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ABSTRACT

There exists a remarkable diversity of neurotransmitter compounds in the striatum, a pivotal brain
region in the pathology of Parkinson’s disease, a movement disorder characterized by rigidity, tremor
and bradykinesia. The striatal dopaminergic system, which is particularly vulnerable to neurodegenera-
tion in this disorder, appears to be the major contributor to these motor problems. However, numerous
other neurotransmitter systems in the striatum most likely also play a significant role, including the
nicotinic cholinergic system. Indeed, there is an extensive anatomical overlap between dopaminergic
and cholinergic neurons, and acetylcholine is well known to modulate striatal dopamine release both in
vitro and in vivo. Nicotine, a drug that stimulates nicotinic acetylcholine receptors (nAChRs), influences
several functions relevant to Parkinson’s disease. Extensive studies in parkinsonian animals show that
nicotine protects against nigrostriatal damage, findings that may explain the well-established decline in
Parkinson'’s disease incidence with tobacco use. In addition, recent work shows that nicotine reduces
L-dopa-induced abnormal involuntary movements, a debilitating complication of .-dopa therapy for
Parkinson’s disease. These combined observations suggest that nAChR stimulation may represent a
useful treatment strategy for Parkinson’s disease for neuroprotection and symptomatic treatment.
Importantly, only selective nAChR subtypes are present in the striatum including the a432* a632* and
a7 nAChR populations. Treatment with nAChR ligands directed to these subtypes may thus yield optimal
therapeutic benefit for Parkinson’s disease, with a minimum of adverse side effects.

© 2009 Elsevier Inc. All rights reserved.
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1. Overview

of nigrostriatal dopaminergic neurons [1-3]. A major component
of the basal ganglia is the striatum which receives projections from

The basal ganglia are key in the pathogenesis of Parkinson’s
disease, a movement disorder characterized by a predominant loss

Abbreviations: ANOVA, analysis of variance; a-CtxMII, a-conotoxinMIl; MPTP,
1methyl-4-phenyl-1,2,3,6-tetrahydropyridine; nAChR, nicotinic acetylcholine
receptor; 6-OHDA, 6-hydroxydopamine; RTI-121, 2f3-carboxylic acid isopropyl
ester-3(3-(4-iodophenyl) tropane.
* Corresponding author. Tel.: +1 408 542 5601; fax: +1 408 734 8522.
E-mail address: mquik@parkinsonsinstitute.org (M. Quik).
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dopaminergic cell bodies in the substantia nigra. In addition to
dopamine, the striatum contains a wide diversity of neuroactive
substances including serotonin, glutamate, GABA, noradrenaline,
cannabinoids, opioids, adenosine, and numerous neuropeptides,
any of which may contribute to the regulation of dopaminergic
activity [4-18]. Furthermore, extensive evidence shows that
acetylcholine influences striatal dopamine release predominantly
through an action at nAChRs [19-21], and also muscarinic
receptors to a lesser extent [22-24]. These interactions of
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Table 1

Nicotine pre-treatment protects against nigrostriatal damage in different parkinsonian animal models.

Animal model Nigrostriatal insult Nicotine treatment regimen

Protection References

Rats 6-OHDA Injection, minipump,
drinking water
Monkeys MPTP Drinking water
Mice MPTP Injection, minipump,
drinking water
Paraquat Drinking water

Methamphetamine Injection

Improvement in behavioral deficits and molecular/
functional measures in striatum

[73,74,78,79,83-91]

Improvement in molecular and functional measures [42,92,93]

in striatum

Variable effects—protection in some studies but not [87,91,94-103]
others

Improvement in molecular markers in striatum [104]
Improvement in molecular markers in striatum [74]

acetylcholine at the cellular level most likely have important
behavioral consequences. The focus of this review is on a putative
involvement of the nicotinic cholinergic system in the control of
striatal function and the pathophysiology of Parkinson’s disease.
Extensive work shows that nicotine, which acts at nAChRs, protects
against nigrostriatal damage [25-27]. In addition, our recent
studies demonstrate that nicotine administration reduces a major
side effect of L-dopa, the primary treatment for Parkinson’s disease
[28,29]. These observations raise the possibility that nAChR
stimulation may prove useful for the long-term management of
Parkinson’s disease.

2. Role for nicotine in neuroprotection against nigrostriatal
damage

Cigarette smoking is a well-known health hazard, and one of the
leading avoidable causes of mortality and morbidity. It is
associated with a risk of serious chronic disorders, including
cardiovascular disorders, lung disease, and cancers. Unexpectedly,
however, cigarette use appears to confer beneficial effects against
Parkinson’s disease. Since initial epidemiological findings in the
early 1960s, numerous case-report and cohort studies report a
reduced incidence of Parkinson’s disease in smokers [30-39]. This
apparent neuroprotection against Parkinson’s disease is correlated
with increased intensity and duration of smoking, is reduced with
smoking cessation, and occurs with different types of tobacco
products [30-39]. Importantly, it does not appear to be due to
selective survival of Parkinson’s disease cases or reporting bias
[30-39]. These combined findings suggest that the decline in
Parkinson’s disease with smoking is a true biological effect.

Although there can never be a rationale for smoking, these data
are useful in that they may provide insight about mechanisms to
reduce the occurrence of Parkinson’s disease. Such knowledge has
the potential to yield novel treatment strategies for the manage-
ment of this disorder. In fact, extensive studies have been/are being
done in experimental animal models to investigate whether
nicotine in smoke protects against nigrostriatal damage. Conver-
ging evidence from work with different parkinsonian animal
models indicates that nicotine exposure improves dopaminergic
markers and function in lesioned striatum, the brain region
predominantly affected in Parkinson’s disease [25-27,40] (also see
Table 1). Such data provide a basis for the suggestion that the
nicotine in smoke may contribute, at least in part, to the apparent
neuroprotective effect of tobacco use in Parkinson’s disease.

3. Nicotine is neuroprotective against nigrostriatal damage but
not neurorestorative

The observation that nicotine treatment improves striatal
dopaminergic integrity in animals with continuing nigrostriatal
degeneration raised the question whether nicotine only protects
against developing damage and/or whether it can also restore
integrity of damaged dopaminergic neurons. To distinguish

between these alternatives, we tested whether nicotine given
before and/or after nigrostriatal damage improved striatal
dopaminergic function in two well-established parkinsonian
animal models, unilateral-lesioned 6-hydroxydopamine (6-OHDA)
rats and MPTP-treated monkeys [41,42].

In the rat study, animals were given nicotine both before and
after a unilateral 6-OHDA lesion of the medial forebrain bundle and
the data compared to that from rats exposed to nicotine given two
weeks after lesioning only. As expected, combined nicotine pre-
and post-treatment improved behavioral deficits and ameliorated
lesion-induced losses of striatal dopaminergic markers [41]
(Fig. 1). However, nicotine administered two weeks after lesioning,
when 6-OHDA-induced neurodegenerative effects are essentially
complete, did not improve these same measures. Similarly in the
monkey study, there was improvement in striatal dopaminergic
markers when nicotine was given before and during the
development of nigrostriatal damage. However, nicotine treat-
ment did not improve dopaminergic integrity in the striatum of
monkeys with pre-existing nigrostriatal damage [41,42] (Table 2).

Altogether these data show that nicotine does not restore
integrity/function once dopaminergic neurons have been
damaged, but rather, that it attenuates ongoing neurodegenerative
processes. Since Parkinson’s disease is a progressive neurodegen-
erative disorder, the results from experimental animal models
would suggest that nicotine might reduce Parkinson’s disease
progression.

4. Inconsistent effects of nicotine on Parkinson’s disease
symptoms

The observed inverse relationship between tobacco use and
Parkinson’s disease incidence also raised the question whether
nicotine may directly improve motor symptoms. This is not an
unreasonable assumption since nicotine is well known to modulate
dopamine release from striatum [19-21]. Enhanced synaptic
dopamine levels could conceivably ameliorate motor deficits that
arise because of a nigrostriatal dopaminergic deficiency.

In fact, a number of studies have been done to determine
whether nicotine may improve Parkinson’s disease symptoms.
There is no definitive conclusion at present, with positive results in
only about half of the reported studies [43-51] (Table 3). The
reason for this inconsistency may relate to variations in the mode
of nicotine administration (patch, intravenous, gum), nicotine dose
and duration/timing of nicotine treatment (days to weeks) among
studies [43-51] (Table 3). Interestingly, there was a dramatic
improvement in Parkinson’s disease symptoms in a recent study
using high dose nicotine, possibly suggesting that this is a critical
factor [52]. A final consideration that may help explain the
observed variability in outcome is study design, that is, open-label
versus double-blinded [43-51]. Notably, improvement was
observed in 5/6 open-label studies but only 1/4 double-blinded
placebo-control studies, possibly indicating that the observed
improvement is due to a placebo effect.
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Fig. 1. Nicotine exposure is neuroprotective against ongoing nigrostriatal damage, but not neurorestorative in rats. In the top panels (A and B), nicotine (50 wg/ml) was
administered to unlesioned rats in saccharin-containing drinking water, as previously described [41]. Two weeks later, the rats received intracranial injections of 6-OHDA or vehicle
into theright medial forebrain bundle. To assess the effect of nicotine treatment on motor deficits that arise with nigrostriatal damage, amphetamine-induced ipsiversive rotation
was assessed 2-3 weeks after lesioning, with the nicotine [41]. The rats were placed in the chamber for 30 min for acclimatization, after which amphetamine (4.0 mg/kg ip) was
administered. Circling behavior was assessed between 85 and 120 min after amphetamine administration when effects of nicotine on circling had returned to control levels. The
rats were then killed and dopamine transporter levels measured using autoradiography. This treatment regimen resulted in an improvement in aberrant motor behavior and in
striatal dopamine transporter levels. In the nicotine post-treatment only study (C and D), rats were first lesioned with 6-OHDA, as described above. Two to 3 weeks later, nicotine
(50 wg/ml) treatment wasinitiated and maintained throughout. Ipsiversive rotation was evaluated after 3-4 weeks on nicotine. The rats were then killed and dopamine transporter
levels evaluated. By contrast, there was no improvement in aberrant turning behavior or striatal dopamine transporter levels when nicotine was administered after nigrostriatal
damage was complete. Results are the mean + SEM of 6-9 rats per group. With nicotine pre-treatment (A), there was a significant (p < 0.001) main effect of 6-OHDA lesioning on
rotations assessed using three-way ANOVA and a significant (p < 0.05) interaction between nicotine treatment and 6-OHDA lesioning. By contrast, nicotine post-treatment (C) yielded a
significant main effect of 6-OHDA lesioning (p < 0.001) but no interaction, by three-way ANOVA, suggesting no neuroprotection. Significance of difference from unlesioned group (B and
D) using two-way ANOVA followed by a Bonferroni post hoc test; ***p < 0.001, from lesioned #p < 0.05. Reproduced in modified form with permission from reference [41].

Table 2
Nicotine exposure is neuroprotective against ongoing nigrostriatal damage, but not neurorestorative in monkeys.
Group Striatal dopamine levels

Nicotine pre- and post-treatment Nicotine post-treatment only

(ng/mg protein) % Control (ng/mg protein) % Control
Control 89.6 +2.8 100 + 3.1 110 +£5.2 100 +4.7
Nicotine 103 + 7.6 115+ 8.5 96.5 + 3.1 87 +2.8
MPTP 29.1+53 32+59 50.8 £9.9 46 +9.0
MPTP + nicotine 54.2 +£8.1* 60 +9.0* 442 +55 40+ 4.6

In the pre- plus post-treatment group (left columns), monkeys were given nicotine in the drinking water for several months. They were subsequently lesioned by injection of
three doses of 1.5 mg/kg MPTP given at 2-month intervals with the nicotine continued throughout. This relatively low dose chronic regimen was used to optimize the
neuroprotective potential of nicotine. The monkeys were then euthanized ~2 months after the last MPTP injection [42,92]. Administration of nicotine prior to, during and
after lesioning improved dopamine levels in the striatum of lesioned animals compared to monkeys not receiving nicotine [42,92], indicating that this treatment strategy
leads to neuroprotection. In the post-treatment only study (right columns), monkeys were first lesioned with one dose of 2.0 mg/kg MPTP, a larger dose than that described
above to generate a more rapid lesion [41]. The different MPTP treatment regimen was used, since the objective was to determine whether nicotine could restore damaged
dopaminergic neurons. One month after MPTP, when the toxin-induced nigrostriatal damage is essentially complete, nicotine was added to the drinking solution, with the
monkeys maintained on nicotine for ~2 more months until they were euthanized. No improvement was observed in dopamine levels when nicotine was administered after
nigrostriatal damage is essentially complete, suggesting that nicotine does not repair damaged neurons. Values are the mean + SEM of 3-7 monkeys. Significance of difference
from MPTP using two-way ANOVA followed by a Bonferroni post hoc test: *p < 0.05. Reproduced in modified form with permission from references [41,42].
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Table 3

Clinical trials show variable effectiveness of nicotine in improving Parkinson’s disease symptoms.

1. Overall, nicotine treatment improved symptoms in 6/10 studies [45,46,49-52], but not in the remaining 4 studies [43,44,47,48].
2. Improvement in Parkinson’s disease symptoms did not correlate with type of nicotine formulation used, that is, with

o the patch [44,46-48,50,52]
e gum [43,49,50]
o smoking [49,51]

3. There were no consistent links between duration of administration (days to wks) and improvement in any of the studies [43-52].
4, A decline in Parkinson’s disease symptoms was linked to high nicotine dosing [52].
5.

Improvement correlated with study design, with benefit in 5/6 of the open-label studies [45,46,49-52] although not in one [48].

By contrast, there were positive effects in symptoms in only 1/4 [50] of the double-blinded studies, with no benefit in the other 3 [43,44,47].

Conclusion: beneficial effects on Parkinson’s disease symptoms may be associated with high dose nicotine. Alternatively, nicotine-mediated improvement in Parkinson’s

disease symptoms may be due to a placebo effect.

These combined observations may suggest that a relatively high
nicotine dose is required to obtain symptomatic improvement or
that beneficial effects are related to a placebo effect. Well-
controlled double-blinded trials are necessary for a clear under-
standing of the role of nicotine in the treatment of Parkinson’s
disease motor symptoms.
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Fig. 2. Nicotine treatment does not improve motor function in parkinsonian rats or
monkeys. In (A) rats were lesioned by injection of 6-OHDA into the right medial
forebrain bundle. When the lesion was complete, they were given nicotine in the
drinking water for several weeks. Forelimb use (cylinder test) was then evaluated
before and 1 h after administration of 8 mg/kg L-dopa methyl ester plus 15 mg/kg
benserazide. There were no significant differences in motor performance with
nicotine treatment as compared to vehicle either OFF or ON L-dopa. Each value
represents the mean + SEM of 6-8 rats. In (B) parkinsonism was assessed in MPTP-
treated monkeys immediately prior 5 mg/kg L-dopa plus carbidopa dose, as well as
~2 h after 1-dopa treatment when a maximal antiparkinsonian effect is observed. -
dopa treatment alone resulted in significant declines in parkinsonism, as expected.
However, nicotine resulted in no appreciable effect on motor behavior either ON or OFF
L-dopa. Each value is the mean + SEM of 5 monkeys. Significance of difference from the
same group with no L-dopa treatment using two-way ANOVA followed by a Bonferroni
post hoc test; **p < 0.01, *p < 0.05. Reproduced in modified form with permission from
reference [28,29].

5. Nicotine does not improve motor deficits in parkinsonian
rats or monkeys

As an alternate approach to investigate whether nicotine may
reduce motor deficits that arise with nigrostriatal damage, we
initiated studies in parkinsonian animal models. Such work offers
the advantage that parkinsonism can be evaluated by raters
blinded to the treatment status of the animals.

For the rat studies, the effect of nicotine was tested on two
motor tests frequently used to evaluate parkinsonism in lesioned
animals (Fig. 2A). One of these was dopaminergic drug-induced
rotational behavior which is monitored via computer and thus
provides an objective measure of nicotine-induced changes [53].
Nicotine treatment did not change either amphetamine or L-dopa-
induced turning behavior in unilateral 6-OHDA-lesioned rats
compared to control [28]. We also assessed the effect of nicotine on
limb use asymmetry, a non-drug induced exploratory activity that
evaluates limb dysfunction that arises with nigrostriatal damage
[53]. In agreement with the results of the previous tests, nicotine
did not affect limb use in lesioned rats treated with or without L-
dopa as compared to controls [28] (Fig. 2A).

A study was also done in which the effect of nicotine treatment
was determined on parkinsonism in MPTP-lesioned monkeys
(Fig. 2B). This species offers the advantage that motor deficits after
nigrostriatal damage are very reminiscent of those in Parkinson’s
disease, including bradykinesia, rigidity, tremor, posture and
manual dexterity [29]. As expected, there was a significant
reduction in parkinsonism in the monkeys with L-dopa adminis-
tration [29] (Fig. 2B). As above, nicotine treatment did not
influence parkinsonian behavior in monkeys not receiving L-dopa,
nor did it modify the improvement in motor function observed
with L-dopa treatment [29] (Fig. 2B).

Altogether, these results show that nicotine does not improve
nor worsen motor function associated with nigrostriatal damage in
either parkinsonian rats or monkeys, at least under the conditions
tested. Such an outcome is in agreement with the results of the
clinical trials reviewed in the previous section, which found no
consistent improvement in motor symptoms in Parkinson’s
disease patients with nicotine treatment.

6. Nicotine reduces L-dopa-induced dyskinetic-like
movements in parkinsonian rats and monkeys

During the course of our studies to evaluate the effect of
nicotine on parkinsonism in L-dopa-treated animals, we also tested
whether it influenced the occurrence of the dyskinetic-like
movements that accompanied L-dopa treatment. Although L-dopa
remains the most effective drug for the symptomatic treatment of
Parkinson’s disease, chronic therapy leads to abnormal involuntary
movements (AIMs) or dyskinesias. These movements, which
develop in the majority of Parkinson’s disease patients with
continued 1-dopa use, can be very debilitating and impair a
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Fig. 3. Nicotine administration reduces L-dopa-induced dyskinetic-like movements
in rats and monkeys. In (A) unilateral 6-OHDA-lesioned rats were given saccharin
containing drinking water without or with nicotine (25 p.g/ml) for several weeks as
described [28]. They were then given 8 mg/kg L.-dopa methyl ester plus 15 mg/kg
benserazide, and the AIMs scores evaluated over a 3-h period. Nicotine treatment
significantly reduced AIMs compared to the vehicle-treated group (p < 0.05 using
repeated measures ANOVA). Each symbol is the mean + SEM of 9-10 rats. In (B)
MPTP-lesioned monkeys were given either nicotine or vehicle in drinking water, as
described [29]. They were then gavaged with -dopa 5 mg/kg plus carbidopa and
dyskinesias rated over a 3-h interval. Each symbol is the mean + SEM of 3-4 monkeys.
Dyskinesias were significantly reduced in nicotine-treated animals compared to
monkeys not receiving nicotine (p <0.05 using repeated measures ANOVA).
Reproduced in modified form with permission from reference [28,29].

patient’s quality of life. Indeed, they represent one of the major
drawbacks to 1-dopa treatment [17,54-58]. Amantadine is one of
the few pharmacological treatments available for the treatment of
1-dopa-induced AIMs, but its effects are limited and short-lived.
Another approach is deep brain stimulation; however, this is a very
serious intervention with all the potential adverse effects
associated with brain surgery. Novel pharmacological approaches
are therefore urgently required. In fact, studies are in progress in
different laboratories to test the effect of drugs that influence
function of the serotonergic, glutamatergic, GABAergic, adrenergic,
cannabinoid, opioid, adenosine and other neurotransmitter
systems in the striatum [4-16], any one of which has the potential
to improve dyskinesias.

We recently did experiments in parkinsonian rats and monkeys
to evaluate whether nAChR stimulation may improve dyskinesias
[28,29] (Fig. 3). In the rat studies, animals were first given a
unilateral 6-OHDA lesion, which resulted in hemiparkinsonism
[28] (Fig. 3A). They were then administered vehicle or nicotine
either intermittently in the drinking water or in a constant fashion
via minipump, at doses that yielded plasma levels similar to those
in smokers. The rats were next injected with 8 mg/kg 1-dopa

methyl ester plus 15 mg/kg benserazide to induce AIMs. Both
modes of nicotine administration led to a >50% decline in L-dopa-
induced AIMs in these L-dopa naive rats [28] (Fig. 3A). Furthermore,
nicotine reduced AIMs in L-dopa-primed rats [28].

We also tested the effect of nicotine treatment in parkinsonian
monkeys (Fig. 3B). For these studies MPTP-lesioned monkeys were
administered L-dopa (5 mg/kg) plus carbidopa twice daily by oral
gavage, a regimen which resulted in an effective reduction in
parkinsonism (see Fig. 2) [29]. As expected, it also led to L-dopa-
induced dyskinesias, that is, abnormal involuntary movements of
the limbs and trunk that range in severity from mild to severe and
are very similar to those observed in Parkinson’s disease [29].
Nicotine treatment decreased L-dopa-induced dyskinesias, with
~50% decline in their occurrence [29] (Fig. 3B). They also reduced
dyskinesias in L.-dopa-primed monkeys [29].

These combined data suggest that nicotine may represent a
useful treatment strategy to reduce L-dopa-induced dyskinesias in
patients with Parkinson’s disease.

7. Striatal nAChR subtypes that may mediate the effects of
nicotine in the nigrostriatal system

Knowledge of the mechanism(s) whereby nicotine results in its
beneficial effects in Parkinson’s disease is very important because
this would allow for the development of selective therapies, with a
minimum of adverse side effects. Nicotine generally exerts its
effects in the peripheral and central nervous system by stimulating
nAChRs. These are pentameric ligand-gated ion channels com-
posed of a and (3 subunits or only of o subunits [20,59-63].
Importantly, the nAChRs in the peripheral nervous system and the
brain are distinct from each other, providing an opportunity of
selective targeting of the desired receptors. The nAChRs of most
relevance to the pathophysiology of Parkinson’s disease are most
likely the ones in the nigrostriatal tract, although receptors in other
brain regions may also play critical roles. Identification of these
nAChRs has proved quite challenging because multiple subtypes
are expressed with six different o (a2, a3, a4, a5, a6, «7) and
three different 3 (32, B3, P4) subunits in the nigrostriatal
pathway. Accumulating studies indicate that the primary subtypes
in the striatum are the ®432* and a6[32* receptors, together with a
smaller population of a7 nAChRs [19,20,59,60,63] (the asterisk
indicates the possible presence of other subunits in the receptor
complex). Evidence for their presence stems from a wide variety of
approaches, including work with nAChR null mutant mice, nAChR
subtype selective antibodies and lesion studies [20,59,60,64].
Acetylcholine, released from tonically active striatal cholinergic
interneurons, interacts with the a4p2* and a6B2* nAChRs to
modulate dopamine release and consequently dopaminergic
function [65]. Recent studies in striatal slices using fast scan
cyclic voltammetry, show that the a632* nAChR population may
play a particularly prominent role in modulating evoked dopamine
release, with a considerable proportion of electrically stimulated
dopamine release regulated by this subtype in both rat and
monkey striatum [19,66-69] (Fig. 4).

Work now indicates that the a632* nAChRs are composed of
several subtypes, including the o60432* and a6(nonod4)B2*
populations [70,71]. Interestingly, these two a6B2* subtypes
appear to be differentially regulated with chronic nicotine dosing
[69]. Evidence for this stems from recent results using cyclic
voltammetry, which shows a differential regulation of a6@32*
nAChR mediated dopamine release from striatal slices under non-
burst (1-pulse) and burst (4-pulse) stimulus conditions in control
rats. This is no longer observed after long-term nicotine treatment,
suggesting that the normal regulation of burst-stimulated
dopamine release is disrupted [69]. Further work with nAChR
null mutant mice indicates that the a6a432* nAChR population
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Fig. 4. Stimulated dopamine release from rat and monkey striatal slices is primarily influenced by a632* nAChRs. Traces of evoked dopamine release in slices of rat dorsal
striatum (A) in the absence (total) and presence of the a3/a6[32* antagonist a-CtxMII (100 nM), or the general nAChR blocker mecamylamine (mec, 100 wM). Quantitative
analyses (B) of peak striatal dopamine release show that ~75% nAChR-modulated dopamine release occurs through a632* nAChRs and ~25% by a432* nAChRs in the rat [68].
The values represent the mean 4 SEM of 4-6 rats. Traces of evoked dopamine release in slices of monkey dorsal putamen (C) in the absence (total) and presence of a-CtxMII
(100 nM), or mecamylamine (100 wM). Quantitative analyses of peak dopamine release show that almost all of the nAChR-modulated dopamine release in monkey dorsal striatum
is modulated by a3/a6(32* nAChRs. Insets are typical voltammograms for dopamine with an oxidation peak at 500-600 mV and a reduction peak around —200 mV. The values
represent the mean + SEM of 3-7 monkeys. Significance of difference from control using one-way ANOVA followed by a Bonferroni post hoc test, after a 1 pulse stimulus,
***p < 0.001; from a-CtxMII, #p < 0.05. Reproduced in modified form with permission from reference [68].

may be important for this differential effect of higher frequency a60:432* nAChR subtype is more susceptible to lesioning than the
stimulation on dopamine release [69]. a6(nonad)B2* or a4f2* nAChR populations in parkinsonian

Not only are the a6a432* and a6(nona4)32* nAChRs subtypes rodents and monkeys [72]. Similar findings were also observed in
variably affected by nicotine exposure, but they also appear to be the brains of Parkinson’s disease patients [72] (Fig. 5). These data
differentially affected by nigrostriatal damage. For instance, the may indicate that the a6a432* nAChR subtype is expressed on
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Fig. 5. Differential sensitivity of varying striatal nAChRs in Parkinson’s disease striatum. The results depict changes in nAChR subtypes in human putamen with ~50% (mod—
moderate) and ~90% (sev—severe) declines in the striatal dopamine transporter measured using '2°I-RTI-121, as shown in (A). 1?°I-a-CtxMII binding studies in the absence
and presence of the a-CtxMII analog E11A distinguished between at least two E11A sensitive a6(32* nAChR populations, the a6a432* (B) and the a6(nona4)B32* (C) nAChR
subtype [72]. With 50% decline in the dopamine transporter, there is almost complete loss of the a60:4[32* subtype, with no significant reduction in the a6(nona4)32* nAChR
subtype. By contrast, there are major deficits in «6(nona4)B2* receptors with a ~90% decline in the dopamine transporter. a432* nAChRs, determined using '?*I-epibatidine
binding in the presence of 100 nM a-CtxMII (D), are much less affected than the a632* nAChR subtypes with a small non-significant decline with 50% decrease and an ~40%
loss with a near complete loss in dopamine transporter. Thus, the a6a4(32* subtype appears to be the most vulnerable to nigrostriatal damage, the a6(nona4)32* receptor is
next affected, and the a432* nAChR is the most resistant to nigrostriatal damage. Each value is the mean + SEM of 4-6 control (Con) or 4-6 Parkinson’s disease cases (Mod or
Sev). Significance of difference from control using one-way ANOVA followed by a Bonferroni post hoc test; ***p < 0.001, **p < 0.01; from a moderate lesion, **p < 0.01, #p < 0.05.
Reproduced in modified form with permission from reference [72,105].
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dopaminergic terminals that are more susceptible to nigrostriatal
degeneration. Such a possibility is consistent with studies showing
that some dopaminergic neuron populations are more sensitive to
neurodegenerative insults than others, which may relate to the
presence of specific molecular markers on certain dopaminergic
neurons but not others. Examples include calbindin, whose
presence is associated with nigrostriatal dopamine neuron survival
(Gerfen et al., 1987a; German et al., 1992; Liang et al., 1996). By
contrast, neuromelanin has been negatively linked to dopaminer-
gic neuron survival in some studies (Herrero et al., 1993; Hirsch
et al., 1988; McCormack et al., 2004; Zecca et al.,, 2003). The
preferential loss of the a6a4[32* subtype with initial nigrostriatal
damage, subsequently followed by the a6(nona4)B32* and a432*
nAChR subtypes, may suggest that these different nAChR subtypes
are expressed on dopaminergic neurons with varying repertoires
of molecular markers.

Nicotine-mediated neuroprotection against nigrostriatal
damage also appears to involve various nAChR subtypes. That
protection is receptor-mediated is apparent from work showing a
decline with nAChR blockade [73]. Evidence for an involvement of
the a4[32* nAChR subtype is based on studies showing a loss of
nicotine-mediated protection in ®432* nAChR knockout mice with
nigrostriatal damage [74]. A role for select «632* nAChR subtypes
in neuroprotection stems from work in lesioned rats [41], using the
neurotoxin a-CtxMII E11A to differentiate between a6432* and
a6(nonad)32* subtypes [72]. Receptor competition studies in
control and lesioned rats treated with and without nicotine
showed that the a6a4[32* subtype is present only when nicotine-
mediated protection is observed. This suggests that this latter
subtype may be necessary for neuroprotection and a target for the
development of protective strategies against Parkinson’s disease.
The mechanisms whereby an interaction at o6a4f32* nAChR
results in protection against nigrostriatal damage are not yet
known as the intracellular signaling pathways linked to this
specific nAChR subtype remain to be elucidated. However, based
on knowledge of other nAChR subtypes, one might anticipate
that changes in multiple downstream pathways are involved, such
as alterations in various kinases, including phosphatidylinositol
3-kinase (PI3K), Akt, mitogen-activated protein kinase (MAPK) and
jnk kinase, caspases 3, 8 and 9, nitric oxide synthase, the cell
survival protein Bcl-2, and other intracellular events [25,60,75].
Activation of these intracellular messengers may modulate
immune responsiveness to enhance neuronal function/integrity
[76,77]. Alternatively, or as well, they may activate different
trophic factors, such as brain-derived neurotrophic factor
(BDNF) and/or basic fibroblast growth factor-2 (FGF-2) levels,
which are implicated in neuroprotection against nigrostriatal
damage [78-81].

The ability of nicotine to reduce L.-dopa-induced dyskinetic-like
movements most likely also occurs via an interaction at nAChRs
since improvement is not observed in the presence of the nAChR
blocker mecamylamine [82]. It is currently not known which
striatal nAChRs populations are involved in the nicotine-mediated
decline in t-dopa-induced dyskinesias. However, since the primary
receptors in the brain, and specifically the nigrostriatal pathway,
are the a4f32*, a6P32* and a7 subtypes, we anticipate these may be
important [19,20,59,60,63]. With respect to brain region, we
expect that the receptors present in the nigrostriatal pathway play
a role; however, it is also possible that nAChRs in other brain
regions are key. This idea is based on extensive evidence that
multiple neurotransmitter systems are implicated in the devel-
opment of L-dopa-induced dyskinetic-like movements [17,56].
Such a possibility is not unexpected since the striatum functions in
an integrated fashion with the globus pallidus, thalamus, various
cortical areas, subthalamic nucleus, cerebellum, and other areas
[17,56].

Altogether these findings suggest a role for a4f32*, a6B32*
and/or o7 nAChR-directed ligands for Parkinson’s disease
therapeutics. Continued work is critical to identify the specific
nAChR subtypes involved in neuroprotection and for improve-
ment in r-dopa-induced dyskinesias. Such knowledge will
allow for the development of nAChR drugs with optimal
beneficial and a minimum of adverse effects for Parkinson’s
disease management.
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