervate the GPi/SNr, GPe, and SNc leads to less in-
hibitory drive of these nuclei to the thalamus, thereby
indirectly increasing excitation of the motor areas in the
cortex [26-28]. In sum, the net effect of striatal dopamine
release from the nigrostriatal pathway increases thalamo-
cortical activity via direct or indirect reduction of GPi/SNr
activity consequently facilitating voluntary movements.

Mesopontine Cholinergic Modulation of
the Nigrostriatal Dopaminergic System

Modulation of Striatal Dopamine Release by
Activation of Cholinergic Receptors in the PPT

The mesopontine cholinergic system arises from neu-
rons located in the LDT and PPT of the hindbrain. The
PPT consists of a diffuse group of ACh-containing, as
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Cerebral Cortex

Figure 1 Simplified thalamocortical basal ganglia circuitry depicting the
innervation of the striatum by the nigrostriatal DA system and mediation
of excitatory and inhibitory influence, via dopamine D1-like (D1/D5) and
D2-like (D2/D3/D4) receptors and acetylcholine (ACh) muscarinic M1-like
(M1/3/5) and M2-like (M2/4) receptors, of direct and indirect GABAergic
striatal output pathways to the globus pallidus internus/substantia nigra
reticulata (GPi/SNr), respectively. Note that the direct GABAergic striatal
output pathway contains both M1 and M2 receptors, whereas the indi-
rect pathway has primarily M1 receptors [29]. Presynaptic nicotinic re-
ceptors (N), of subtypesincluding «4p2*, «682*, and ada6823*, may
also modulate striatal dopamine release, as well as glutamate release
via presynaptic «7 nicotinic and M1 (likely M3) muscarinic receptors [30].
Nigrostriatal dopamine may also interact with striatal cholinergic interneu-
rons, via dopamine D1- and D2-like receptors, to mediate the co-release
of adenosine triphosphate (ATP) and adenosine (ADO) to act on A1 and
A2A receptors on direct and indirect GABAergic striatal output pathways,
respectively. GABA: y-aminobutyric acid; Glu: glutamate; GPe: globus pal-
lidus externus; Enk: enkephalin; SP: substance P; STN: subthalamic nu-
cleus; Thal: thalamus. “+” and “~" depicts the excitatory and inhibitory
influence of each receptor subtype on the activity of the dopaminergic.

well as noncholinergic, neurons that surround ascend-
ing fibers of the superior cerebellar peduncle and stretch
from the dorsal pons to the ventral midbrain. The LDT
is a smaller cluster of 70% cholinergic neurons that lies
in the floor of the fourth ventricle, just medial to the
most caudal PPT neurons. Although the neuronal pop-
ulations of the LDT and PPT may appear anatomically
to form a continuous column, the two nuclei are con-
sidered distinct due to their differences in efferent and
afferent innervations [31-34]. Most significantly, these
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mesopontine nuclei represent the only known choliner-
gic projections to midbrain DA cells [35]. The choliner-
gic neurons of the PPT also project to basal ganglia nu-
clei, such as the STN and GPi (entopeduncular nucleus
in rats) [31,34,36-38], suggesting a functional involve-
ment of the PPT in sensorimotor-related activities of the
striatum.

In vivo electrochemistry studies have shown that elec-
trical and chemical stimulation of the PPT enhances
dopamine release in the rat striatum [39,40]. As such,
mAChRs located within the PPT have been implicated
in the inhibition of striatal dopamine release. Intra-
PPT infusions of the nonselective mAChR antagonist
scopolamine enhances striatal dopamine release and
dopamine-dependent behaviors such as locomotion and
stereotypy; both of which can be blocked by the choliner-
gic agonist carbachol infused into the PPT [41,42]. These
mAChRs are most likely autoreceptors of the M2 fam-
ily as M2 receptors have been localized presynaptically
on PPT cholinergic neurons [43,44], and intra-PPT infu-
sion of the M2/4 selective mAChR antagonist methoc-
tramine has been shown to enhance striatal dopamine
release [40]. Activation of M2-like mAChRs in the PPT
results in hyperpolarization of mesopontine cholinergic
cells [45,46] and a net decrease in excitation to SNc DA
cells resulting in lowered extracellular levels of striatal
dopamine [39]. Therefore, M2-like mAChRs are thought
to function as cholinergic autoreceptors involved in feed-
back inhibition at the level of PPT cholinergic cells, serv-
ing as regulators of information received by the PPT.

Modulation of Striatal Dopamine Release by
Activation of Projections from the PPT

Activation of PPT cholinergic neurons could evoke striatal
dopamine release through both direct and indirect neu-
ronal circuits, as given in Figure 2. Excitatory cholinergic
inputs, including glutamatergic inputs, from the PPT di-
rectly project to dopamine-containing cell bodies in the
SNc [31,34,39,47,48]. Electrical and chemical (GABA-A
antagonist bicuculline) activation of the PPT elicits burst-
firing in SNc DA cells [49,50], a physiological effect that
is critically dependant on an intact functional choliner-
gic input. Indeed, Kitai et al. [51] have shown that SNc
DA cells in slice preparations only exhibit burst firing in
the presence of bath applied cholinergic agonists. Previ-
ous work from our lab using in vivo chronoamperometry
has shown that PPT stimulation elicits striatal dopamine
release, in which an initial rapid increase in dopamine
release was blocked by a combination of intra-SNc in-
fusions of nAChR and ionotropic glutamatergic receptor
(iGluR) antagonists and a delayed, prolonged increase
in striatal dopamine release was selectively blocked by
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Figure 2 Simplified basal ganglia circuitry depicting direct innervation of
dopaminergic cells in the substantia nigra compacta (SNc) by the choliner-
gicand glutamatergic neurons in the pedunculopontine tegmental nucleus
(PPT) and indirect innervation of the SNc via glutamatergic neurons in the
STN. SNr: substantia nigra reticulata; GPi: globus pallidus internus; GPe:
globus pallidus externus. The direct GABAergic pathway from striatum to
SNr/GPi has been omitted for clarity.

mAChR antagonists infused into the SNc [39]. However,
in addition to direct cholinergic activational inputs to
SNc DA cells, the PPT may also activate DA cells to en-
hance striatal dopamine release via indirect PPT choliner-
gic/glutamatergic inputs to excitatory glutamatergic neu-
rons in the STN that, in turn, innervate SNc DA cells
(Figure 2) [36,52].

Although the neurochemical functional nature of the
PPT-STN-SNc circuitry has received less attention com-
pared to the PPT-SNc projection, electrical stimulation
of the PPT has been shown to activate STN neurons
via cholinergic and glutamatergic projections [38,53,54].
Thus, in order to determine the role of the STN in the
release of striatal dopamine following PPT stimulation,
as well as the overall contribution of STN mAChR and
nAChR activation, we used in vivo fixed potential amper-
ometry to record dopamine release in the striatum of ure-
thane anesthetized male mice while stimulating the PPT
before and during a 1.0 uL intra-STN infusion of the lo-
cal anaesthetic lidocaine (4%) or a combination of the
mAChR antagonist scopolamine (1.0 ug) and the nAChR
antagonist mecamylamine (1.0 ug).

As shown in Figure 3, these studies involved stereotac-
tic placement of a concentric bipolar stimulating electrode
unilaterally into the PPT and a 31 g stainless-steel guide
infusion cannula implanted ipsilateral into the STN, with
the tip of the guide cannula positioned 1 mm above site.
To complete the electrometer circuit, an Ag/AgCl refer-
ence and stainless-steel auxiliary electrode combination
was placed in surface contact with contralateral cortical
tissue approximately 2.0 mm posterior to bregma, and
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a carbon fiber recording microelectrode with an active
recording surface of 250 um (length) by 10 um (0.d.) was
then implanted ipsilateral into the dorsomedial striatum.

Fixed potential amperometry coupled with carbon
fiber microelectrodes has been confirmed as a valid
technique for real-time monitoring of striatal dopamine
oxidation current evoked by brief electrical stimula-
tion of ascending nigrostriatal DA projections to the
striatum and afferent inputs to the SNc [39,56,57].
Mean changes in dopamine oxidation current, corre-
sponding to stimulation-evoked dopamine release, were
converted to mean dopamine concentrations (uM) by
post-experiment in vitro calibration of the carbon fiber
electrode in solutions of dopamine (2-10 uM) using a
flow injection system [58]. For each animal, changes in
stimulation-evoked dopamine concentration after infu-
sion were expressed as mean percent changes with re-
spect to pre-infusion baseline responses (100%).

Using the same procedures for microinfusions as in our
previously published studies [40,57], intra-STN infusions
of 1.0 uL of sterile phosphate-buftfered saline (PBS, pH ~
7.4) in a separate group of mice did not significantly al-
ter striatal dopamine release evoked by PPT stimulation
(n = 4; —4.34 + 3.3%, P > 0.05; Figure 4). Thus, the
observed drug effects were not attributed to nonspecific
effects of the infusion procedure. In contrast, compared
to pre-infusion baseline levels, intra-STN lidocaine in-
fusions significantly attenuated PPT stimulation-evoked
striatal dopamine release (n = 4; —49.95 + 7.7%, P <
0.05; Figure 4), as well as intra-STN infusion of a com-
bination of the mAChR antagonist scopolamine and the
nAChR antagonist mecamylamine (n =4; —25.8 £ 3.4%,
P < 0.05; Figure 4) with the peak decreases occurring
2 min postinfusion. Thus, PPT stimulation-evoked stri-
atal dopamine release is significantly dependent upon
activation of glutamatergic STN cells that project to the
SNc as seen by a 50% decrease in PPT stimulation-
evoked striatal dopamine release following intra-STN li-
docaine. These data have not been previously published.
Additional studies examining the effects of GIuR antag-
onists infused into the STN during PPT stimulation ac-
counted for the remaining ~24% of PPT excitatory input
to the STN (data not shown). These findings highlight
the importance of excitatory cholinergic, including glu-
tamatergic, projections from the PPT to the STN in PPT
stimulation-evoked striatal dopamine release as they ac-
counted for at least a quarter each of dopamine release in
the striatum following PPT stimulation. Altogether, these
studies suggest that STN AChRs and GluRs are equally
involved in mediating excitatory cholinergic and gluta-
matergic inputs arising from the PPT.

The use of a combination of broad-spectrum mAChR
and nAChR antagonists in this study prevented

CNS Neuroscience & Therapeutics 16 (2010) 137-162 © 2010 Blackwell Publishing Ltd
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Figure 3 Schematic diagram ofthe mouse brainillustrating a typical setup
for in vivo fixed potential amperometric recording of striatal dopamine
release in mice (C57BL/6J mice, Jackson Labs.) evoked by electrical stim-
ulation (20 pulses of 0.5 ms duration cathodal monophasic constant cur-
rent pulses at 50 Hz applied every 30 sec at 800 nA). A carbon fiber
microelectrode (Thornel Type P, Union Carbide) is positioned in the dor-
somedial striatum, an Ag/AgCl reference and stainless-steel auxiliary elec-
trode combination is placed in contact with contralateral cortical tissue,
a concentric bipolar stimulating electrode (SNE-100; Rhodes Medical Co.)
is implanted into the pedunculopontine tegmental nucleus (PPT), and a

identification of the specific mAChR and nAChR sub-
types utilized by PPT afferents to the STN. Choliner-
gic agonists such as carbachol have been shown to
excite STN neurons [59], however, nAChR agonists
alone had no apparent effect on neuronal cell activity
in the STN [60]. Furthermore, the mAChR antagonist
scopolamine, but not the nAChR antagonist mecamy-
lamine, have been shown to block ACh-evoked STN
cell excitations [60]; thus, it may be postulated that
STN AChRs are primarily muscarinic. M3 mAChR sub-
type, in particular, are prominently expressed in the
STN [61], and Shen and Johnson [62] found that the
mAChR agonist muscarine reduced the amplitude of
GABA inhibitory postsynaptic currents, while the effect
was blocked by the nonsubtype specific mAChR antag-
onist scopolamine as well as the M3 specific mAChR
antagonist 4-diphenylacetoxy-N-methylpiperidine me-
thiodide (4-DAMP). These investigators concluded that

CNS Neuroscience & Therapeutics 16 (2010) 137-162 © 2010 Blackwell Publishing Ltd
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stainless-steel guide cannula is placed in the STN for microinfusions of
the axonal blocker lidocaine, nNAChR, or mAChR antagonists. Coordinates
(in mm) for the PPT, STN guide cannula, and striatum were (AP —4.7,
—2.0, +1.4 from bregma, ML +1.25, +1.6, +1.4 from midline, and DV
—2.7,-3.0, —2.5from dura), respectively. In other studies examining STN
stimulation and intra-substantia nigra (SN) microinfusions described later,
coordinates corresponded to (in mm) (AP —2.0, —3.1 from bregma, ML
+1.6, +1.35 from midline, and DV —4.0, —2.8 from dura), respectively
[55]. Black, light gray, and dark gray neuronal pathways correspond to
glutamatergic, cholinergic, and dopaminergic neurons.

muscarinic agonists in the STN act at presynaptic M3
mAChRs on GABA afferents, causing disinhibition (exci-
tation) of STN neurons, thereby permitting afferents from
the PPT to have a greater excitatory influence on STN
output. Thus, STN mAChRs, particularly of the M3 sub-
type, may be involved in the indirect activation of SNc
DA cells via PPT-STN-SNc¢ pathways [62].

Modulation of Striatal Dopamine Release by
Activation of Afferent Projections to the PPT

Clearly, direct stimulation of the PPT elicits dopamine re-
lease in the striatum. However, less is known about af-
ferent projections to the PPT and the mechanisms driving
them. Similarly, stimulation of the STN has been shown
to generate striatal dopamine release [63], but the extent
to which the PPT is mediating STN-evoked dopamine re-
lease or the contribution of mAChRs and nAChRs located
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Figure 4 Meanamperometricrecordings of dopamine release in the stria-
tum evoked by electrical stimulation of the pedunculopontine tegmental
nucleus (A) and corresponding mean peak percentages (B). Profiles il-
lustrate mean peak effects in response to STN microinfusions of PBS,
the local anaesthetic lidocaine, or a combination of the muscarinic acetyl-

on SNc DA neurons remains unknown. To address these
issues, in a similar fashion as described above we used
in vivo fixed potential amperometry to record dopamine
release in the striatum of urethane anesthetized male
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choline receptor (MAChR) antagonist scopolamine (scop) and the nicotinic
acetylcholine receptor (nAChR) antagonist mecamylamine (mec) (A). Time
zero indicates the start of the train of 20 pulses at 50 Hz. "Significant
change in striatal dopamine concentration after the infusion compared to
pre-infusion baseline responses (100%).

mice while stimulating the STN before and during intra-
SNc 1.0 uL infusions of the mAChR antagonist scopo-
lamine (1.0 ng) or the nAChR antagonist mecamylamine
(1.0 png).

CNS Neuroscience & Therapeutics 16 (2010) 137-162 © 2010 Blackwell Publishing Ltd
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Figure 5 Mean amperometric recordings of dopamine release in the
striatum evoked by electrical stimulation of the STN (A) and correspond-
ing mean peak percentages (B). Profiles illustrate mean peak effects in
response to substantia nigra pars compacta (SNc) microinfusions of PBS,

Intra-SNc infusions of 1.0 4L of PBS (pH ~7.4) in a
separate group of mice did not significantly alter stri-
atal dopamine release evoked by stimulation of the STN
(n =4; —5.0 £ 3.4%, P > 0.05; Figure 5) again con-

CNS Neuroscience & Therapeutics 16 (2010) 137-162 © 2010 Blackwell Publishing Ltd

the mAChR antagonist scopolamine, or the nAChR antagonist mecamy-
lamine (A). Time zero indicates the start of the train of 20 pulses at 50 Hz.
*Significant change in striatal dopamine concentration after the infusion
compared to pre-infusion baseline responses (100%).

firming that the observed drug effects were not attributed
to nonspecific effects of the infusion procedure. In con-
trast, compared to pre-infusion baseline levels, intra-SNc
infusions of the mAChR antagonist scopolamine or the
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nAChR antagonist mecamylamine significantly attenu-
ated STN stimulation-evoked striatal dopamine release
(n = 4/drug; —27.9 £ 4.8% and —28.2 £ 5.4%, respec-
tively; P < 0.05; Figure 5) with peak decreases occurring
2 min postinfusion. Together with evidence that phar-
macological activation of mAChRs and/or nAChRs in the
SNc stimulates DA neuronal activity and dopamine re-
lease in the striatum [39,64], the present results suggest
that excitatory cholinergic inputs arising from the PPT
and activating both mAChRs and nAChRs in the SNc ac-
count for at least 60% of the excitatory drive of the STN
on SNc DA activity, with the balance likely mediated by
both direct (STN-SNc¢) and indirect (STN-PPT-SNc) gluta-
matergic inputs (unpublished results).

The use of broad-spectrum mAChR and nAChR antag-
onists in this additional study also did not permit identi-
fication of the specific mAChR and nAChR subtypes uti-
lized by PPT afferents to the SNc. However, muscarine
excitation of midbrain DA neurons has been shown to be
mediated by M1-like receptors [64], and given that rela-
tively high expression levels of mRNA for the M5 mAChR
subtype in the SNc and the finding that the M5 subtype
is the only mAChR to be definitively localized on SNc DA
cells [65,66], SNc mAChRs of the M5 subtype are thought
to be involved in the release of striatal dopamine follow-
ing PPT stimulation [39]. Nicotine administered locally
into the SNc increases the firing of SNc DA neurons and
enhances concentrations of dopamine metabolites in the
striatum [67,68]. Several nAChR subunits, such as a3 to
a7 and B2 to 3, have been shown to be present in the
SNc [69-73]. In particular, cholinergic inputs from the
PPT may enhance nigrostriatal DA transmission via acti-
vation of 482 and a7 nAChRs localized on DA cells in
the SNc [30].

Striatal Cholinergic Modulation of the
Nigrostriatal Dopaminergic System

Cholinergic projections from the PPT do not provide the
only means by which ACh interacts with the nigrostri-
atal DA system. The striatum, with its intrinsic cholinergic
and extrinsic DA innervation, is heavily dependent upon
functional ACh—dopamine interactions. The majority of
neurons within the striatum are spiny GABAergic pro-
jection neurons, with 2% of striatal neurons being large
cholinergic interneurons and the rest being GABAergic
interneurons [19,74]. Although few in number, cholin-
ergic interneurons have large, dense axonal arbours [14]
and are noted as autonomous pacemakers, given their
ability to spike in the absence of synaptic input activ-
ity. For this reason they are often referred to as “toni-
cally active neurons” [75]. Together with their broad ax-
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onal terminal fields, the ongoing tonic activity of cholin-
ergic interneurons translates to tonic ACh release, con-
tinuously activating mAChRs and nAChRs throughout
the striatum [14,76]. In the striatum, ACh regulates its
own release via muscarinic autoreceptors on cholinergic
interneurons. Endogenous ACh and mAChR agonists re-
duce ACh release in the striatum, most likely through ac-
tivation of M2 and/or M4 mAChRs [77,78], which are
present on the somatodendritic areas as well as the axon
terminals of striatal cholinergic interneurons [79,80]. In
addition, the relatively selective M2-like mAChR antago-
nist AF-DX 116 has been found to enhance ACh release
in the striatum, most likely through blockade of autoin-
hibition [81]. Release of ACh from cholinergic interneu-
ronal activity is also modulated by dopamine. Striatal
cholinergic interneurons contain D2 receptors, in both
the short (typically presynaptic autoreceptor) and long
(most often found postsynaptically) isoforms, as well as
D5 receptors, which are mainly in the somatodendritic
areas [14,82,83]. D1-like, most likely D5, receptor activa-
tion in the striatum leads to a depolarization of choliner-
gic interneurons and ACh release [84,85]. However, acti-
vation of D2 receptors on these interneurons inhibits the
autonomous spiking and subsequently decreases release
of ACh in the striatum [86].

Acetylcholine release in the striatum via cholinergic in-
terneurons is known to modulate striatal dopamine re-
lease via striatal mAChRs and nAChRs. Acetylcholine ac-
tivation of mAChRs facilitates dopamine release in the
striatum [12,87,88]. Although all subtypes of mAChRs
(M1-M5) are located within the striatum, the limited re-
ceptor subtype selectivity of mAChR agonists and antag-
onists has led to some conflicting results regarding the
specific mAChR subtypes involved in modulating stri-
atal dopamine release [80,89]. Using genetically altered
mice lacking functional M1-M5 mAChRs, Zhang and
colleagues [80] found that the lack of M1 or M2 recep-
tors had no effect on striatal dopamine release. How-
ever, the lack of M4 and M5 receptors significantly re-
duced striatal dopamine release, whereas the lack of
M3 receptors significantly increased dopamine release in
the striatum. These findings suggest indicate that M4
and M5 mAChR activation facilitates striatal dopamine
release, but stimulation of M3 receptors inhibits such
release [80]. The neuronal location of these mAChR sub-
types determines their influence on striatal dopamine
activity. M4 receptors are abundantly expressed on cell
bodies of medium spiny GABAergic projection neurons
comprising the direct pathway (Figure 1) [90,91]. Ac-
tivation of these M4 mAChRs inhibits GABA release
in the striatum, perhaps mediated by collaterals of stri-
atal GABAergic neurons [80,92,93], subsequently result-
ing in reduced GABA, receptor-mediated inhibition of
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dopamine release from striatal DA nerve terminals [94].
mRNA for the M5 mAChR is found exclusively in SNc¢
DA cells, allowing for expression of M5 receptors in both
dopamine-containing cell bodies in the SNc and nerve
terminals in the striatum [65]. Thus, the findings that
M5 mAChR-deficient mice show reduced dopamine re-
lease in striatal brain slices suggest these presynaptic M5
mAChRs facilitate the release of dopamine [80]. In con-
trast, activation of presynaptic M3 mAChRs located on
cortical glutamatergic inputs to GABAergic neurons in
the striatum has been shown to inhibit glutamate release
[95], which may in turn reduce striatal dopamine release,
since glutamate in the striatum facilitates dopamine re-
lease via activation of presynaptic ionotropic glutamate
receptors on DA nerve terminals [96].

In the striatum, nAChRs are expressed presynaptically
on DA nerve terminals, and activation of these nAChRs
initiates a depolarization and/or a calcium signal, en-
hancing dopamine release [14]. Nicotine infused directly
into the striatum elevates dopamine release from nerve
terminals [97]. Specifically, nigrostriatal DA terminals
abundantly express 82 and a6 subunits which are incor-
porated in w482*, a682*, and ad4a68283* nAChR sub-
types [30,98,99], both of which have been shown to
be involved in ACh-induced striatal dopamine release
[100,101]. Normal motor control depends on interactions
between the nigrostriatal DA neurons and cholinergic
neurons in the PPT and cholinergic interneurons in the
striatum. Recognition of the cholinergic receptor subtypes
on neurons within the nigrostriatal DA system is impor-
tant for understanding basal ganglia function, particu-
larly under neuropathological conditions such as Parkin-
son’s disease in which AChRs may be effective targets in
treating symptoms and restoring a functional balance in
dopamine-ACh interactions.

Parkinson’s Disease

Parkinson’s disease is a neurological disorder character-
ized by a progressive degeneration of the nigrostriatal
DA system [102]. The onset of clinical symptoms such
as bradykinesia, tremor, and rigidity occur with at least
80% decrease in striatal dopamine content and at least
50% or greater loss of DA neurons in the SNc [103,104].
A reduction in striatal DA transmission, as in the parkin-
sonian condition, is thought to increase the inhibitory
output from the basal ganglia to the thalamus, resulting
in impaired motor functioning. In order to compensate
for the reduction in DA tone in the striatum, the most
commonly used pharmaceuticals for Parkinson’s disease
include the dopamine precursor levodopa alone or in
combination with peripheral aromatic r-amino acid de-
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carboxylase inhibitors carbidopa or benserazide (Sinemet
and Prolopa, respectively) or COMT inhibitor entacapone
(Comtan) and/or dopamine agonists, such as bromocrip-
tine (Parlodel), pergolide (Permax), pramipexole (Mi-
rapex), and ropinirole (Requip) [103,105]. Dopamine
synthesized from levodopa activates both D1 and D2 re-
ceptors in the striatum, which is important therapeuti-
cally as antiparkinsonian drugs with high D2 and low
D1 affinity have been shown to be less effective in re-
versing motor symptoms compared to levodopa; how-
ever, as the disease progresses with time, there is a loss
of efficacy of these DA drug treatments and oftentimes
psychiatric complications occur with increased doses [28,
106]. Thus, novel pharmaceutical treatments are contin-
uously being explored for better management of the mo-
tor symptoms associated with Parkinson’s disease. Given
the well known functional interactions of the striatal and
mesopontine cholinergic systems with the nigrostriatal
DA system, more selective agents acting on the various
ACh receptor subtypes existing heterogeneously at key
anatomical sites in the brain represent promising phar-
maceutical targets in the treatment of this neurological
disorder.

One direct link of the mesopontine cholinergic system
in Parkinson’s disease stems from the observation that
cholinergic neurons in the PPT are reduced by nearly
40% in these patients [107]. Indeed, excitotoxic lesions
of the PPT have been found to produce parkinsonian-like
postural deficits, hypokinesia, and locomotor deficits in
primates [108], while a significant loss of PPT neurons has
been found to correlate with the extent of neuronal loss
of DA cells in the SNc and the severity of Parkinson’s dis-
ease symptoms [109]. These findings suggest that reduced
excitatory cholinergic output from the PPT may lead to
less excitation of SNc DA cells, and thus in part contribute
to the degenerative reduction in striatal dopamine trans-
mission [48].

With regards to the striatum, acting on D2 receptors on
striatal cholinergic interneurons dopamine or DA agents
have been shown to inhibit the autonomous spiking of
these cells leading to a decrease in striatal ACh release
[86]. In the neuropathological condition of Parkinson’s,
reduced striatal dopamine would lead to overactivity of
cholinergic interneurons and excess ACh release in the
striatum. Nomoto et al. [110] have suggested that, as
a result of decreased DA activity in the parkinsonian
state, increased striatal cholinergic interneuronal activity
may also lead to increased extracellular adenosine lev-
els in the striatum, as adenosine is coreleased or syn-
thesized from ATP coreleased with ACh in the striatum
[111]. Adenosine A2A receptors coexist with dopamine
D2 receptors on GABAergic neurons that comprise the
indirect striatal output pathway, whereas adenosine Al
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and dopamine D1 receptors are found on GABAergic
neurons that form the direct striatal output pathway
(Figure 1) [112]. Dopaminergic input from the SNc into
the striatum inhibits the release of ACh through D2 re-
ceptors, and also stimulates its release through D1 re-
ceptors [113,114]. These findings suggest alterations in
cholinergic interneuronal release of adenosine in the
parkinsonian striatum. Recent in vitro biochemical stud-
ies have suggested that Al receptors may be important
in modulating GABAergic transmission in limbic regions,
rather than GABAergic output neurons in the striatum
[115], as these receptors appear to be predominantly
located presynaptically on intrinsic striatal interneurons
[116]. In contrast, A2A receptor-mediated modulation
of the striatopallidal GABAergic output neurons appears
to make a major contribution to A2A receptor-mediated
control of GABA transmission in both normal and parkin-
sonian animal model [117]. Local infusions of the adeno-
sine A2A agonist CGS 21680 induce akinesia in rats
[118], suggesting that increased adenosine in the stria-
tum acting at A2A receptors may contribute to the in-
duction of akinesia. All together, these findings suggest
that adenosine antagonists, particularly those targeting
the A2A adenosine receptor subtype, may be of therapeu-
tic value in treating specific symptoms, such as akinesia,
in Parkinson’s disease [119]. In recent clinical trials, the
A2A antagonist istradefylline has been shown to reduce
“off” time in patients with Parkinson’s receiving DA phar-
macotherapy. However, these therapeutic effects have
proven inconsistent and will require further clinical tri-
als to establish the clinical utility of this drug class [120].

Historically, anticholinergics were the first available
drugs for the alleviation of Parkinson’s symptoms,
and are still used as secondary treatments for Parkin-
son’s disease in conjunction with other antiparkinso-
nian drugs [121]. Centrally-acting anticholinergics, all
specific for mAChRs, include benztropine (Cogentin),
which is widely prescribed, and biperiden (Akineton), or-
phenadrine (Norflex), and procyclidine (no longer pre-
scribed in the United States) [122]. Anticholinergic drugs
have been used mainly in tremor-predominant cases of
Parkinson’s disease and are thought to act by coun-
terbalancing the reduced DA influence on the medium
spiny GABAergic output neurons to the globus pal-
lidus [123,124]. Evidence suggests that a lack of striatal
dopamine triggers a reduction in the efficacy of M4 au-
toreceptors on cholinergic interneurons, which would re-
sult in a net increase in ACh release (Figure 1) [125].
An elevation in ACh as a result of a loss of dopamine in
Parkinson’s disease then may act at mAChRs on medium
spiny neurons in the striatum, thus justifying the use
of antimuscarinic drugs in treating motor symptoms of
Parkinson’s disease [75]. In addition, parkinsonian symp-
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toms in mice induced by mAChR agonists can be reduced
by systemic administration of a broad-spectrum mAChR
antagonist, as well as a mAChR antagonist with moderate
selectivity for the M4 mAChR [126]. These latter findings
of blockade of striatal M4 receptors have been consid-
ered as functionally significant in reducing parkinsonian
symptoms [126]. However, it is unlikely that mAChR an-
tagonists are acting on postsynaptic M4 receptors in the
striatum, as striatal M4 receptor blockade leads to a re-
duction in local dopamine release [88]. Nevertheless, M4
mAChRs may potentially be a pharmaceutical target for
treating motor symptoms of Parkinson'’s disease, via a dif-
ferent cholinergic neuronal location. For example, M4
receptor deficient mice show exacerbated striatal DA ac-
tivity, perhaps due to a loss of mAChR autoreceptor feed-
back on cholinergic neurons of the PPT, which would
lead to an enhancement in excitatory cholinergic drive
on surviving SNc DA neurons and to subsequent eleva-
tions in striatal dopamine release [40,41,127].

Although mildly effective in treating motor symptoms
in Parkinson’s disease, but rather prescribed mainly in
these patients for bladder dysfunction, the use of an-
timuscarinic drugs has been shown to be associated
with impaired neuropsychiatric and cognitive function
[123,128]. Clinical evidence suggests that M1 mAChR
antagonism may account for these unwanted side ef-
fects, as M1 mAChR antagonists such as benztropine,
orphenadrine, and trihexyphenidyl (Artane) have been
shown to increase amyloid plaque and neurofibrillary
tangle densities similar to that found with Alzheimer’s
disease pathology [128]. Thus, development of more se-
lective mAChR antagonists may provide better symp-
tomatic treatment of the motor symptoms in Parkinson’s
disease without the detrimental cognitive side effects.

Findings from animal studies also suggest that nico-
tine or nAChR agonists may be an effective treatment
for the motor symptoms of Parkinson’s disease. Stim-
ulation of nAChRs has been shown to modulate loco-
motor activity in intact nonlesioned animals as well as
ameliorate motor dysfunctions in animals with nigrostri-
atal damage [129,130]. Additionally, studies have shown
that people who smoke, or have smoked regularly, are
50% less likely to develop Parkinson’s disease than those
who have never smoked, and nicotine has been found
to alleviate parkinsonian cognitive and motor symptoms
once Parkinson’s disease has developed [131]. The mech-
anisms underlying these therapeutically beneficial qual-
ities of nicotine are not known. Smoking and nicotine
treatment have been shown to protect the nigrostriatal
DA neurons from degeneration following MPTP or 6-
OHDA treatment [17,132]. However, acute or short-term
treatment with nicotine has shown little to no effects
on motor activity in Parkinson’s patients or parkinsonian
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animal models, suggesting that nicotine treatment may
only provide a neuroprotective and/or restorative effect
with chronic use [133].

With the progressive loss of presynaptic DA nerve ter-
minals in Parkinson’s disease, there is an accompanying
decline in nAChRs [134,135]. The exact nAChR subtypes
lost in the brains of Parkinson’s patients are not fully
known [131]. Studies indicate a role for striatal o4 and
a6 nAChRs in striatal dopamine release, with «6 having a
more restricted localization than a4, which is widespread
throughout the brain [101,134,136]. Despite a greater
than 50% reduction in these receptor subtypes following
nigrostriatal damage, striatal ®4 and «6 nAChR function
appears to remain at relatively normal levels [137]. These
compensatory functional changes in the presence of sig-
nificant nAChR loss suggest that subtype-selective ago-
nists may be beneficial despite nigrostriatal damage. Fur-
thermore, administration of nAChR agonists in monkeys
strongly potentiate the effects of levodopa, allowing for a
reduction in the doses necessary for therapeutic benefits
and perhaps, consequently, decreasing the occurrence of
debilitating side effects [130]. Another finding support-
ing the potential of nAChR agonists as pharmaceutical
treatments for Parkinson’s disease is that the doses of epi-
batidine, a nonsubtype selective nAChR agonist, utilized
to enhance nigrostriatal dopamine release does so with-
out eliciting reinforcing or rewarding effects [131,138].
These observations suggest the possibility of developing
novel nAChR agonists that lack addictive properties for
pharmacological treatment of Parkinson’s disease.

Mesocorticolimbic Dopaminergic System

The mesocorticolimbic DA system projects from the VTA
in the midbrain to forebrain limbic and cortical areas [3].
This system can be further divided into two subsystems,
determined by the localization of dopamine-containing
cell bodies within the VTA and their projection targets.
Dopaminergic cells of the paranigral VTA subdivision that
project to the NAc, amygdala, and hippocampus con-
stitute the mesolimbic DA pathway, while DA neurons
of the parabrachial VTA subdivision that innervate cor-
tical structures make up the mesocortical DA pathway
[4]. The mesolimbic DA system has been classically as-
sociated with the acquisition of behaviors reinforced by
natural and drug-related rewarding stimuli [139]. A ma-
jority of DA neurons within the VTA project to the NAc
but are not anatomically restricted to this nucleus; VTA
DA neurons also project to the hippocampus, amygdala,
and mPFC [6]; however, the involvement of the NAc in
reward-related behavior (e.g., brain-stimulation reward
as well as natural rewards such as food, water, and sex-
ual interaction) is more established than the other VTA
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projection target nuclei [140,141]. Dopaminergic activity
in the NAc is considered to be critical for the establish-
ment and maintenance of goal-directed behaviors related
to obtaining natural and artificial rewards [142,143].
Dopamine release in the NAc is enhanced not only by
natural rewards and drugs of abuse, but also upon pre-
sentation of conditioned stimuli [144-146]. Experimental
studies have linked the NAc and the mesolimbic DA sys-
tem to learning about stimulus-reward relationships and
maintenance of these learned behaviors. Animals have
shown conditioned place preferences when opioids or
psychostimulants, such as morphine or amphetamine, is
directly infused into the NAc [147], but not when they
are infused into the striatum [148]. Also, cytotoxic lesions
of VTA DA neurons prevent the formation of conditioned
place preferences to opiates [149] providing support for
the critical role of DA projections from the VTA to the
NAc in establishing stimulus-reward associations.

The NAc GABAergic medium spiny neurons provide
output to the ventral pallidum (VP) and subpallidum (SP)
which relay the information to mediodorsal nuclei of the
thalamus and the mesencephalic locomotor region of the
hindbrain (Figure 6) [150-152]. The NAc is often subdi-
vided into shell (medial NAc) and core (lateral NAc) sub-
regions. The shell connects reciprocally to the extended
amygdala, an interconnected set of limbic structures that
mediate emotional responses, whereas the core is recipro-
cally innervated with the dorsal striatum involved in me-
diating sensory-motor function [152]. The specific roles
of the shell and core regions of the NAc in reward-related
behaviors are still not completely certain. The shell of the
NAc has been shown to mediate hedonic states associated
with sweet tasting food and intra-shell, but not core, self-
administration of cocaine [153,154]. Thus, the shell may
be a critical neural substrate for the initiation of drug-
seeking behavior. On the other hand, the core seems to
hold a more prevalent role in the conditioning processes
associated with drug-seeking behaviors [155], suggesting
that the core may influence maintenance of drug seeking
[156].

While subcortically projecting mesolimbic DA neurons
have been shown to play a critical role in motivation
and reward-related behaviors, prefrontally projecting
mesocortical DA cells are thought to facilitate neuronal
activity in the mPFC thus modulating several aspects
of cognitive function [157]. Dopaminergic neurons in
the VTA constituting the mesocortical projections to the
mPFC are thought to direct behaviors toward abstract
goals [158]. Depletion of dopamine within the mPFC has
been shown to impair performance on the delayed re-
sponse task, a measurement of spatial working mem-
ory, to the same extent as surgical ablation of the mPFC
[159]. This early finding suggests that mPFC dopamine
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Figure 6 Simplified mesocorticolimbic circuitry depicting dopaminergic
(DA) cells in the VTA projecting to the core and shell region of the nucleus
accumbens (NAc) and medial prefrontal cortex and excitatory (acetyl-
choline/glutamate) inputs from the laterodorsal tegmental nucleus (LDT)
and associated excitatory (glutamate) and inhibitory (y-aminobutyric acid:
GABA) feedback from cortex and VP.

activity mediates the maintenance of goal representa-
tions in working memory, which has been subsequently
supported by neurophysiological data [160,161]. The
ability to regulate this aspect of cognitive function is crit-
ical for the active suppression and expression of irrele-
vant and relevant behaviors [158]. Excitatory glutamate-
containing pyramidal neurons in the mPFC also provide
one of the principal corticofugal projections to VTA DA
cells (Figure 6), more specifically VTA DA neurons that
project exclusively to the mPFC (the mesocortical DA sys-
tem), and not those that project to the NAc (the mesolim-
bic DA system) [162]. This reciprocal projection provides
a feedback mechanism which may explain findings from
in vivo electrophysiological studies that microiontophore-
sis of dopamine onto mPFC pyramidal cells generally
suppresses their activity [163,164]. A number of studies
have suggested that the mPFC-VTA projection may play
a role in the response of the mesocortical DA pathway
to stress [162,165], in which both mPFC cells and meso-
cortical DA neurons are activated in conditions of stress
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[166,167]. Furthermore, both rewarding and stressful sit-
uations stimulate dopamine release in the mPFC, which
suggests that mesocortical DA neurons are involved in
emotional arousal, regardless of its aversive or nonaver-
sive nature [168].

Mesopontine Cholinergic Modulation of
the Mesocorticolimbic Dopaminergic
System

Modulation of NAc Dopamine Release by
Activation of Cholinergic Receptors in the LDT

The LDT provides the principal source for cholinergic
input to DA neurons of the VTA [32]. Input from the
LDT is required for burst firing of DA cells in the VTA
[169], which is thought to convey motivationally rele-
vant information to forebrain areas, mostly the NAc, in-
volved in the induction of reward and related processes
[170]. Activity of LDT cholinergic neurons is modulated
by mAChRs and nAChRs in the LDT. Stimulation of LDT
mAChRs, most likely M2 autoreceptors, hyperpolarizes
LDT cholinergic neurons [45], while mAChR antagonists
infused into the LDT increases forebrain dopamine re-
lease [41,171]. Nicotine infused into the LDT induces fir-
ing of LDT cholinergic neurons, increasing ACh outflow
to DA neurons in the VTA. Direct nicotinic actions on LDT
cholinergic neurons have been shown to be mediated by
receptors containing «7, 82, and non-«7 subunits [172].

Modulation of NAc Dopamine Release by
Activation of Projections from the LDT

Electrical stimulation of the LDT as well as chemi-
cal stimulation of both mAChRs and nAChRs in the
VTA has been shown to excite mesolimbic DA neurons
[64,173,174], and to facilitate dopamine release in the
NAc [175-177]. The excitatory effect of ACh acting on
mAChRs and nAChRs in the VTA may function to influ-
ence incentive-related behaviors driven by DA activity.
The AChR agonist carbachol infused into the VTA induces
conditioned place preference and is self-administered by
rats into this region [178], and blockade of mAChRs in
the VTA disrupts responding for food reward [179]. A role
of VTA nAChRs in dopamine-related behaviors has also
been demonstrated, such that locomotion is enhanced by
intra-VTA infusion of nicotine, the effects of which can be
blocked by the nAChR antagonist mecamylamine [180].

As in our studies described earlier, with the same
stimulation parameters and microinfusion procedures we
used in vivo fixed potential amperometry to determine
the relative contribution of mAChRs and nAChRs lo-
cated on VTA DA neurons in eliciting stimulation-evoked
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dopamine release in the NAc. In urethane anesthetized
male mice the LDT was stimulated before and during
a 1.0 uL intra-STN infusion of the mAChR antagonist
scopolamine (1.0 ug) or the nAChR antagonist mecamy-
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lamine (1.0 ug) [57]. Intra-VTA infusions of 1.0 uL of
sterile PBS (pH ~7.4) in a separate group of mice did not
significantly alter NAc dopamine release evoked by LDT
stimulation (n = 4; —5.8 £ 3.6%, P > 0.05; Figure 7).
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Figure 7 Mean amperometric recordings of dopamine release in the
nucleus accumbens evoked by electrical stimulation of the laterodorsal
tegmental nucleus (A) and corresponding mean peak percentages in bar
graph form (B). Profiles illustrate mean peak effects in response to VTA
microinfusions of PBS, the mAChR antagonist scopolamine, or the nAChR
antagonist mecamylamine (A). Time zero indicates the start of the train of
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20 pulses at 50 Hz. *Significant change in striatal dopamine concentration
after the infusion compared to pre-infusion baseline responses (100%).
Coordinates in mm for the stimulating electrode in the LDT, guide infu-
sion cannula in the VTA, and carbon fiber recording microelectrode in the
NAc were: AP —1.0, +0.9, +1.5 from lambda, ML +0.4, +0.3, +1.0 from
midline, and DV —2.4, —4.0, —4.0 from dura), respectively [55].
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However, intra-VTA scopolamine or mecamylamine in-
fusion significantly attenuated LDT stimulation-evoked
NAc dopamine release by blockade of VTA mAChRs and
nAChRs (n = 4/drug; —69.4 £ 8.9% and —45.7 + 2.8%,
P < 0.05; Figure 7), respectively, with peak decreases oc-
curring 5 min postinfusion [57]. The reported percentage
decreases following blockade of mAChRs and nAChRs
in the VTA contribute nearly 100% (taking standard er-
ror into account) of LDT-evoked dopamine release in the
NAc to excitatory cholinergic projections from the LDT,
thus, suggesting that, at least in this paradigm, a glu-
tamatergic projection from the LDT to the VTA plays
a minor role in stimulating NAc dopamine release. To-
gether with evidence that pharmacological activation of
mAChRs and/or nAChRs in the VTA stimulates DA neu-
ronal activity, as well as dopamine release in the stria-
tum [64,173,175,176], these results suggest that both
mAChRs and nAChRs are involved in mediating excita-
tory cholinergic inputs arising from the LDT.

The mAChRs mediating LDT-evoked striatal dopamine
release may involve M3 and M5 subtypes that have
been localized in the VTA. However M5 mAChRs are
the only mAChRs to be definitively localized on DA
cells in the VTA [65]. In addition, M3 mAChR activation
has been shown to reduce, rather than enhance, exci-
tatory transmission in DA midbrain cells by presynaptic
mechanisms [181]. Indeed, studies using M5 receptor-
deficient mice or infusions of M5 antisense to reduce
M5 receptor expression in the VTA in rats have shown
that midbrain M5 mAChRs mediate prolonged facilitation
of forebrain dopamine transmission and thereby mainte-
nance of dopamine-related reward [182-184]. Thus, it is
likely that the observed attenuation in LDT stimulation-
evoked NAc dopamine release following intra-VTA block-
ade of mAChRs is mediated by M5 mAChRs. In regards
to nAChRs in the VTA, in situ hybridization and im-
munohistochemical findings suggest that «3-a7 and B2-
B3 nAChR subtypes are present on dopamine-containing
cell bodies in the VTA, particularly @4 2 and «7 sub-
types [30,69,185-187]. It is important to note that the
a7 nAChR subtype is also located presynaptically on glu-
tamatergic afferents in the VTA. Activation of this re-
ceptor is thought to play an important role in mediat-
ing glutamate-induced burst firing of VTA DA neurons
[188,189] and may therefore be involved in the reduction
of phasic accumbal dopamine release observed following
nAChR blockade in the VTA [57]. Overall, the present
neurochemical recordings strongly suggest that excitatory
cholinergic projections originating in the LDT may func-
tion to modulate VTA DA activity in the NAc thereby in-
fluencing incentive-related behaviors, and in particular,
mediate the addictive properties of psychomotor stimu-
lants.
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Psychomotor Stimulant Addiction

The mesolimbic DA pathway is well recognized as a cen-
tral neural substrate involved in mediating the reinforc-
ing properties of various drugs of abuse, such as the
psychostimulants cocaine and amphetamines [190,191].
Dopamine extracellular levels dramatically increase in
the NAc following the self-administration of cocaine,
behavior that can be easily blocked or extinguished
with dopamine receptor blockers [192]. Natural rewards,
such as food, water and con-specific mates, also stim-
ulate mesolimbic dopamine release, but the magnitude
of dopamine release generated by these appetitive stim-
uli do not rival the activational effects of psychostim-
ulants [193]. Rapid “phasic” changes in extracellular
levels of dopamine recorded in the NAc also coincide
with cocaine-seeking behaviors and cocaine-related cues
[194]. Brain imaging techniques have extended these
observations to humans showing that psychostimulant-
induced elevations in NAc dopamine release correspond
with self-report measures of euphoria [195].

Because of the involvement of ACh in mesolimbic DA
activity, the cholinergic system may play an important
role in drug addiction. VTA ACh receptor activation is
rewarding, as evidenced in that AChR agonists are self-
administered into the VTA [178]. Pharmacological stim-
ulation of nAChRs and mAChRs in the VTA produces
excitation of DA neurons [64,173,174] and facilitates
dopamine release in the NAc [175-177]. As such, the ex-
citatory effect of ACh acting on nAChRs and mAChRs
in the VTA may function to influence incentive-related
behaviors driven by dopamine activity. For example, the
rewarding effects of lateral hypothalamic brain stimula-
tion in rats are enhanced by VTA microinfusion of ACh
but attenuated by similar treatment with mAChR block-
ers and to a lesser extent by nAChR blockers [196,197].
Also, the mixed nicotinic/muscarinic agonist carbachol
microinfused into the VTA induces a conditioned place
preference and is self-administered by rats into this region
[178], while blockade of mAChRs in the VTA disrupts re-
sponding for food reward [179].

Although nAChRs are expressed on DA terminals,
the locomotor stimulant, reinforcing and dependence-
producing actions of nicotine appear to require activation
of specific nAChR subtypes located on glutamatergic
terminals in the VTA [198]. For example, locomotion
is enhanced by intra-VTA infusion and systemic in-
jections of nicotine, the effects of which are blocked
by the nAChR antagonist mecamylamine [180]. Also,
blockade of nAChRs in the VTA decreases nicotine self-
administration [199,200] and blocks the facilitatory ef-
fects of systemic nicotine on NAc dopamine release [201].
Evidence indicates that «7 and 82 type nAChRs in the
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VTA, known to be principally involved in nicotine’s stim-
ulatory effects on DA neuronal activity and dopamine re-
lease in the NAc, are integral in the reinforcing properties
of this drug while the a7 subtype is also implicated in the
nicotine withdrawal syndrome [198,202,203]. Together
with evidence that @7 and 82 subunits modulate the rein-
forcing effects of cocaine [202,204], these studies support
the therapeutic value of nAChR antagonists in the treat-
ment of psychostimulant addiction [205,206]. However,
evidence from a number of sources suggests that, rather
than nAChRs, the rewarding effects of psychostimulants
may be mediated mainly by mAChRs in the VTA, mostly
likely of the M5 subtype [207].

As only M5 receptor mRNA appears exclusively local-
ized to DA cells in the VTA [65,90], the M5 mAChR
subtype occupies a unique position to modulate behav-
iors driven by mesolimbic DA activity, including behav-
iors associated with the rewarding effects of psychostim-
ulants. For example, cocaine is significantly less potent as
a reinforcer in M5 receptor-deficient mice, as evidenced
by reduced cocaine self-administration and significantly
less time spent in a cocaine-paired compartment com-
pared to wild-type mice [208,209]. Moreover, the sever-
ity of withdrawal symptoms after chronic administration
of cocaine is reduced in these animals [208]. Neurochem-
ically, M5 receptor-deficient mice exhibit a decrease in
sustained NAc dopamine release following electrical stim-
ulation of the LDT cholinergic neurons, which may ac-
count for the observed reduction in the rewarding effects
of cocaine in animals lacking M5 mAChRs [184].

To further investigate the importance of mAChRs in
the VTA in modulating dopamine transmission within
the NAc, particularly during the facilitatory actions of
cocaine, we examined the effect of intra-VTA infusion
of the mAChR antagonist scopolamine on the ability
of cocaine to enhance LDT electrical stimulation-evoked
dopamine release in the NAc [210]. In a similar fashion
to our fixed potential amperometric studies of PPT and
STN stimulation-evoked striatal dopamine release, we
monitored temporal changes in LDT stimulation-evoked
dopamine release in the NAc of urethane anesthetized
male mice in response to a 0.5 uL intra-VTA scopolamine
(10 pg) infusion either prior to or following systemic
administration of cocaine (10 mg/kg, i.p.). With respect
to pre-infusion baseline levels (100%), LDT stimulation-
evoked dopamine release in the NAc was not significantly
altered by intra-VTA infusion of 1.0 uL of PBS adminis-
tered either 5 min prior to (n = 3, 92.8 £ 2.2%, P =
0.83) or 15 min following (n = 3, 98.3 +2.9%, P = 0.62)
systemic injection of saline (10 mL/kg, i.p.; Figure 8A).
The temporal pattern of these drug vehicle responses pro-
vided control values against which to compare the effects
of systemic cocaine injections and intra-VTA scopolamine
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infusions (Figures 8B and C, gray lines). As expected,
cocaine’s ability to effectively block reuptake of synap-
tic dopamine [211] resulted in a significant increase in
LDT stimulation-evoked NAc dopamine release when ad-
ministered either 5 min following intra-VTA PBS (n =
3, 241.3 £ 13.6%, P < 0.05; Figure 8B) or 15 min be-
fore intra-VTA PBS (n = 3, 253.1 + 9.4%, P < 0.05;
Figure 8C) with peak effects occurring 10-15 min
postinjection. In contrast, scopolamine’s ability to block
mAChRs in the VTA [171,176,184] resulted in a signif-
icant decrease in LDT stimulation-evoked dopamine re-
lease in the NAc, when infused in the VTA 5 min prior to
(n =4, —74.8 £ 2.8%, P < 0.05; Figure 8B) or 15 min
following (n = 3, —69.4 s+4.8%, P < 0.05; Figure 8C)
systemic injection of saline.

Intra-VTA infusion of scopolamine 5 min before co-
caine administration blocked cocaine-induced elevations
in LDT stimulation-evoked dopamine release in the NAc
(Figures 8A and B) and attenuated these increases when
administered at the peak effect of cocaine (15 min postin-
jection) (Figures 8A and C). Using in vivo microdialy-
sis, similar studies have reported inhibitory effects of
atropine, a nonsubtype selective mAChR antagonist, on
intravenous cocaine-induced increases in extracellular
NAc dopamine levels [201]. Thus, LDT cholinergic inputs
to DA neurons in the VTA, via activation of mAChRs,
are likely involved in modulating the enhancing effects
of cocaine on dopamine synaptic concentrations in the
NAc. These findings also offer a potential mechanistic
explanation of early observations that rhesus monkeys
trained to self-administer cocaine decrease their intake
when administered a mAChR antagonist [212]. Together
with evidence that the M5 mAChR subtype is important
in mediating cocaine-associated reinforcement and with-
drawal, this suggests that the development of antagonists
aimed at selectively disrupting M5 mAChR function may
be valuable in reducing abuse liability of psychostimulant
drugs, and possibly may prove to be an important phar-
macological target for the treatment of psychopathologi-
cal diseases such as schizophrenia.

Schizophrenia

Schizophrenia is a complex and devastating neuropsy-
chiatric disorder that affects approximately 0.5% of the
world’s population [213]. Schizophrenia is characterized
by positive symptoms, such as delusions, hallucinations,
and thought derailment and negative symptoms, such
as lack of volition, agoraphobia, and flat affect, includ-
ing cognitive impairments [214]. Coined “the dopamine
hypothesis,” this initial theory for the neurochemical ba-
sis of schizophrenia centered on DA overactivity in the
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Figure 8 Mean amperometric recordings of dopamine release in the
nucleus accumbens evoked by electrical stimulation of the laterodorsal
tegmental nucleus (LDT) (A) and time courses of the effects of scopolamine
prior to (B) or following (C) cocaine administration. Profiles illustrate mean
peak effects in response to VTA microinfusions of PBS or scopolamine
(scop, 10 Jg/0.5 JI) prior to or following intraperitoneal injection (IP) of

CNS which emerged from the observed correlation of
therapeutic efficacy (particularly on positive symptoms of
schizophrenia) of antipsychotic medication and DA re-
ceptor antagonism [215-217]. However, this simplified
perspective of unilateral involvement of central DA sys-
tems in such a complex psychopathological disorder, has
given way to inclusion of dysfunction in potentially more
critical neurotransmitters such as glutamate and its inter-
actions with DA systems [218,219].

Regardless, although dopamine was originally regarded
as a principle neurotransmitter involved in the patho-
genesis of schizophrenia, compelling evidence remains
implicating dysfunction in central cholinergic systems
and their associated muscarinic and nicotinic recep-
tors in schizophrenia [220]. Pharmacological investi-
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saline (10 mL/kg) or cocaine (10 mg/kg), with respect to pre-drug baseline
responses (100%) (A). Timezero indicates the start of the train of 20 pulses
at 50 Hz. "Significantly higher dopamine levels following cocaine com-
pared to saline injection. #Significantly lower dopamine levels following
scopolamine compared to PBS infusion.

gations have demonstrated that AChsterase inhibitors,
such as donepezil (Aricept), galantamine (Razadyne), ri-
vastigmine (Exelon), and tacrine (Cognex), which re-
duce metabolism of ACh and thereby increase synaptic
ACh levels, are effective in treating psychotic symptoms
expressed in Alzheimer’s patients and in Parkinson’s-
induced dementia [221], while anticholinergic drugs,
particularly mAChR antagonists administered at high
doses, can induce psychosis [222]. Additionally, anti-
cholinergic drugs have been shown to reduce certain
negative symptoms in schizophrenia, while in contrast
cholinergic agonists elicit negative type schizophrenic
symptoms [223-225].

Together, these observations point to the involvement
of alterations in the functioning of both central mAChRs
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and nAChRs in schizophrenia. For example, postmortem
biochemical and histological analysis of schizophrenic
brains has shown deficits in M2/M4 mAChRs, as well as
a loss in striatal cholinergic interneurons [226]. We have
previously shown that selective blockade of mesopontine
M2 mACh autoreceptors results in excessive cholinergic
activity at the level of DA cells in the midbrain and in-
creases forebrain dopamine transmission [176], to a de-
gree that would be expected to evoke a psychotic state
that includes tactile, visual, auditory, and olfactory hallu-
cinations [220,227]. Also, deletion of M5 mAChRs has
been shown to increase gene expression of dopamine
D2 receptors, notably within the striatum, hypothalamus,
hindbrain and tectum, although it is unclear whether
presynaptic or postsynaptic D2 receptors are increased
under these conditions [228]. This suggests a develop-
mental compensatory mechanism whereby an upregu-
lation of D2 receptor expression in the forebrain occurs
in response to disruption of M5 mediated excitatory in-
put from mesopontine cholinergic neurons to midbrain
DA neurons and loss of M5 facilitatory effects in the
striatum, which may be important since striatal D2 re-
ceptor densities have been shown to be upregulated in
schizophrenic brains [229,230]. Interestingly, M5 mutant
mice show improved latent inhibition [228]. Since re-
duced dopamine transmission in the NAc, as a result of
pharmacological D2 receptor blockade, is related to an
improvement in latent inhibition [231,232], the dimin-
ished LDT-evoked NAc dopamine release observed in M5
mutant mice may account for these findings [184]. Thus,
as poor latent inhibition has been observed in nonmedi-
cated patients with acute schizophrenia [233], these lat-
ter findings suggest that increased M5 mAChR activity
at the level of the SNc or striatum may be significant to
this disorder. Indeed, several studies have shown that the
human M5 gene is localized to chromosome 15q12-15
linked with schizophrenia [228,234]. Thus, in light of ev-
idence that mesopontine cholinergic hyperactivity may
contribute to the pathophysiology of schizophrenia [220],
several behavioral, eletrophysiological, and neurochemi-
cal studies have pointed towards the utility of muscarinic
agents, in particular M5 selective blockers, in the treat-
ment of schizophrenia [227].

Individuals with schizophrenia are also known to
smoke cigarettes at much higher rates than normal,
which may reflect an increased tendency to self-medicate
with nicotine, further implicating the cholinergic sys-
tem [235,236]. Patients with schizophrenia have been
found to have fewer ¢482 and @7 nAChRs, and a gene
locus harbouring the «7 nAChR has been linked with
schizophrenia [237-239]. Furthermore, administration
of a7 antagonists induces similar sensory gating deficits
to those seen in schizophrenia [217,240]. Thus, fur-
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ther development of specific nAChR partial agonists may
prove beneficial in treating symptoms of schizophrenia,
as recent trials of selective «7 agonists appear promising
[241,242].

Conclusion

Progressive degeneration of nigrostriatal DA neurons is
well known to be the major pathological characteris-
tic of Parkinson’s disease, while disorders such as drug
addiction and schizophrenia have been associated with
complex changes in the activity of DA neurons in the
mesocorticolimbic system. Neurotransmission in these
DA neuronal systems appear to be critically dependent
upon ACh-rich nuclei within the pons region of the hind-
brain, the PPT and LDT, which represent the only known
cholinergic projections to midbrain DA cells in the SNc
and VTA, respectively. Additionally, ACh-containing in-
terneurons in the striatum also constitute a neural sub-
strate for dopamine-ACh interactions and serve as mod-
ulators of striatal output necessary for production of fluid
voluntary movements. Preclinical and clinical evidence
suggests that DA and cholinergic systems operate in a
dynamic balance, with disruptions often leading to neu-
rological and psychiatric disorders. Treatments for ame-
liorating the symptoms associated with such disorders
have been and remain focused on restoring the balance
between these two and other neurotransmitter systems.
However, the complex modulatory actions of ACh and
the varying roles of mAChR and nAChR subtypes at
multiple levels of the nigrostriatal and mesocorticolim-
bic DA systems obscure a definitive solution to restor-
ing functional dopamine-ACh interactions. Further re-
search and development of subtype-selective mAChR and
nAChR pharmaceuticals that can differentially affect cen-
tral DA systems at the level of their cellular sites of ori-
gin and terminal target structures will ultimately lead
to improvements in the treatments of neuropsychiatric
disorders associated with dysfunctional dopamine-ACh
interactions.
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