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REVIEW Sciences

Presynaptic nicotinic receptors: a dynamic and
diverse cholinergic filter of striatal dopamine
neurotransmission

R Exley and SJ Cragg

Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, UK

The effects of nicotine on dopamine transmission from mesostriatal dopamine neurons are central to its reinforcing properties.
Only recently however, has the influence of presynaptic nicotinic receptors (NAChRs) on dopaminergic axon terminals within
striatum begun to be understood. Here, rather than simply enhancing (or inhibiting) dopamine release, nAChRs perform the
role of a presynaptic filter, whose influence on dopamine release probability depends on presynaptic activity in dopaminergic
as well as cholinergic neurons. Both mesostriatal dopaminergic neurons and striatal cholinergic interneurons play key roles in
motivational and sensorimotor processing by the basal ganglia. Moreover, it appears that the striatal influence of dopamine
and ACh cannot be fully appreciated without an understanding of their reciprocal interactions. We will review the powerful
filtering by nAChRs of striatal dopamine release and discuss its dependence on activity in dopaminergic and cholinergic
neurons. We will also review how nicotine, acting via nAChR desensitization, promotes the sensitivity of dopamine synapses to
activity. This filtering action might provide a mechanism through which nicotine promotes how burst activity in dopamine
neurons facilitates goal-directed behaviour and reinforcement processing. More generally, it indicates that we should not
restrict our view of presynaptic nAChRs to simply enhancing neurotransmitter release. We will also summarize current
understanding of the forms and functions of the diverse nAChRs purported to exist on dopaminergic axons. A greater
understanding of nAChR form and function is imperative to guide the design of ligands with subtype-selective efficacy for
improved therapeutic interventions in nicotine addiction as well as Parkinson’s disease.
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Introduction: nicotinic acetylcholine receptors and
the striatum

Nicotinic acetylcholine receptors (nAChRs) are important
modulators of neuronal excitability throughout the central
nervous system (CNS). The most widely observed role of
nAChRs in the CNS is to influence the release of neuro-
transmitters through presynaptically located ‘heterorecep-
tors’. Presynaptic nAChRs have been found to modify the
release of nearly every neurotransmitter examined through
mechanisms that include modifying preterminal membrane
excitability, transmembrane Ca®>* permeability or intracellular
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Ca®™ signalling, as reviewed elsewhere (Dani, 2001; Dajas-
Bailador and Wonnacott, 2004; Dani and Bertrand, 2007).
nAChRs can also participate in fast postsynaptic neurotrans-
mission as a small excitatory input in several areas including
hippocampus, and subcortical areas including ventral teg-
mental area (Dani, 2001; Mansvelder et al., 2002; Mameli-
Engvall et al., 2006). However, this role is far from equivalent
to the role of nAChRs in fast excitatory synaptic neuro-
transmission outside the CNS, for example, as primary
mediators of postjunctional excitability in ganglia and
neuromuscular junctions, and is no match within the CNS
for the postsynaptic effects of excitatory glutamatergic
transmission. By contrast, the modulation of neurotransmitter
release by presynaptically located nAChRs is among the most
powerful yet seen for any receptor family, and it is this
presynaptic role for nAChRs that we will discuss further in
this review.
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Neuronal nAChRs belong to a superfamily of ligand-gated
ion channels, which include y-aminobutyric acid (GABA;
A and C), serotonin and glycine receptors, and have cation-
selective permeability through receptor-channel complexes
formed by pentameric oligomers (Sargent, 1993; McGehee
and Role, 1995; Karlin, 2002; Dani and Bertrand, 2007). In
the CNS, nAChRs are formed from a portfolio of some 12
different o- and B-subunits (a2-o10 and B2-p4) (Corringer
et al., 2000; Le et al., 2002). The association of different
subunits can confer distinct structural and functional
properties to the resultant nAChR, including different
agonist affinity, and kinetics of activation, closure, desensi-
tization, resensitization and even internalization (Ramirez-
Latorre et al., 1996; Chavez-Noriega et al., 1997; Fenster et al.,
1997; Quick and Lester, 2002; Giniatullin et al., 2005;
Nashmi and Lester, 2006). The potential neuron-specific
expression of the diverse array of possible conformations of
nAChRs could offer varied and discrete neuromodulatory
roles to nAChRs in specific neurons. However, the discrete
function(s) that might be offered by the expression of any
one of the heteromeric nAChR subtypes in situ remain
largely unresolved. Moreover, in most neurons, there is
coexpression of multiple diverse nAChR subtypes (Gotti
et al., 2006), which could therefore have complex outcomes
on neurotransmitter release probability. It remains a key
challenge to identify the form and function of nAChR types
differentially expressed in each brain region and neuron
type. If this challenge can be met, we could gain valuable
insights into the underlying computational function afforded
by presynaptic nAChRs, and moreover, into which of these
receptors might be affected or lend itself to a target for drug
design in human neurological or neuropsychiatric disorders
(Sher et al., 2004). Indeed, nicotinic ligands have already
been suggested to hold promise for pharmacological inter-
vention in a large range of disorders, including Parkinson’s
disease, Alzheimer’s disease, epilepsy, schizophrenia and
nicotine addiction (Dani, 2001; Quik and McIntosh, 2006;
Dani and Bertrand, 2007). Significant progress has been
made in identifying the nAChRs expressed by dopamine
neurons and in dopamine axon terminal fields within
striatum as will be reviewed here; intriguingly however, the
details of their influence on dopamine function remains
poorly defined.

The influence of presynaptic nAChRs on dopamine
neurotransmission in the striatum is particularly important
as a model system for nAChR function for several reasons.
Anatomically, the striatum is a large subcortical structure
that contains the densest innervation of dopaminergic and
cholinergic axons seen anywhere in the brain (Bjorklund and
Lindvall, 1984; Butcher and Woolf, 1984; Parent et al., 2000;
Zhou et al., 2002). Functionally, both dopaminergic and
cholinergic systems are central to the role of the striatum,
which, as the main input nucleus to the basal ganglia, is
central to the processing of motivational and sensorimotor
information and to the dysfunction seen in Parkinson'’s
disease and drug addiction. Moreover, dopaminergic axons
contain a large diversity of subtypes of heteromeric nAChRs
(see later for review of up to seven proposed types), that as a
population permits striatal ACh to operate a sophisticated
and powerful neuromodulatory control over the release of
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striatal dopamine (Zhou et al., 2001; Rice and Cragg, 2004;
Zhang and Sulzer, 2004). In overview, nAChRs do not simply
facilitate presynaptic excitability and/or neurotransmitter
release, but rather more dynamically, they act in a capacity as
a presynaptic filter to differentially govern how variable
activity in dopamine neurons is reported to the striatum by
the release of dopamine. More intriguing yet, the cholinergic
interneurons that supply the acetylcholine (ACh) tone at
striatal nAChRs themselves undergo phasic changes in
activity that are time-locked to the phasic changes in
dopamine neuron activity. Without appreciating the con-
current activity in dopaminergic and striatal cholinergic
neurons, the consequences on striatal signal integration of
neuronal activity in either population alone can only be
poorly calculated. Thus, the striatum provides an outstanding
example of how we should not simply consider the actions
of presynaptic nAChRs to be tonic enablers of neurotrans-
mitter release. Both the outcome of nAChR activity and the
underlying nAChR activity itself are highly dynamic. These
insights require us to rethink our understanding of the scope
of the role of presynaptic nAChRs.

Here, we will review our current understanding of the
presynaptic nAChR control of dopamine neurotransmission
in the striatum. We will discuss the dynamic dependence of
nAChR control on the state of presynaptic activity in both
the output (dopamine) and input (ACh) synapses. We will
also review how the actions of nicotine on striatal dopamine
neurotransmission contribute a link and not a contradiction
between nicotine-induced nAChR desensitization and
postulated mechanisms of drug reinforcement. In addition,
we will discuss the known diversity and function of nAChR
subunits and pentamers within dopaminergic axon terminal
fields. Finally, we will assess whether the field is yet ripe for
therapeutic exploitation and conclude with some of the
many outstanding questions in nAChR research.

Dopamine and acetylcholine systems in the
striatum

The dorsal striatum and ventral striatum collectively parti-
cipate in a large range of motivational, associative- and
sensorimotor-related brain functions (for example, Albin
et al., 1989; Haber et al., 2000; Gerdeman et al., 2003; Voorn
et al., 2004; Everitt and Robbins, 2005; and Schultz, 2006),
among which are the following commonly attributed (and
not necessarily mutually exclusive) processes: natural re-
inforcement, drug reinforcement, conditioned reinforcement,
reward prediction, reward-prediction errors, appetitive beha-
viour, motivational values, stimulus significance, motor
response selection, procedural or stimulus-response learning,
habit formation and task set-shifting. Dopamine inputs to
striatum arise from midbrain dopamine neurons located in
the ventral tegmental area (VTA) and substantia nigra pars
compacta (SNc), which project in a topographic pattern to
differentially innervate the ventral striatum (nucleus
accumbens (NAc)) and dorsal striatum (caudate-putamen
(CPu)), respectively (Bjorklund and Lindvall, 1984; Gerfen
et al., 1987; McFarland and Haber, 2000; Voorn et al., 2004).
The dopaminergic innervation to striatum forms large, highly



branched arbours with a high density of axonal varicosities
(Pickel et al., 1981; Bouyer et al., 1984; Doucet et al., 1986;
Sesack et al., 1994; Descarries et al., 1996; Descarries and
Mechawar, 2000) and forms dopaminergic synapses at an
incidence estimated at 1 in every 10-20um? in the rat
(Descarries et al., 1996; Arbuthnott and Wickens, 2007).
Although dopamine axons can form synapses, dopamine
receptors and the dopamine uptake transporter are found
extrasynaptically (Nirenberg et al., 1996, 1997; Pickel, 2000),
and dopamine can spill over from sites of release to mediate
extrasynaptic or ‘volume’ transmission (Fuxe and Agnati,
1991; Garris et al., 1994; Gonon, 1997; Cragg and Rice, 2004).
The location of dopamine synapses on the necks of spines on
GABAergic medium spiny projection neurons (MSNs) adja-
cent to corticostriatal glutamatergic input (Freund et al., 1984;
Smith and Bolam, 1990; Groves et al., 1994), and the presence
of D-like and/or D,-like dopamine receptors on MSNS, striatal
interneurons as well as dopamine axons in striatum (Gerfen,
1992; Sesack et al., 1994; Hersch et al., 1995; Surmeier et al.,
1996; Alcantara et al., 2003), ensures dopamine is well placed
to modulate striatal function.

The cholinergic input to the striatum arises solely from
cholinergic striatal interneurons (Woolf, 1991; Contant
et al.,, 1996; Calabresi et al., 2000). Like the mesostriatal
dopamine neurons, striatal ACh interneurons (or ‘tonically
active neurons’, TANs) (Wilson et al., 1990; Aosaki et al.,
1995; Bennett and Wilson, 1999; Zhou et al., 2002) appear
pivotal for signalling unexpected primary rewards as well as
the learning and signalling of environmental cues that
predict reward (or more generally, events of high salience)
(Calabresi et al., 2000; Schultz, 2002; Berridge and Robinson,
2003; Centonze et al., 2003; Wickens et al., 2003; Wise,
2004). These large, aspiny neurons form a small fraction
(~2-5%) of the total number of neurons in the neostriatum
(Oorschot, 1996; Descarries and Mechawar, 2000; Zhou et al.,
2002), but they provide an extensive axonal arborization
within dorsal and ventral striatum reminiscent of dopami-
nergic arbours (Bolam et al., 1984; Graybiel et al., 1986;
Phelps and Vaughn, 1986; Zahm and Brog, 1992; Contant
et al., 1996; Holt et al., 1997; Calabresi et al., 2000; Descarries
and Mechawar, 2000; Zhou et al., 2001, 2002, 2003). The
density of ACh varicosities is estimated as similar to
dopamine varicosities (Descarries and Mechawar, 2000),
and both dopaminergic and ACh arbours are denser in the
striatum than elsewhere in the brain. Furthermore, like
dopaminergic neurons, striatal cholinergic interneurons
form synapses primarily onto distal dendrite shafts and
spine necks (Bolam et al., 1984; Phelps et al.,, 1985).
Interestingly, the majority of cholinergic varicosities
(>90%) may not form synapses (Descarries et al., 1997;
Descarries and Mechawar, 2000), indicating that ACh like DA
may also influence striatal function primarily via extra-
synaptic, ‘volume’ transmission (Descarries et al., 1997).

Cholinergic receptors in the striatum are of both the
metabotropic muscarinic (muscarinic acetylcholine receptor
(mAChR)) and ionotropic nicotinic (nAChR) families.
Muscarinic receptor types, M1, M2 and M4, appear to be
the dominant muscarinic striatal subtypes (Zhang et al.,
2002; Zhou et al., 2003), with evidence for modulation of
excitability of striatal neurons that include MSNs (Calabresi
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et al., 2000), corticostriatal terminals (Malenka and Kocsis,
1988; Pakhotin and Bracci, 2007; Surmeier et al., 2007),
GABAergic and cholinergic interneuron outputs (Koos and
Tepper, 2002; Zhang et al., 2002), and cholinergic interneurons
(Yan and Surmeier, 1996; Bernard et al., 1998; Calabresi et al.,
1998). There is no convincing evidence that mAChRs are
present on dopamine axon terminals to modulate dopamine
release, although indirect striatal circuits may play a role in
mAChR-mediated ACh-dopamine interactions (Zhang et al.,
2002; Zhou et al., 2003). By contrast, the role of nicotinic
AChRs appears less widespread across neuron types within
striatum generally; there is some evidence for nAChR
modulation of GABAergic interneurons (Koos and Tepper,
2002). Most strikingly however, nAChRs located on dopa-
minergic axon terminals (Jones et al., 2001) play a major role
in the modulation of striatal dopamine release by endogenous
ACh (Zhou et al., 2001; Rice and Cragg, 2004; Zhang and
Sulzer, 2004).

Acetylcholine-dopamine crosstalk: antagonistic or cooperative?
Apart from their separate actions within striatum, interac-
tions between dopamine and ACh are fundamental to the
operation of the striatum. There is a long-standing hypothesis
of an antagonistic balance between dopamine and ACh (for
reviews see Calabresi et al., 2000; Zhou et al., 2002; Pisani
et al.,, 2003; Centonze et al., 2003). The ACh/dopamine
balance hypothesis arose from the alleviation of the
debilitating motor dysfunctions of Parkinson’s disease by
pro-dopaminergic treatments on the one hand, and anti-
cholinergic on the other (Barbeau, 1962; Pisani et al., 2003).
This hypothesis is borne out to some extent on the
postsynaptic cellular level: dopamine and ACh can have
opposing effects on acute excitability of striatal output
neurons as well as on long-term corticostriatal plasticity
(Calabresi et al., 1998, 2000, 2007; Kerr and Wickens, 2001;
Reynolds et al., 2001; Reynolds and Wickens, 2002; Centonze
et al., 2003; Pisani et al., 2003; Zhou et al., 2003; Mortris et al.,
2004). Note that this long-term plasticity in corticostriatal
synaptic efficacy is thought to represent reward-related
learning (including the acquisition of incentive value by
previously neutral stimuli, learning of stimulus-response
associations, and development of habits including addiction
at the synaptic level) (Reynolds et al., 2001; Reynolds and
Wickens, 2002; Gerdeman et al.,, 2003; Robinson and
Berridge, 2003; Robinson and Kolb, 2004) and that this
learning subsequently governs the likelihood that reward-
related signals are translated into contextually appropriate
behavioural responses (reviewed elsewhere, for example,
Wickens et al., 2003; Pisani et al., 2005).

This antagonism is less simple on a presynaptic level
however. ACh and dopamine interact directly at a presynaptic
level. Dopamine can either limit or promote ACh release:
local and systemic striatal D; agonists can enhance striatal
ACh release in vivo, while D, agonists reduce (DeBoer and
Abercrombie, 1996; Ikarashi et al., 1997). The availability of
dopamine in the striatum appears, however, to promote the
long-term acquisition of conditioned inhibition or ‘pauses’
in ACh interneuron activity (Maurice et al., 2004; Reynolds
et al.,, 2004) that are thought to signal reward-related

British Journal of Pharmacology (2008) 153 $283-5297



Presynaptic nAChRs filter dopamine release
S286 R Exley and SJ Cragg

information (see later section). Moreover, as we will see, ACh
acting at nAChRs can either enhance or inhibit dopamine
release within striatum.

Key to the debate of how ACh and dopamine interact is
how this interaction functions during the context of
physiologically relevant and highly dynamic neuron activity.
Clearly, dopamine and ACh may act in opposition (see
above). Yet, these systems do not necessarily oppose each
other during the context of physiologically relevant changes
in dopamine and ACh neurons; the balance of their actions
in a physiological context will depend on the dynamic
changes in neuron activity and the consequent availability
of each neurotransmitter (Cragg, 2006). Importantly, there
are coincident changes in the physiological activity of
dopaminergic and cholinergic neurons, which together with
their consequences for ACh-dopamine interactions indicate
a powerful functional cooperativity between dopaminergic
and cholinergic systems. It is important that we first consider
the underlying physiology in dopamine and ACh neurons
before we can begin to appreciate the presynaptic function of
striatal nAChRs.

Coincident activity in acetylcholine and dopamine neurons

Both dopamine neurons and striatal cholinergic interneurons
participate in reward-related signalling and reinforcement
learning by carrying information about the predicted
availability, or errors in the prediction as well as the receipt,
of primary rewards (Aosaki et al., 1994; Knowlton et al., 1996;
Jog et al., 1999; Matsumoto et al., 1999; Reynolds and
Wickens, 2000, 2002; Reynolds et al., 2001; Packard and
Knowlton, 2002; Schultz, 2002, 2007; Centonze et al., 2003;
Gerdeman et al., 2003; Schultz et al., 2003; Wickens et al.,
2003). These systems do not by contrast signal the hedonic
value of rewards (see Berridge and Robinson, 1998, 2003;
Schultz, 2002; Pecina et al., 2003; Robinson et al., 2005),
which may be processed by other regions, for example,
human orbitofrontal cortex (Kringelbach, 2005). Rather, the
reward-related functions of DA and ACh neurons are
hypothesized to inform the corticostriatal system of the
discrepancy between the prediction of a reward and its actual
occurrence. In simple form, if the reward obtained after an
action or environmental cue is fully predicted, then the
reward prediction error signalled by these neurons at the
time of the reward is zero; if however, the reward is
unpredicted or greater (or less) than predicted, these neurons
signal a positive (or negative) prediction error. These signals
can then be used to teach or update the value of that
predictor (action or cue), and thus, the likelihood that the
action will be repeated or the cue attended to in the future.
This underlies reinforcement learning, which ultimately
allows an animal to respond or perform optimally in the
same environment in the future.

The characteristic responses of dopamine neurons and
striatal ACh neurons to such unexpected primary rewards
and conditioned reward-predicting cues in the environment
can be summarized as follows. Mesostriatal dopamine
neurons signal these events by a switch from tonic firing
rates (typically 2-5Hz) to either a phasic increase (burst, 15—
100Hz) or a decrease (pause) according to the presentation or
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omission, respectively, of a reward (Hyland et al.,, 2002;
Schultz, 2002; Fiorillo et al., 2003; Tobler et al., 2003, 2005;
Morris et al., 2004; Bayer and Glimcher, 2005). The responses
of striatal cholinergic interneurons (TANs) in contrast, usually
(but see Ravel et al., 2001; Yamada et al., 2004) involves a brief
pause in tonic rates of activity following reward-related events
whether ‘rewarding’ or ‘punishing’ (Aosaki et al., 1994; Shimo
and Hikosaka, 2001; Morris et al., 2004; Apicella, 2007).
Moreover, these transient reward-related responses of dopa-
mine and ACh neurons appear time-locked with each other:
when recorded in the same task, reward-related bursts in
dopamine neurons occur simultaneously with pauses in ACh
neurons (similar latency and duration, approximately 100-
200ms) (Figure 1) (Morris et al., 2004). The coincident timing
of these events points to a dynamism in the interaction of
dopamine and ACh in striatum. Notably, it suggests that if we
are to appreciate the function of presynaptic nAChRs in
striatum, we must consider highly variable changes
in dopamine neuron activity and the coincident reduction in
ACh tone that will result from a pause in ACh neuron activity.
In other words, we should not confine our understanding of
nAChR function to any single effect of ACh; rather, we should
consider a range of possible effects of ACh across the range
of firing frequencies observed in dopamine neurons, and
furthermore, understand the outcome of a loss of resting
ACh tone.

Presynaptic nAChRs filter the dynamic probability
of dopamine release according to dopamine
neuron activity

How a given pattern and frequency of incoming dopamine
neuron activity is relayed into striatal dopamine release
transients will depend on the processing of dopamine
neuron activity at the release site. Dopamine release does
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Figure 1 Synchronization of dopaminergic and cholinergic neuron

responses to behavioural events. Mean responses of population of
dopamine neurons (DAN, grey) and cholinergic interneurons
(tonically active neuron (TAN), black) to a visual cue (left) and
reward (right) presented to Macaque monkeys in an instrumental
conditioning task at t =0 (arrow). The increase in dopamine neurons
firing coincides with the same latency and duration as the pause in
tonically active cholinergic interneuron firing. Population responses
are baseline-subtracted, averaged for all probabilities in the experi-
ment, and normalized to the peak of each response (for DANs) or
the maximum trough (for TANs). The different scales in each panel
reveal different degrees of changes for positive and negative errors
(see text for discussion of negative prediction errors). Figure taken
from (Cragg, 2006) and originally adapted from (Morris et al., 2004)
with permission.



not depend linearly on the frequency of activity in
dopamine neurons (Chergui et al.,, 1994) owing to use-
dependent short-term changes, or ‘plasticity’, in dopamine
release probability (Cragg, 2003; Montague et al., 2004) as
well as neuromodulation by dopamine and ACh transmitters
acting at auto- and heteroreceptors on dopaminergic axons
(Kennedy et al., 1992; Benoit-Marand et al., 2001; Schmitz
et al., 2002, 2003; Rice and Cragg, 2004; Zhang and Sulzer,
2004).

Ligands for nAChRs (including nicotine) have long been
known to influence striatal dopamine release (Di Chiara and
Imperato, 1988; Dajas-Bailador and Wonnacott, 2004).
Importantly, we now appreciate that the control of dopa-
mine release probability by presynaptic nAChRs and en-
dogenous ACh in striatum is dynamic and multifaceted
(Zhou et al., 2001; Rice and Cragg, 2004; Zhang and Sulzer,
2004). Typically, dopamine release in striatum is accompa-
nied by a use-dependent, short-term depression of release
probability at rapidly successive pulses (Abeliovich et al.,
2000; Cragg, 2003; Montague et al., 2004). Studies in striatal
slices, using fast (subsecond) voltammetric detection of
dopamine, indicate that the ACh released from sponta-
neously active striatal cholinergic interneurons (Bennett and
Wilson, 1999; Zhou et al., 2001, 2003) acts at pf2-subunit-
containing (p2*)-nAChRs on striatal dopamine axon
terminals to maintain a high probability of dopamine release
evoked by single action potentials (Zhou et al., 2001; Rice
and Cragg, 2004). ACh thus contributes to consequent short-
term depression. A reduction in ACh action at nAChRs, for
example, using competitive antagonists, reduces initial
dopamine release probability (Zhou et al., 2001; Rice and
Cragg, 2004), and as a direct consequence, short-term
depression becomes relieved (Cragg, 2003; Rice and Cragg,
2004). Thus, inhibition of nAChRs can suppress release by
single stimuli but correspondingly facilitate release by a burst
(Figure 2) (Rice and Cragg, 2004).

Moreover, this reorganization of dopamine release prob-
abilities by nAChR inhibition depends on the frequency of
dopamine neuron activity (Rice and Cragg, 2004; Zhang and
Sulzer, 2004): the shorter the interpulse interval, that is, the
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higher the dopamine neuron frequency, the greater the relief
from short-term depression. In other words, antagonism of
nAChR activity reduces initial dopamine release probability
but in turn permits a high-frequency pass filtering that
facilitates burst release. Consequently, reduced nAChR
activity can (1) enhance dopamine signals by dopamine
neuron bursts at high frequencies that is those that
accompany the presentation of rewards or conditioned
reward-predicting stimuli (20-100 Hz), while it can also (2)
diminish further the reduced dopamine signals accompany-
ing reductions in dopamine neuron activity, as occurs at
times of omission of expected rewards (Rice and Cragg, 2004;
Cragg, 2006). Thus, a major impact of this filtering will be an
increase in contrast in dopamine signals when dopaminergic
neurons switch from tonic activity to either a high
frequency, reward-related burst or a pause (Cragg, 2006).

Turning the nAChR filter on and off: a pause in TANs and ACh
tone?

These data suggest that a reduction in endogenous ACh tone
at striatal nAChRs following a TAN pause would similarly
enhance the contrast in dopamine signalling when dopa-
mine neurons concurrently change firing rate (Figure 2). A
pause response of the TANs to reward presentation- and
omission-related events could amplify both of the bipolar
effects of these cues on dopamine neuron activity (bursts and
pauses) (Cragg, 2006). These findings suggest that synchro-
nization of phasic changes in activity in dopamine and
acetylcholine neurons could serve to promote the sensitivity
of dopamine synapses to dopamine neuron activity and
enhance the contrast between dopamine transients released
by different activities, bursts or pauses (Cragg, 2006). These
data illustrate the importance of considering the dynamic
activity not only in the dopamine neurons, but also in the
TANs when considering the function of presynaptic nAChRs
on dopamine signalling. The function of presynaptic
nAChRs on striatal dopamine transmission (for example,
during reward-related tasks) might be completely different in

OFF

ACh
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Antagonist
o-CtxMlIl

{J nAChR:
odp2*
abp2*

®
®
o
[ ]

Figure 2 Cartoon of outcome of nicotinic acetylcholine receptors (nAChRs) active and inactive on dopamine transients released by burst-like
and nonburst activity in dopamine neurons. Left, tonic acetylcholine (ACh) tone at nAChRs on dopaminergic axon terminals. Right, nAChR tone
switched off (or reduced) by either a pause in ACh interneuron activity, nAChR desensitization by nicotine or block by nAChR antagonists.
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the presence of tonic TAN activity (and nAChR tone) versus a
concomitant TAN pause.

Turning the nAChR filter on and off: the effects of nicotine via
nACHR desensitization

Nicotine has long been known to enhance the net release of
dopamine in vivo measured over a timescale of minutes with
microdialysis after system injection (Di Chiara and Imperato,
1988; Corrigall et al., 1992, 1994; Nisell et al., 1994b), and
nicotine also acts as a secretagogue at high concentrations
(uM) to evoke release of preloaded [*H]-dopamine from
striatal synaptosomes (Kulak et al., 1997; Kaiser et al., 1998;
Grady et al., 2002; Dajas-Bailador and Wonnacott, 2004). But
until recently, much less has been known about how
nicotine governs the subsecond release of endogenous
striatal dopamine by dynamic patterns of physiological
action potentials and where endogenous striatal ACh tone
is intact. The effects of nicotine on these dynamic properties
of dopamine release at concentrations of nicotine seen in
smokers have recently been identified, and have simulta-
neously offered insights into several aspects of nicotine’s
properties ranging molecular through to systemic properties,
three of which (1-3) will be discussed here.

1. Desensitization versus agonism?. Nicotinic AChRs are
notoriously susceptible to desensitization, a reversible or
temporary inactivation of response, following sustained
administration of nicotinic receptor ligands including
nicotine (Pidoplichko et al.,, 1997; Zhou et al., 2001;
Mansvelder et al., 2002; Quick and Lester, 2002; Wooltorton
et al., 2003; Giniatullin et al., 2005). The molecular
mechanisms underlying nAChR desensitization remain in-
completely resolved; candidate mechanisms and their role in
modulating receptor function generally are reviewed else-
where (Quick and Lester, 2002; Giniatullin et al., 2005).
Nicotine, when applied to the brain at concentrations seen
in smokers, readily desensitizes f2*-nAChRs in the VTA and
in the striatum (Pidoplichko et al., 1997; Zhou et al., 2001;
Mansvelder et al., 2002). Note that although a7-receptors are
known to have the fastest onset of desensitization (at
saturating doses of agonist) of any nAChR, the low,
smoking-related concentrations of nicotine preferentially
desensitize the higher affinity B2*-nAChRs (see Quick and
Lester, 2002). It is this nAChR desensitization rather than
simple receptor activation that appears critical to the
outcome on dopamine neuron excitability and ultimately,
on presynaptic nAChR control of dopamine release in
striatum. In the VTA, a greater susceptibility to desensitiza-
tion of B2*- versus o7*-nAChRs reduces direct cholinergic
excitation of dopamine neurons as well as GABAergic
inhibition to dopamine neurons but appears to leave
relatively intact the «7*-nAChR activation of glutamatergic
input to dopamine neurons (Mansvelder et al., 2002). The
net effect of sustained nicotine in VTA is therefore an
enhanced excitability of dopamine neurons (Mansvelder and
McGehee, 2002; Mansvelder et al., 2002). In the striatum
however, where action potential-evoked dopamine release is
under the control of f2*- but not «7*-nAChRs (Zhou et al.,
2001; Rice and Cragg, 2004; Zhang and Sulzer, 2004),
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nicotine-induced desensitization of tonically active striatal
nAChRs, reduces initial dopamine release probability, and
consequently, facilitates release by bursts in the same
manner as nAChR antagonists (Zhou et al., 2001; Rice and
Cragg, 2004; Zhang and Sulzer, 2004). Thus, nicotine
dramatically enhances how dopamine is released by re-
ward-related burst activity compared to non-reward-related
tonic activity (Figure 2).

Thus, desensitization of nAChRs plays an essential facili-
tatory role in both the VTA and directly within the striatum
in the ability of nicotine to enhance striatal dopamine
neurotransmission. We should not limit our appreciation of
the action of nicotine on the brain to its effects at nAChRs as
a simple agonist. Rather, loss of function of striatal nAChRs
can be a gain of function to dopamine transmission.

2. VTA versus striatum?. The desensitization of nAChRs by
nicotine in striatum also sheds light on why the striatum was
long overlooked as a site of action of nicotine; the long-held
notion was that the VTA but not the striatum was important
for nicotine’s effects on striatal dopamine transmission. For
example, previous experiments identified that local admin-
istration of nAChR blockers into the VTA but not striatum
prevents the self-administration of systemic nicotine
(Corrigall et al., 1994) or prevent increases in accumbal
dopamine measured with microdialysis following systemic
nicotine injection (Nisell ef al.,, 1994b). Furthermore,
nicotine infused continuously into the VTA but not striatum
has been reported to sustain striatal dopamine release
(measured by microdialysis) (Nisell et al., 1994a). Recent
insights into nicotine’s desensitizing action within striatum
now reveal several possible alternative explanations for why
the effects of nicotine in the striatum may previously have
been underestimated. For example, since nicotine’s effects
within striatum appear to involve switching nAChRs off,
nAChR antagonists in striatum are unlikely to reverse
nicotine’s effects, but might in fact substitute for nicotine.
In contrast in the VTA, where the effects of nicotine require
both desensitization and agonism (Mansvelder et al., 2002),
nAChR antagonists would be expected to obscure nicotine
actions. Furthermore, since nicotine’s effects in striatum
involve enhancing signal contrast on a subsecond basis by
both reducing and enhancing striatal dopamine release
depending on dopamine neuron (and TAN) firing rate, it is
possible that the net effect of nicotine in striatum might be
an undetectable net zero change when measured over a long
microdialysis sample period. In addition, nicotine’s striatal
effects also depend on changes in underlying dopamine
neuron firing rate, for example, changes that accompany
nicotine reaching the VTA, and may not in contrast be
exposed in vivo by striatal administration only. The striatal
mechanisms reviewed here are distinct from (but additive
with) those actions of nicotine on dopamine neuron
excitability at the somatodendritic level. Together, axonal
effects in combination with somatodendritic effects
(Grenhoff et al., 1986; Pidoplichko et al., 1997; Mansvelder
et al., 2002; Champtiaux et al., 2003; Maskos et al., 2005;
Mameli-Engvall et al., 2006) will provide a two-step ampli-
fication by nicotine of dopamine signalling in striatum. Our
improved understanding of the consequences of nicotine in



striatum (via nAChR desensitization) on physiological sub-
second dopamine signals, now allows us to appreciate the
striatum as an important site for nicotine action.

3. Primary reinforcer or enhancer of secondary reinforce-
ment?. The striatal effects of nicotine also offer a neuro-
pharmacological correlate for some of nicotine’s less
well-understood psychopharmacological properties. A key
question in nicotine addiction is to what extent the
reinforcing effects of nicotine result from its intrinsic
reinforcing properties, that is, as a primary or unconditioned
reward, versus its ability to enhance the reinforcing efficacy
of other primary and secondary reinforcers (Caggiula et al.,
2001; Donny et al., 2003; Olausson et al., 2003). It has been
questioned whether the primary, or unconditioned, reinfor-
cing effects of nicotine are sufficient to explain the
maintenance of smoking behaviour in humans (Perkins
et al., 2003). Rather, sustained nicotine self-administration,
in rats as well as in human smokers, may be dependent on
associated environmental cues (for example, visual or
olfactory), which, through becoming conditioned reinfor-
cers, can take on critical incentive properties (Caggiula et al.,
2001). Notably, nicotine can noncontingently enhance the
reinforcing efficacy of previously neutral cues (Chaudhri
et al., 2003; Donny et al., 2003). A principal means through
which novel, behaviourally relevant stimuli and conditioned
cues are signalled to the brain is via a switch in dopamine
neuron firing activity to a brief high-frequency burst
(Schultz, 2002, 2007). Since nicotine via nAChR desensitiza-
tion in striatum enhances the dopamine signalling by burst
versus nonburst activity in dopamine neurons, the pharma-
cological effects of nicotine in striatum reviewed here may
therefore offer a neurochemical correlate for the nicotine
enhancement of the reinforcing efficacy of any reward-
related stimuli, including non-nicotine conditioned stimuli
(for example, predictive visual cues) that support nicotine
self-administration (Caggiula et al., 2001; Chaudhri et al.,
2003; Donny et al., 2003).

The diversity of nAChR subunits in dopamine
neurons

What do we understand of the nAChRs responsible for the
control of dopamine neurotransmission by ACh and by
nicotine in striatum? Dopamine neurons express a large
range of nAChR subunits and several stoichiometric config-
urations are proposed to exist in dopamine axons and
regulate striatal dopamine neurotransmission.

To date, 12 mammalian subunits a2-010 and B2-f34 have
been identified and cloned. These subunits can be organized
into subfamilies I-IV, according to their gene sequence and
structure (Corringer et al., 2000; Le et al., 2002). Only nAChR
subunits from subfamilies II («7) and Il («2-a6, p2-B4) have
been identified in mammalian brain (Corringer et al., 2000;
Le et al.,, 2002). These subunits can form homomeric
pentamers (all one type of subunit, for example, a7) or
heteromeric pentamers, consisting of combinations of
various a- and B-type subunits. Dopamine neurons within
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rodent SNc and VTA express mRNAs for the nAChR subunits
a4, a5, a6, B2 and B3, as well as lower levels of &3 and o7 and
lower levels yet of B4 (Azam et al., 2002). This diversity of
subunit expression has the potential to give rise to multiple
types of pentameric receptors in somatodendritic and axon
terminal regions of dopamine neurons with a consequent
myriad of corresponding functions.

The nAChRs present in both somatodendritic (VTA/SNc) as
well as axonal regions (striatum) are believed to be important
to the reinforcing effects of nicotine (Grenhoff et al., 1986;
Mansvelder and McGehee, 2002; Mansvelder et al., 2002;
Zhou et al., 2003; Rice and Cragg, 2004; Zhang and Sulzer,
2004; Ungless and Cragg, 2006; Mameli-Engvall et al., 2006).
However, there are differences in the nAChR subunits
present in axon terminals compared to somatodendritic
regions. Whereas o7- and p4-subunits are present in VTA/
SN, they are not apparently transported to striatal dopami-
nergic axon terminals (Champtiaux et al., 2003; Quik et al.,
2005). The a7-subunit is, however, expressed within striatum
by non-dopaminergic neurons, although this is not dis-
cussed here. Furthermore, there is a lack of «3-subunits
within the striatum in rodents (although not in primates)
(Wonnacott et al., 2000; Zoli et al., 2002; Champtiaux et al.,
2003; Gotti et al., 2005; Quik et al., 2005). However, the a4-,
oS-, 06-, B2- and B3-subunits (and a3-subunits in primate) are
found at high density in dopamine axon terminals where
they can assemble as functional receptor channels in the
form of heteromers.

As heteromeric receptors, these subunits arrange to form
two /B pairs; the interface of each of these pairs is
responsible for providing one of the two ACh-binding sites
at each nAChR (Gotti and Clementi, 2004). The two o/ pairs
that form the ligand-binding sites in dopamine axons in
striatum are suggested to be primarily «4/B2 and/or «6/p2
(and/or «3/p2 in primates) (Luetje, 2004; Salminen et al.,
2004; Quik et al., 2005). The fifth subunit in the pentamer
may consist of any other subunit, including a5 or 3. Several
mechanisms are known to control the stoichiometry of
pentameric nAChRs during assembly in transfected cell
expression systems: nAChR subunit composition and stoi-
chiometry may be influenced by cellular chaperone proteins
and intracellular cAMP levels as well as transfected subunit
ratio or exposure to nicotine (Zwart and Vijverberg, 1998;
Wanamaker et al., 2003; Kuryatov et al., 2005; Vallejo et al.,
2005; Exley et al., 2006). These mechanisms will not be
discussed further here. However, while we have some
understanding of how these characteristics arise in nAChRs
in non-neuronal expression systems in vitro, we are still
far from understanding their form and function in neurons
in vivo.

What is the stoichiometry and function of striatal nAChRs in
dopamine axons?

Our current appreciation of the nAChRs that participate in
the regulation of striatal dopamine transmission has arisen
from the development of specific ligands, subunit-specific
knockout (KO) mice and immunoprecipitation studies. We
will review our current understanding of the nAChRs present
on dopamine axons that is derived primarily from rodent
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studies with a few valuable insights from primate studies
where available.

The B2-subunit was the first shown to be crucial to the
reinforcing properties of nicotine in rats (Picciotto et al.,
1998). It was later demonstrated that f2-nAChR subunits are
widely expressed presynaptically on striatal dopamine axon
terminals (Jones ef al., 2001). Subsequent immunoprecipita-
tion studies revealed the dominant presence of the (2-
subunit within the striatum: all nAChRs on dopamine
axon terminals are thought to contain the P2-subunit
(Champtiaux et al.,, 2003; Salminen et al., 2004). The
determination of the stoichiometry of these B2*-nAChRs
has since been particularly aided by the development of
a ligand, which can differentiate alternate o-subunit-con-
taining nAChRs. Specifically, the antagonist a-conotoxin MII
(a-CtxMII) (extracted from Conus snails) is selective for o3/
a6-subunit-containing nAChRs (Cartier et al., 1996; White-
aker et al., 2000; McIntosh et al., 2004). This ligand has been
used in studies of nicotine-evoked [*H]-dopamine release
from synaptosomes to identify two distinct classes of striatal
B2*-nAChRs, «o-CtxMIl-sensitive (a6/a3,p2*-nAChRs) and
a-CtxMll-resistant (non-a6/a3,p2*-nAChRs) (Kulak et al.,
1997; Kaiser et al., 1998; Quik et al., 2005). These studies
suggest that the o-CtxMIl-resistant population of nAChRs
(that is, non-a6/23,$2*) can account for up to 60% of
nicotine-evoked dopamine release from rodent striatal
synaptosomes (Kulak et al.,, 1997; Kaiser et al., 1998;
Salminen et al., 2007). However, the relative importance of
a6* versus non-a6-nAChRs in the regulation of DA release by
endogenous ACh varies greatly within different functional
subterritories of the striatum (Exley et al., in press).

Immunoprecipitation studies have contributed greatly in
defining nAChR subunits which could constitute these
different 0.6- and non-u6,B2*-nAChRs in striatal dopaminer-
gic terminals. These studies have shown that in addition to
the B2-subunit, both a4- and «6-subunits are also widely
present in striatum. In addition, a small portion of «4-
subunits are colocalized with aS-subunits (approximately
11%), whereas a6-subunits do not appear to be colocalized
with o5 (Champtiaux et al.,, 2003). The PB3-subunit by
contrast, appears always to be colocalized with a6-subunits,
and a portion of this population can contain o4-subunits
(but see later) (Champtiaux et al., 2003; Cui et al., 2003; Gotti
et al., 2005). Together, these data have suggested the
presence of a4p2- and o4a5B2-nAChRs (a-CtxMIl-resistant)
as well as a6B2B3- and a604p2B3-nAChRs (a-CtxMII-sensi-
tive) (Zoli et al., 2002; Champtiaux et al., 2003; Cui et al.,
2003; Luetje, 2004; Salminen et al., 2004, 2005; Gotti et al.,
2005). In the primate striatum, there is an additional a332*-
nAChR which also binds a-CtxMII (Cartier et al., 1996; Quik
et al., 2005).

However, immunoprecipitation data also suggest that
these four (or five) arrangements may not be the full
complement of native nAChRs in dopaminergic axons. Not
all a6-containing receptors appear to also contain o4- and
B3-subunits: it has recently been shown that «4- and
a4p3-subunit-selective KO mice have the capacity to form
functional nAChRs that govern dopamine release from
synaptosomes with the stoichiometry «6f283 and «6f2
(Salminen et al., 2007). Whether or not these additional
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receptor types can be formed in wild-type mice, however, is
still unresolved. Furthermore, there may be a population of
a6-containing o-CtxMIl-resistant receptors of the arrange-
ment 0604p2 (Table 1) (Champtiaux et al., 2003; Salminen
et al., 2004; Gotti et al., 2005).

In summary, our understanding of the subunit composi-
tion of striatal nAChRs has increased significantly in the
recent years and immunoprecipitation studies currently
support the potential existence in dopamine axons of the
following nAChRs: 04p2, a4a5p2, a604pB2p3, a6p2p3, a6p2
and o604p2 (Table 1). Intriguingly however, we may not
have yet reached a completely accurate picture. One major
limitation of immunoprecipitation studies is a limited
capacity of the polyclonal antibodies that are typically used
to extract each subunit. This has recently been shown by
Gotti et al. (2005), who generated a new antiserum that was
raised against mouse B3 rather than to rat B3, with a
concomitant greater recovery of mouse B3-subunits from
mouse tissue than using rat antibodies (Champtiaux et al.,
2003). Previous studies may therefore have underestimated
subunit colocalization, and therefore, overestimated the
types of nAChRs present. Future immunoprecipitation
studies may yet refine our understanding of the stoichio-
metry of nAChRs in striatal dopaminergic axon terminal
fields.

Variations in a4B2 stoichiometry and the roles of the fifth subunit
position

While we are making great strides in understanding the
nAChHR subunits that might coexist as pentamers in striatum,
it is also important to consider their pentameric arrange-
ments. For example, not all «4p2-nAChRs are equal. When
transfected in vitro, a44p2-nAChRs can form two distinct
sensitivities for ACh as well as other ligands (Zwart and
Vijverberg, 1998; Houlihan et al., 2001; Nelson et al., 2003;
Slater et al., 2003). These are believed to arise from the
expression of two different 24p2-nAChR stoichiometries:
receptors that are (a4),(f2); have high sensitivity, whereas
(04)3(B2), have low sensitivity (Nelson et al., 2003; Moroni
and Bermudez, 2006). The identity of the fifth subunit
changes the properties of the receptor. It remains unresolved
which stoichiometry(s) occurs in striatum. Transfected cell
lines by contrast preferentially express the low sensitivity
nAChR, that is, (¢4)3(B2),, but interestingly after long-term
incubation with nicotine, transfected human embryonic
kidney cells can selectively increase the expression of high
sensitivity (04),(f2);-nAChRs (Buisson and Bertrand, 2001;
Nelson et al., 2003; Kuryatov et al., 2005; Sallette et al., 2005;
Vallejo et al., 2005). While two pairs of o/p-subunits form the
ligand-binding sites, it appears that the fifth subunit is
crucial in acting not only as an ‘accessory’ subunit (one
playing a role in receptor assembly) but also in determining
the sensitivity of the receptor to its ligands (Figure 3) (Zwart
and Vijverberg, 1998; Tumkosit et al., 2006). This also occurs
for other nAChRs.

In B3*-nAChRs (2406B2B3- and a6B233-nAChRs), a4 and/
or a6 will be coupled with B2 to form the two ligand-binding
pairs. The B3-subunit is unlikely to be directly coupled
to a ligand-binding domain; but nevertheless, it does
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Table 1 nAChRs proposed to be expressed on dopaminergic axon terminals in striatum
Species  Region Receptor stoichiometry
o4p2 a3p2* a4a5p2 a6042 o604p2f3 o652 6523
Mouse  Striatum Champtiaux et al. NA Champtiaux Champtiaux Champtiaux et al. Champtiaux et al. Champtiaux et al.
(2003); et al. (2003); et al. (2003); (2003); (2003); (2003);
Gotti et al. (2005); Gotti et al. Salminen et al.  Gotti et al. (2005); Salminen et al. Gotti et al.
(2005); (2004) (2004) (2005);
Salminen et al. Salminen et al. Salminen et al.
(2004) (2004) (2004)
CPu NA Cui et al. (2003);  Salminen et al. Cui et al. (2003);
(2007)
Salminen et al. Salminen et al.
(2007) (2007)
NAc NA Cui et al. (2003); Salminen et al. Cui et al. (2003);
(2007)
Salminen et al. Salminen et al.
(2007) (2007)
Rat Striatum  Zoli et al. (2002) NA Zoli et al. Zoli et al. Zoli et al. (2002)  Zoli et al. (2002)  Zoli et al. (2002)
(2002) (2002)
Primate  Striatum Quik et al. (2005) Quik et al. Quik et al. (2005) Quik et al. (2005)

(2005)

Abbreviations: CPu, caudate-putamen (dorsal striatum); NAc, nucleus accumbens (ventral striatum); nAChR, nicotinic acetylcholine receptor. Due to the
detectable expression of a3-subunit only in primate but not rodent striatum, the expression of a3p2*-nAChRs are not applicable (NA) to rodents.
Table of studies citing the presence of each proposed nAChR subtype. Note that studies listed in ‘Striatum’ do not distinguish between ventral and dorsal territories

of striatum.

-DHHS

Modulator

Accessory/
Modulator

Accessory/
Modulator?

Accessory/
Modulator?

a-CtxMll-resistant

o-CtxMll-sensitive

Figure 3 Nicotinic acetylcholine receptor (nAChR) stoichiometry, o4/B2-binding pairs and the role of the fifth subunit. Both «4/B2 and «.6/p2
pairs form ligand-binding domains. For a-conotoxin MII (a-CtxMll)-resistant receptors, the fifth subunit can modulate nAChR ligand affinity.
Sensitivity to a-CtxMll is conferred at the 06/B2 domain only and will result from block of either one or two acetylcholine (ACh)-binding sites
available to activate the channel. Fifth subunits in a-CtxMlI-sensitive receptors may be accessories or affinity modulators. Binding sites for ACh
are a-CtxMll-resistant (filled squares) or a-CtxMll-sensitive (unfilled squares).

appear to influence receptor assembly and the binding
of a-CtxMII (Cui et al., 2003; Tumkosit et al., 2006). For
the a4a5B2 receptor, it appears that the «4/B2 subunits form
the ACh-binding site, while the «5-subunit acts as an
accessory to occupy the fifth position. Furthermore, inclu-
sion of chick a5-subunit in the human «4p2-nAChR (in
Xenopus oocytes) can increase receptor desensitization to
nicotine (Ramirez-Latorre et al., 1996). It is interesting to
note that inclusion of the human «5-subunit in a different
human nAChR, the «3p2 receptor, increases receptor
desensitization to nicotine, but also nicotine efficacy (Wang
et al., 1996).

In 06*-nAChRs, the a6-subunit predominantly forms a
a6/B2 interface, which binds o-CtxMII. However, in rodent
striatum, there is a small (~6%) portion of a6*-nAChRs,
which are o-CtxMIl-resistant (Gotti et al., 2005). This

suggests that some nAChRs have a6-subunits that do not
form ligand-binding domains, but rather occupy the fifth
non-ACh-binding position. Might the a6-subunit, as seen
for the o4 and B2 subunits, be able to take on two different
types of roles? One role could confer ligand specificity at an
a6/p2 interface in the a6p2-, 6p2p3- and a604p2B3-nAChRs
(Cui et al., 2003; Salminen et al., 2007), while the other
could be to act as an accessory subunit at the fifth position
(Figure 3). In summary, even when stoichiometry in striatum
is known the nature of the ACh-binding site may depend not
only on the four subunits, which constitute the two binding
sites, but also the fifth non-binding subunit. We therefore
need to improve our understanding of the function and the
stoichiometry of the nAChRs that regulate dopamine release,
if we are to successfully exploit nAChRs in neurodegenera-
tion and addictive disorders.
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Summary and perspective

Our understanding of presynaptic nAChR function in
mesostriatal dopamine neurons has been revised signifi-
cantly by studies in the last 4-5 years. We now understand
the need to appreciate how nAChRs can filter, rather than
simply enhance, neurotransmitter release from dopamine
neurons. It remains a key and open question as to whether
this filtering mode of action occurs for presynaptic nAChRs
on other neuron types, that is, whether this can be general-
ized to nAChR function across the brain. Furthermore, the
presynaptic filter on dopamine release probability operated
by presynaptic nAChRs in striatum depends on activity in
both dopamine and striatal cholinergic neurons. Given that
synchronized phasic changes in both dopaminergic and
cholinergic neurons appear to be the means through which
behaviourally relevant information is signalled, it is thus
imperative that we appreciate this dynamic interplay.
Specifically, we should consider the powerful outcome of
turning off nAChR tone during such a pause in cholinergic
interneurons, rather than limiting our perspective to the
response to nAChR activation. Together, these data suggest
that future approaches to finesse our understanding of the
function of presynaptic nAChRs on striatal dopaminergic
axons should aim to explore dopamine signals using
methods that can explore release on a timescale commensu-
rate with the dynamic properties of neuron activity and also
consider the outcome of turning ACh tone off. It is also
becoming clear that turning off nAChRs may be central to
the reinforcing action of nicotine. The desensitization of
nAChRs by nicotine is increasingly becoming appreciated as
fundamental to nicotine’s properties rather than a paradox-
ical synaptic observation at odds with our expectation of
how nicotine might be reinforcing.

We understand much less about why nAChRs are pro-
duced in such diverse forms and even exactly how many
diverse forms exist within any one neuron type. While we
have nonetheless made considerable progress in under-
standing the possible forms these nAChRs may take in
dopaminergic axons, we have yet to obtain insights in to
whether these different receptors have different functions in
the regulation of discrete dopamine signals by endogenous
ACh or by nicotine. We also have yet to establish what the
function of any one subtype may be or furthermore whether
there is functional redundancy. We have therefore still to
bridge a large gap between insights into subunit identity on
the one hand, and an understanding of subunit function in
the dynamic control of dopamine signalling by endogenous
ACh on the other. And yet, if we understood the form and
function of nAChR diversity generally, we would not only
better grasp the fundamental purpose of nAChRs in the
brain, but moreover, we could reveal major potential for
selective neuromodulation of targeted neuron types and
guide future drug design for targeted nAChR types that could
offer major potential therapeutic benefit to many disorders
of neuron function that have been suggested to include
nicotine addiction, Parkinson’s disease, Alzheimer’s disease,
epilepsy and schizophrenia.

What other unknowns lie between our current under-
standing of nAChR control of dopaminergic transmission
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and an ideal goal of therapeutic exploitation, for example, in
smoking and Parkinson’s disease? To begin with, can this
potent presynaptic regulation of DA signalling by nAChRs
be demonstrated in behaving animals? To date, real-time
electrochemical techniques at carbon-fibre microelectrodes
within the striatum have identified that phasic-like DA
transients in reward-seeking, behaving animals accompany
reward prediction and positive prediction errors (for exam-
ple, Garris et al., 1999; Phillips et al., 2003; Stuber et al.,
2005); however, the effect of ACh on these transients is not
currently known. Furthermore, we will need to identify how
the adaptive and passive changes in nAChR expression that
are well documented after chronic nicotine (Buisson and
Bertrand, 2002; Parker et al., 2004; Lai et al., 2005; Pakkanen
etal., 2005, 2006; McCallum et al., 2006a, b; Quik et al., 2006;
Perry et al., 2007) or in Parkinson’s disease (Aubert et al.,
1992; Martin-Ruiz et al., 2000; Quik and Jeyarasasingam,
2000; Quik et al., 2001, 2002, 2005; Kulak et al., 2002a, b;
Bohr et al., 2005) might influence the underlying nAChR
function we would aim to modulate. We will also need a
better grasp of subunit-specific function if any nAChR
therapy is to achieve regional selectivity. We may still be
some way from realizing these potential opportunities for
therapeutic avenues in addictive and other neurological
disorders but the future now holds significant promise.
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