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Abstract

Sufficient preclinical and epidemiological data are available to justify nicotinic intervention in
Parkinson’s disease (PD). Although use of nicotine patch has been suggested in some
neurodegenerative disorders, including PD, the key for success with nicotinic intervention,
particularly in PD, appears to rely not only on the dose but also on the mode of nicotine
administration. Our aim in this short review is to provide justification for such contention. Thus,
following a short introduction of nicotinic receptor pharmacology, the potential of nicotine in
alleviating not only the motor symptoms, but also the mood disorders (e.g. depression) and mild
cognitive impairments that are commonly co-morbid with PD will be presented. Moreover, since
current PD therapy is associated with dyskinesia, the effectiveness of nicotine in ameliorating
levodopa (L-Dopa)-induced dyskinesia will also be discussed. It is suggested that pulsatile
nicotine administration (e.g. via inhalation or nasal spray) may be the optimal route in nicotinic
intervention in PD.
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Introduction

Parkinson’s disease

Parkinson’s disease(PD), the second most common progressive neurodegenerative disorder,
is associated with loss of dopaminergic neurons in the substantia nigra pars compacta (SNc)
that leads to basal ganglia dopamine (DA) deficiency [1]. This dopaminergic loss results in
motor deficits characterized by: akinesia, rigidity, resting tremor and postural instability as
well as non-motor symptoms that might also involve other neurotransmitter systems [2]. The
non-motor symptoms may include: cognitive deficits (e.g., mild to severe memory
impairment), emotional changes (e.g., depression, apathy and anxiety), sleep perturbations
(e.g., insomnia/hypersomnia), autonomic dysfunction (e.g., bladder disturbances, orthostatic
hypotension, sweating), sensory symptoms (e.g., pain, visual and olfactory deficits) and
gastrointestinal symptoms (e.g., constipation, nausea) [2]. The most common treatment is
focused on dopamine replacement (e.g. levodopa=L-Dopa), which unfortunately loses its
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full efficacy in a few years and can induce severe dyskinesia. The other limitation of current
interventions is that none truly addresses the root cause (i.e., progressive neurodegeneration)
[3]. Hence, more efficacious interventions without such severe side effects are urgently
needed.

The consistent observation of an inverse relationship between smoking regular cigarettes [4—
12] or smokeless tobacco [13-15] and PD, combined with convincing evidence of potential
neuroprotective effects of nicotine (discussed below) suggest a possible novel intervention in
PD.

Nicotine and Nicotinic Receptors

Nicotine’s main targets are nicotinic receptors that are widely distributed in the central
nervous system (CNS) [16, 17]. These receptors have been directly implicated not only in
reward pathway and addiction to nicotine [18], but also in a variety of central functions such
as mood regulation [19], cognitive and attention processes [20], pain [21, 22] neuronal
plasticity [23] and neuronal protection [24-27]. Nicotinic receptor involvement in neuronal
plasticity is considered as one of nicotine’s main mechanisms responsible for its
neuroprotective effects [28-31].

Nicotinic acetylcholine receptors (NAChRs) belong to the ionotropic class of receptors,
which directly regulate the opening of a cation channel in the neuronal membrane [17, 32—
35]. Considerable information on interaction between these receptors and other
neurotransmitter systems is now available and as indicated above, therapeutic potentials for
selective nicotinic receptor agonists in a myriad of neuropsychiatric and neurodegenerative
disorders have been suggested. Various subtypes (currently, 11 neuronal nACh receptors
alpha2-alpha7, alpha 9, alpha 10, beta2-beta4), which assemble into pentameric complexes
and provide subunit diversity and distinct anatomical, physiological, and pharmacological
characteristics have been identified [17, 32, 33, 35-38]. The predominant and most
extensively studied subtype in the brain has a high affinity for cytisine, nicotine or
acetylcholine and is formed from a4 and B2 subunits [39-42]. This subtype is commonly
referred to as high-affinity binding site. The other major class with a high affinity for a
bungarotoxin but low affinity for nicotine is formed from a7 subunits and can be labeled by
[1251] a-bungarotoxin. This subtype is commonly referred to as low-affinity binding site. It
should be noted that [12%1] a-bungarotoxin also binds with high affinity to neuromuscular
nicotinic receptors and in some cases to ganglionic nicotinic receptors [43]. However, the
subunit structures of the nicotinic receptors in the muscle are different from those in the
ganglia, which are different from those in the CNS [33-35]. Further distinction between
nicotinic receptor subtypes is evident in their central distribution as well as their
physiological roles. For example, [12°1]a bungarotoxin binding sites in the brain are most
abundant in the hippocampus [39] and are believed to have a prominent role in neuronal
growth and survival [44]. Furthermore, these receptors appear to be involved in cognitive
functions, particularly attentional processes [36, 45, 46]. A role for a7 receptor subtype in
central reward pathway has also been suggested [47, 48]. High-affinity nicotinic receptors
(e.g., a4 B2), on the other hand, are more prominent in mesolimbic or nigrostriatal pathways
and appear to be more involved in rewarding or addictive behavior, locomotor activity and
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antinociception [32, 42, 49-52]. Both receptors appear to be involved in neuroprotection as
well [29, 53-55]. Interestingly, nicotine may also exert antidepressant-like effects that are
likely mediated through high-affinity nicotinic receptors [56, 57, 26].

Role of the Nicotinic Cholinergic System in PD

Multiple studies indicate that normal function of the basal ganglia is dependent on the
equilibrium between the midbrain dopaminergic and striatal cholinergic systems [58]. Thus,
acetylcholine can regulate striatal DA release via an interaction at various nicotinic receptors
[59-65]. Moreover, in 6-OHDA-lesioned rodents (an animal model of PD), the behavioral
consequence of the impairment in DA release may be ameliorated by nicotine, suggesting
nicotinic receptors as a therapeutic target in PD [66, 67]. Indeed, a number of in-vitro and
in-vivo studies in rodents including genetically modified mice, and in non-human primates
have shown protective effects of nicotine against neuronal damage induced by 6-OHDA,
MPTP, rotenone, paraquat, methamphetamine, glutamate and B-amyloid [68]. These effects
are mediated via selective nicotinic receptor subtypes containing f2 and a.7 subunits [69—
75] We have also observed protective effects of nicotine against endogenous substances such
as salsolinol and aminochrome that selectively damage dopaminergic cells [25,76-80].
Nicotine’s effects are likely to involve suppression of oxidative stress, pro-inflammatory
cytokines, apoptosis as well as stimulation of neurotrophic factors [2, 28, 68, 81-83].

Several clinical trials, using nicotine patch primarily for prevention or treatment of PD have
been conducted or are ongoing [Table 1]. Whereas previous trials have not provided a clear

beneficial effects of nicotine transdermal patch [84, 85] a more recent study reports modest

positive effects [86]. The modest or lack of nicotine patch effect in such studies may be due
to variation in dosing or duration of nicotine, but perhaps most importantly, due to the mode
of nicotine administration, as discussed below.

Importance of Mode of Nicotine Administration in PD

Of central relevance to this review is that the majority of human studies assessing the effects
of nicotine have used the gum or patch to administer nicotine, which may not activate
nicotinic receptors as strongly as smoking [87]. Indeed, the very complex dynamic
interaction of nicotine with its receptors, where initial stimulation can be followed by rapid
and differential desensitization of receptor subtypes, are crucial in experimental paradigms,
and have to be seriously considered for an optimal outcome involving nicotinic intervention
[17, 73]. It is well established that nicotinic receptor stimulation can lead to desensitization
followed by recovery [88]. The time course of these events, i.e., stimulation, desensitization
and recovery depend not only on the dose of nicotine, but also on the receptor subtype, its
location and the duration of nicotine exposure [17, 30, 89]. In this regard, it is important to
note that some of the beneficial effects of nicotine, for example on weight control, may be
mostly due to desensitization of selective nicotinic receptor subtype in discrete circuitry
[90]. Nonetheless, it is also a known fact that smokers indicate their most pleasure (or
reward) from the first cigarette in the morning, which occurs following few hours of
abstinence during sleep (TTURC 2007). This enhanced feeling of reward following a
relatively short abstinence (withdrawal) may be due to sensitization of selective nicotinic
receptor subtype in the reward circuitry, which may entail increased release of dopamine in
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the nucleus accumbens shell [27, 91-93]. Thus, it could be suggested that pulsatile
stimulation of specific nicotinic receptors in selective brain regions, particularly in the
nigrostriatal pathway would be critical for its maximal therapeutic effects in PD. This may
be achieved by administering nicotine via inhalation (or nasal spray), as this mode would be
mimicking the smoking paradigm that has been associated with protection against PD.

Nicotine-Depression-Cognition

It is also of importance to note that, in addition to its potential usefulness for improving
motor dysfunctions and neuroprotection against nigrostriatal damage, nicotine
administration may also be helpful in non-motor symptoms (e.g. depression and cognitive
decline) that are commonly associated with neurological disorders such as PD [68, 73, 94].
Below, we will briefly discuss the antidepressant and cognitive enhancement properties of
nicotine.

Nicotine as an antidepressant

As reviewed recently [68, 82], a number of preclinical [26, 56, 57, 95-97] as well as a
limited number of clinical studies [98-102] have verified an antidepressant effect of
nicotine. Indeed, the high incidence of smoking among depressed patients has generated the
“self-medication” hypothesis, which posits that these individuals derive some relief of their
symptoms via inhaled nicotine [97, 103, 104]. This hypothesis is further supported by the
findings that nicotine-withdrawal induces depression, which likely contributes to higher
failure rate of smoking cessation among depressed individuals [105-109]. Hence, sufficient
data for applicability of nicotine or nicotinic compounds in neuropsychiatric disorders
including major depressive disorder (MDD) is provided in the literature [19, 28, 110, 111].

Nicotine as a Cognitive Enhancer

Considerable evidence supports the cognitive enhancing effects of nicotine [112]. Thus, a
number of animal studies have shown that nicotine can block or reverse the cognitive
impairment induced by chronic stress [113, 114]; glutamate N-methyl-D-aspartate (NMDA)
receptor antagonist [115, 116]; lipopolysaccharide [117] and methamphetamine [75].
Moreover, allosteric potentiation of nAChRs by galantamine ameliorates the cognitive
dysfunction induced by beta amyloid [118]. Importantly, a clinical study has verified the
beneficial effects of nicotine patch in mild cognitive impairment [119]. These effects of
nicotine are likely due to its anti-inflammatory, anti-apoptotic, neurotrophic and anti-protein
aggregation effects [120]. Indeed, a role for nicotinic receptor subtypes in the formation and
retrieval of memory has lately been suggested [117, 121].

Nicotine and Dyskinesia

Quik’s group has shown that nicotine may also protect against L-Dopa-induced dyskinesia
in non-human primate models of PD [59, 73, 122], suggesting that nicotine may be effective
in amelioration of the dyskinesia induced by drug treatments in PD. Thus, nicotine
administration in PD, in addition to providing neuroprotection, may also reduce the required
dose of L-Dopa and hence reduce the chance of dyskinesia.
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Related neurodegenerative and/or neuropsychiatric disorders

It is also of significance to note that the aforementioned effects of nicotine on
neuroplasticity, inflammatory processes, apoptosis, oxidative stress and protein aggregation
may also extend its beneficial effects to other CNS diseases such as autism schizophrenia,
epilepsy or Tourette syndrome [24, 30].

In summary, nicotine has a great potential in PD treatment due to its neuroprotective and
other positive properties. It may not only address the movement symptoms, but also the
mood and cognitive impairment associated with PD. However, its route of administration
appears to be a critical determinant of its optimal effects. Pulsatile nicotine administration
(e.g. via inhalation or nasal spray) that mimics smoking, may be the optimal route for its
maximal benefit in PD.

Acknowledgments

Supported by NIH/NIAAA RO3AA022479

References

1. Schaeffer E, Pilotto A, Berg D. Pharmacological strategies for the management of levodopa-induced
dyskinesia in patients with Parkinson’s disease. CNS Drugs. 2014; 28:1155-1184. [PubMed:
25342080]

2. Perez XA. Preclinical Evidence for a Role of the Nicotinic Cholinergic System in Parkinson’s
Disease. Neuropsychol Rev. 2015; 25:371-383. [PubMed: 26553323]

3. Oertel W, Schulz JB. Current and experimental treatments of Parkinson disease: A guide for
neuroscientists. J Neurochem. 2016; 139:325-337. [PubMed: 27577098]

4. Baron JA. Beneficial effects of nicotine and cigarette smoking: the real, the possible and the
spurious. Br Med Bull. 1996; 52:58-73. [PubMed: 8746297]

5. Baumann RJ, Jameson HD, McKean HE, Haack D, Weisberg LM. Cigarette smoking and Parkinson
disease: 1. Comparison of cases with matched neighbors Neurol. 1980; 8:839-843.

6. Chen H, Huang X, Guo X, et al. Smoking duration, intensity, and risk of Parkinson disease. Neurol.
2010; 74:878-884.

7. Dorn HF. Tobacco consumption and mortality from cancer and other diseases. Public Health Rep.
1959; 74:581-593. [PubMed: 13668008]

8. Hernan MA, Zhang SM, Rueda-deCastro AM, Colditz GA, Speizer FE, Ascherio A. Cigarette
smoking and the incidence of Parkinson’s disease in two prospective studies. Ann Neuro. 2001;
50:780-786.

9. Morens DM, Grandinetti A, Reed D, White LR, Ross GW. Cigarette smoking and protection from
Parkinson’s disease: false association or etiologic clue? Neurol. 1995; 45:1041-1051.

10. Nefzger MD, Quadfasel FA, Karl VVC. A retrospective study of smoking in Parkinson’s disease.

Am J Epidemiol. 1968; 88:149-158. [PubMed: 5673487]

11. Ross GW, Petrovitch H. Current evidence for neuroprotective effects of nicotine and caffeine
against Parkinson’s disease. Drugs Aging. 2001; 18:797-806. [PubMed: 11772120]

12. Thacker EL, O’Reilly EJ, Weisskopf MG, Chen H, Schwarzschild MA, McCullough ML, et al.
Temporal relationship between cigarette smoking and risk of Parkinson disease. Neurol. 2007;
68:764-768.

13. Morozova N, O’Reilly EJ, Ascherio A. Variations in gender ratios support the connection between
smoking and Parkinson’s disease. Mov Disord. 2008; 23:1414-1419. [PubMed: 18512753]

14. O’Reilly EJ, McCullough ML, Chao A, et al. Smokeless tobacco use and the risk of Parkinson’s
disease mortality. Mov Disord. 2005; 20:1383-1384. [PubMed: 16007624]

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2018 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tizabi and Getachew

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 6

Yang F, Pedersen NL, Ye W, Liu Z, Norberg M, Forsgren L, et al. Moist smokeless tobacco (Snus)
use and risk of Parkinson’s disease. Int J Epidemiol. 2016:294.

Bierut LJ. Nicotine dependence and genetic variation in the nicotinic receptors. Drug Alcohol
Depend. 2009; 104:564-69. [PubMed: 19596527]

Dani JA. Neuronal nicotinic acetylcholine receptor structure and function and response to nicotine.
Int Rev Neuro biol. 2015; 124:3-19.

Tizabi Y, Bai L, Copeland RLJ, Taylor RE. Combined effects of systemic alcohol and nicotine on
dopamine release in the nucleus accumbens shell. Alcohol Alcohol. 2007; 42:413-416. [PubMed:
17686828]

Hurley LL, Tizabi Y. Neuroinflammation, neurodegeneration, and depression. Neurotox Res. 2013;
23:131-144. [PubMed: 22895696]

Proulx E, Piva M, Tian MK, Bailey CD, Lambe EK. Nicotinic acetylcholine receptors in attention
circuitry: the role of layer VI neurons of prefrontal cortex. Cell Mol Life Sci. 2014; 71:1225-1244.
[PubMed: 24122021]

Bufalo AD, Cesario A, Salinaro G, Fini M, Russo P. Alpha9 Alphal0 nicotinic acetylcholine
receptors as target for the treatment of chronic pain. Curr Pharm Des. 2014; 20:6042-6047.
[PubMed: 24641230]

Campbell VC, Taylor RE, Tizabi Y. Antinociceptive effects of alcohol and nicotine: involvement of
the opioid system. Brain Res. 2006; 1097:71-77. [PubMed: 16730342]

Antonelli MC, Guillemin GJ, Raisman-Vozari R, Del-Bel EA, Aschner M, Collins MA, et al. New
strategies in neuroprotection and neurorepair. Neurotox Res. 2012; 21:49-56. [PubMed:
21861211]

Dineley KT, Pandya AA, Yakel JL. Nicotinic ACh receptors as therapeutic targets in CNS
disorders. Trends Pharmacol Sci. 2015; 36:96-108. [PubMed: 25639674]

Munoz P, Huenchuguala S, Paris I, Cuevas C, Villa M, Caviedes P, et al. Protective effects of
nicotine against aminochrome-induced toxicity in substantianigra derived cells: implications for
Parkinson’s disease. Neurotox Res. 2012; 22:177-180. [PubMed: 22528249]

Tizabi Y, Getachew B, Rezvani AH, Hauser SR, Overstreet DH. Antidepressant-like effects of
nicotine and reduced nicotinic receptor binding in the Fawn-Hooded rat, an animal model of co-
morbid depression and alcoholism. Prog Neuropsychopharm Biol Psychiatry. 2009; 33:398-402.
Tizabi Y, Hauser SR, Tyler KY, Getachew B, Madani R, Sharma Y, et al. Effects of nicotine on
depressive-like behavior and hippocampal volume of female WKY rats. Prog
Neuropsychopharmacol Biol Psychiatry. 2010; 34:62—69. [PubMed: 19800382]

Barreto GE, larkov A, Moran VE. Beneficial effects of nicotine, cotinine and its metabolites as
potential agents for Parkinson’s disease. Front Aging Neurosci. 2015; 6:340. [PubMed: 25620929]
Belluardo N, Mudo G, Blum M, Fuxe K. Behav Brain Res. Central nicotinic receptors,
neurotrophic factors and neuroprotection. 2000; 113:21-34.

Posadas I, Lopez-Hernandez B, Cefia V. Nicotinic receptors in neurodegeneration. Curr
Neuropharmacol. 2013; 11:298-314. [PubMed: 24179465]

Yakel JL. Cholinergic receptors: functional role of nicotinic ACh receptors in brain circuits and
disease. Pflugers Arch. 2013; 465:441-450. [PubMed: 23307081]

Changeux JP, Bertrand D, Corringer PJ, Dehaene S, Edelstein S, Lefia C, et al. Brain nicotinic
receptors: structure and regulation, role in learning and reinforcement. Brain Res Rev. 1998;
26:198-216. [PubMed: 9651527]

Gotti C, Clementi F. Neuronal nicotinic receptors: from structure to pathology. Prog Neurobiol.
2004; 74:363-396. [PubMed: 15649582]

Rathouz MM, Vijayaraghavan S, Berg DK. Elevation of intracellular calcium levels in neurons by
nicotinic acetylcholine receptors. Mol Neurobiol. 1996; 12:117-131. [PubMed: 8818146]

Wu J, Lukas RJ. Naturally-expressed nicotinic acetylcholine receptor subtypes. Biochem
Pharmacol. 2011; 82:800-807. [PubMed: 21787755]

Miwa JM, Freedman R, Lester HA. Neural systems governed by nicotinic acetylcholine receptors:
emerging hypotheses. Neuron. 2011; 70:20-33. [PubMed: 21482353]

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2018 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tizabi and Getachew

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 7

Picciotto MR. Nicotine as a modulator of behavior: beyond the inverted U. Trends Pharmacol Sci.
2003; 24:493-499. [PubMed: 12967775]

Wonnacott S. Neuronal nicotinic receptors. Tocris Scientific Review Series. 2014

Clarke PB, Pert A. Autoradiographic evidence for nicotine receptors on nigrostriatal and
mesolimbic dopaminergic neurons. Brain Res. 1985; 348:355-358. [PubMed: 4075093]
Flores CM, Rogers SW, Pabreza LA, Wolfe BB, Kellar KJ. A subtype of nicotinic cholinergic
receptor in rat brain is composed of alpha 4 and beta 2 subunits and is up-regulated by chronic
nicotine treatment. Mol Pharmacol. 1992:37.

Pabreza LA, Dhawan S, Kellar KJ. [3H]cytisine binding to nicotinic cholinergic receptors in brain.
Mol Pharmacol. 1991; 39:9-12. [PubMed: 1987453]

Xiao C, Nashmi R, McKinney S, Cai H, Mclntosh JM, Lester HA, et al. Chronic nicotine
selectively enhances alphadbeta2* nicotinic acetylcholine receptors in the nigrostriatal dopamine
pathway. J Neurosci. 2009; 29:12428-12439. [PubMed: 19812319]

Loring, Ralph H., Zigmond, Richard E. Characterization of neuronal nicotinic receptors by snake
venom neurotoxins. Trends Neurosci. 1988; 11:73-78. [PubMed: 2465603]

de Fiebre CM, Meyer EM, Henry JC, Muraskin SI, Kem WR, Papke RL, et al. Characterization of
a series of anabaseine-derived compounds reveals that the 3-(4)-dimethylaminocinnamylidine
derivative is a selective agonist at neuronal nicotinic alpha 7/125I-alpha-bungarotoxin receptor
subtypes. Mol Pharmacol. 1995; 47:164-171. [PubMed: 7838125]

Freedman R, Coon H, Myles-Worsley M, Orr-Urtreger A, Olincy A, Davis A, et al. Linkage of a
neurophysiological deficit in schizophrenia to a chromosome 15 locus. Proc Natl Acad Sci USA.
1997; 94:587-592. [PubMed: 9012828]

Matsuyama S, Matsumoto A, Enomoto T, Nishizaki T. Activation of nicotinic acetylcholine
receptors induces long-term potentiation in vivo in the intact mouse dentate gyrus. Eur J Neurosci.
2000; 12:3741-3747. [PubMed: 11029644]

Schilstrém B, Svensson HM, Svensson TH, Nomikos GG. Nicotine and food induced dopamine
release in the nucleus accumbens of the rat: putative role of alpha7 nicotinic receptors in the
ventral tegmental area. Neuroscience. 1998; 85:1005-1009. [PubMed: 9681941]

Jones IW, Wonnacott S. Precise localization of alpha7 nicotinic acetylcholine receptors on
glutamatergic axon terminals in the rat ventral tegmental area. J Neurosci. 2004; 24:11244-11252.
[PubMed: 15601930]

Damaj M, Fei-Yin M, Dukat M, Glassco W, Glennon RA, Martin BR, et al. Antinociceptive
responses to nicotinic acetylcholine receptor ligands after systemic and intrathecal administration
in mice. J Pharmacol ExpTher. 1998; 284:1058-1065.

Lindstrom J. Nicotinic acetylcholine receptors in health and disease. Mol Neurobiol. 1997;
15:193-222. [PubMed: 9396010]

Olale F, Gerzanich V, Kuryatov A, Wang F, Lindstrom J. Nicotine exposure differentially affects
the function of human alpha3, alpha4, and alpha7 neuronal nicotinic receptor subtypes. J
Pharmacol Exp Ther. 1997; 283:675-683. [PubMed: 9353385]

Stolerman IP, Chandler CJ, Garcha HS, Newton JM. Selective antagonism of behavioural effects of
nicotine by dihydro-beta-erythroidine in rats. Psychopharmacol. 1997; 129:390-397.

Picciotto MR, Caldarone BJ, King SL, Zachariou V. Nicotinic receptors in the brain. Links
between molecular biology and behavior. Neuropsychopharmacol. 2000; 22:451-465.

Tizabi Y, Al-Namaeh M, Manaye KF, Taylor RE. Protective effects of nicotine on ethanol-induced
toxicity in cultured cerebellar granule cells. Neurotox Res. 2003; 5:315-321. [PubMed: 14715450]
Tizabi Y, Manaye KF, Smoot DT, Taylor RE. Nicotine inhibits ethanol-induced toxicity in cultured
cerebral cortical cells. Neurotoxicity Res. 2004; 6:311-316.

Tizabi Y, Overstreet DH, Rezvani AH, Louis VA, Clark E Jr, Janowsky, et al. Antidepressant
effects of nicotine in an animal model of depression. Psychopharmacol. 1999; 142:193-199.
Tizabi Y, Rezvani AH, Russell LT, Tyler KY, Overstreet DH. Depressive characteristics of FSL
rats: involvement of central nicotinic receptors. Pharmacol Biochem Behav. 2000; 66:73-77.
[PubMed: 10837845]

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2018 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tizabi and Getachew

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 8

Lim LW, Janssen ML, Kocabicak E, Temel Y. The antidepressant effects of ventromedial prefrontal
cortex stimulation is associated with neural activation in the medial part of the subthalamic
nucleus. Behav Brain Res. 2015; 279:17-21. [PubMed: 25446757]

Bordia T, Zhang D, Perez XA, Quik M. Striatal cholinergic interneurons and D2 receptor-
expressing GABAergic medium spiny neurons regulate tardive dyskinesia. Exp Neurol. 2016;
286:32-39. [PubMed: 27658674]

Exley R, Cragg SJ. Presynaptic nicotinic receptors: a dynamic and diverse cholinergic filter of
striatal dopamine neurotransmission. Br J Pharmacol. 2008; 153:5283-S297. [PubMed: 18037926]

Perez XA, Bordia T, McIntosh JM, Quik M. a6p2* and a4f2* nicotinic receptors both regulate
dopamine signaling with increased nigrostriatal damage: relevance to Parkinson’s disease. Mol
Pharmacol. 2010; 78:971-980. [PubMed: 20732972]

Quik M, Wonnacott S. a6p2* and a4p2* nicotinic acetylcholine receptors as drug targets for
Parkinson’s disease. Pharmacol Rev. 2011; 63:938-966. [PubMed: 21969327]

Rice ME, Cragg SJ. Nicotine amplifies reward-related dopamine signals in striatum. Nat Neurosci.
2004; 7:583-584. [PubMed: 15146188]

Zhang H, Sulzer D. Frequency-dependent modulation of dopamine release by nicotine. Nat
Neurosci. 2004; 7:581-582. [PubMed: 15146187]

Zhou FM, Liang Y, Dani JA. Endogenous nicotinic cholinergic activity regulates dopamine release
in the striatum. Nat Neurosci. 2001; 4:1224-1229. [PubMed: 11713470]

Meshul CK, Kamel D, Moore C, Kay TS, Krentz L. Nicotine alters striatal glutamate function and
decreases the apomorphine-induced contralateral rotations in OHDA-lesioned rats. Exp Neurol.
2002; 175:257-274. [PubMed: 12009777]

Garcia-Montes JR, Boronat-Garcia A, Lopez-Colomé AM, Bargas J, Guerra-Crespo M, Drucker-
Colin R. Is nicotine protective against Parkinson’s disease? An experimental analysis. CNS Neurol
Disord Drug Targets. 2012; 11:897-906. [PubMed: 23131151]

Tizabi Y. Duality of Antidepressants and Neuroprotectants. Neurotox Res. 2016; 30:1-13.
[PubMed: 26613895]

Akaike A, Tamura Y, Yokota T, Shimohama S, Kimura J. Nicotine-induced protection of cultured
cortical neurons against N-methyl-D-aspartate receptor-mediated glutamate cytotoxicity. Brain
Res. 1994; 644:181-187. [PubMed: 7519524]

Quik M, Zhang D, Perez X, Bordia T. Role for the nicotinic cholinergic system in movement
disorders; therapeutic implications. Pharmacol Ther. 2014; 144:50-59. [PubMed: 24836728]
Khwaja M, McCormack A, Mclntosh JM, Di Monte DA, Quik M. Nicotine partially protects
against paraquat-induced nigrostriatal damage in mice; link to alphaébeta2* nAChRs. J
Neurochem. 2007; 100:180-190. [PubMed: 17227438]

Quik M, Huang LZ, Parameswaran N, Bordia T, Campos C, Perez XA, et al. Multiple roles for
nicotine in Parkinson’s disease. Biochem Pharmacol. 2009; 78:677-685. [PubMed: 19433069]
Quik M, Zhang D, McGregor M, Bordia T. Alpha7 nicotinic receptors as therapeutic targets for
Parkinson’s disease. Biochem Pharmacol. 2015; 97:399-407. [PubMed: 26093062]

Sérriere S, Doméné A, Vercouillie J, Mothes C, Bodard S1, Rodrigues N, et al. Assessment of the
Protection of Dopaminergic Neurons by an a7 Nicotinic Receptor Agonist, PHA 543613 Using
[(18)F]ILBT-999 in a Parkinson’s Disease Rat Model. Front Med (Lausanne). 2015; 2:61.
[PubMed: 26389120]

Vieira-Brock PL, McFadden LM, Nielsen SM, Smith MD, Hanson GR, Fleckenstein AE, et al.
Nicotine administration attenuates methamphetamine-induced novel object recognition deficits. Int
J Neuropsychopharmacol. 2015; 18:pyv073. [PubMed: 26164716]

Copeland RL Jr, Leggett YA, Kanaan YM, Taylor RE, Tizabi Y. Neuroprotective effects of nicotine
against salsolinol-induced cytotoxicity: implications for Parkinson’s disease. Neurotoxicity Res.
2005; 8:289-293.

Copeland RL Jr, Das JR, Kanaan YM, Taylor RE, Tizabi Y. Antiapoptotic effects of nicotine in its
protection against salsolinol-induced cytotoxicity. Neurotoxicity Res. 2007; 12:61-69.

Das JR, Tizabi Y. Additive protective effects of donepezil and nicotine against salsolinol-induced
cytotoxicity in SH-SY5Y cells. Neurotox Res. 2009; 16:194. [PubMed: 19526284]

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2018 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tizabi and Getachew

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Page 9

Ramlochansingh C, Taylor RE, Tizabi Y. Toxic effects of low alcohol and nicotine combinations in
SH-SYS5Y cells are apoptotically mediated. Neurotoxicity Res. 2011; 20:263-269.

Munoz P, Huenchuguala S, Paris I, Cuevas C, Villa M, Caviedes P, et al. Protective effects of
nicotine against aminochrome-induced toxicity in substantia nigra derived cells: implications for
Parkinson’s disease. Neurotoxicity Res. 2012; 22:177-180.

Chatterjee PK, Yeboah MM, Dowling O, Xue X, Powell SR, Al-Abed Y, et al. Nicotinic
acetylcholine receptor agonists attenuate septic acute kidney injury in mice by suppressing
inflammation and proteasome activity. PLoS One. 2012; 7:e35361. [PubMed: 22586448]

Hurley LL, Tizabi Y. Neuroinflammation, neurodegeneration, and depression. Neurotox Res. 2013;
23:131-144. [PubMed: 22895696]

LiuY, HuJ, Wu J, Zhu C, Hui Y, Han Y, et al. Alpha7 nicotinic acetylcholine receptor-mediated
neuroprotection against dopaminergic neuron loss in an MPTP mouse model via inhibition of
astrocyte activation. J Neuroinflammation. 2012; 9:98. [PubMed: 22624500]

Lemay S, Chouinard S, Blanchet P, Masson H, Soland V, Beuter A, et al. Lack of efficacy of a
nicotine transdermal treatment on motor and cognitive deficits in Parkinson’s disease. Prog
Neuropsychopharmacol Biol Psychiatry. 2004; 28:31-39. [PubMed: 14687854]

Vieregge A, Sieberer M, Jacobs H, Hagenah JM, Vieregge P. Transdermal nicotine in PD: a
randomized, double-blind, placebo-controlled study. Neurol. 2001; 57:1032-1035.

Villafane G, Cesaro P, Rialland A, Baloul S, Azimi S, Bourdet C, et al. Chronic high dose
transdermal nicotine in Parkinson’s disease: an open trial. Eur J Neurol. 2007; 14:1313-1316.
[PubMed: 17941858]

Featherstone RE, Siege LSJ. The role of nicotine in schizophrenia. Int Rev Neurobiol. 2015;
124:23-78. [PubMed: 26472525]

Quick MW, Lester RA. Desensitization of neuronal nicotinic receptors. J Neurobiol. 2002; 53:457—
478. [PubMed: 12436413]

Levin ED. Complex relationships of nicotinic receptor actions and cognitive functions. Biochem
Pharmacol. 2013; 86:1145-1152. [PubMed: 23928190]

Dezfuli G, Kellar KJ, Dretchen KL, Tizabi Y, Sahibzada N, Gillis RA, et al. Evidence for the role
of p2* nAChR desensitization in regulating body weight in obese mice. Neuropharmacol. 2016;
110:165-174.

Corrigall WA, Coen KM, Adamson KL. Self-administered nicotine activates the mesolimbic
dopamine system through the ventral tegmental area. Brain Res. 1994; 653:278-284. [PubMed:
7982062]

Koob GF, Roberts AJ, Schulteis G, Parsons LH, Heyser CJ, Hyytia P, et al. Neurocircuitry targets
in ethanol reward and dependence. Alcohol Clin Exp Res. 1998; 22:3-9. [PubMed: 9514280]

Nisell M, Nomikos GG, Svensson TH. Systemic nicotine-induced dopamine release in the rat
nucleus accumbens is regulated by nicotinic receptors in the ventral tegmental area. Synapse.
1994; 16:36-44. [PubMed: 8134899]

Zurkovsky L, Taylor WD, Newhouse PA. Cognition as a therapeutic target in late-life depression:
potential for nicotinic therapeutics. Biochem Pharmacol. 2013; 86:1133-1144. [PubMed:
23933385]

Djuric VJ, Dunn E, Overstreet DH, Dragomir A, Steiner M. Antidepressant effect of ingested
nicotine in female rats of Flinders resistant and sensitive lines. Physiol Behav. 1999; 67:533-537.
[PubMed: 10549890]

Kalejaiye O, Bhatti BH, Taylor RE, Tizabi Y. Nicotine blocks the depressogenic effects of alcohol:
implications for drinking-smoking co-morbidity. J Drug Alcohol Res. 2013; 2:235709. [PubMed:
25309774]

Semba J, Mataki C, Yamada S, Nankai M, Toru M. Antidepressantlike effects of chronic nicotine
on learned helplessness paradigm in rats. Biol Psychiatry. 1998; 43:389-391. [PubMed: 9513755]
Cook JW, Spring B, McChargue D. Influence of nicotine on positive affect in anhedonic smokers.
Psychopharmacol. 2007; 192:87-95.

McClernon FJ, Hiott FB, Westman EC, Rose JE, Levin ED. Transdermal nicotine attenuates
depression symptoms in nonsmokers: adouble-blind, placebo-controlled trial. Psychopharmacol.
2006; 189:125-133.

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2018 May 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tizabi and Getachew

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Page 10

Pomerleau CS, Pomerleau OF. Euphoriant effects of nicotine in smokers. Psychopharmacol.
1992; 108:460-465.

Salin-Pascual RJ, de la Fuente JR, Galicia-Polo L, Drucker-Colin R. Effects of transdermal
nicotine on mood and sleep in nonsmoking major depressed patients. Psychopharmacol (Berl).
1995; 121:476-479.

Salin-Pascual RJ, Drucker-Colin R. A novel effect of nicotine on mood and sleep in major
depression. Neuroreport. 1998; 9:57-60. [PubMed: 9592048]

Moreno-Coutino A, Calderon-Ezquerro C, Drucker-Colin R. Long-term changes in sleep and
depressive symptoms of smokers in abstinence. Nicotine Tob Res. 2007; 9:389-396. [PubMed:
17365770]

Spring B, Cook JW, Appelhans B, Maloney A, Richmond M, Vaughn J, et al. Nicotine effects on
affective response in depression-prone smokers. Psychopharmacol. 2008; 196:461-471.

Borrelli B, Niaura R, Keuthen NJ, Goldstein MG, DePue J, Murphy C, et al. Development of
major depressive disorder during smoking-cessation treatment. J Clin Psychiatry. 1996; 57:534—
538. [PubMed: 8968303]

Covey LS, Glassman AH, Stetner F. Major depression following smoking cessation. Am J
Psychiatry. 1997; 154:263-265. [PubMed: 9016279]

Edwards AC, Kendler KS. Nicotine withdrawal-induced negative affect is a function of nicotine
dependence and not liability to depression or anxiety. Nicotine Tob Res. 2011; 13:677-685.
[PubMed: 21504882]

Glassman AH, Covey LS, Stetner F, Rivelli S. Smoking cessation and the course of major
depression: a follow-up study. Lancet. 2001; 357:1929-1932. [PubMed: 11425414]

Tsoh JY, Humfleet GL, Munoz RF, Reus VI, Hartz DT, Hall SM, et al. Development of major
depression after treatment for smoking cessation. Am J Psychiatry. 2000; 157:368-374.
[PubMed: 10698811]

Picciotto MR, Lewis AS, van Schalkwyk G, Mineur Y'S. Mood and anxiety regulation by
nicotinic acetylcholine receptors: A potential pathway to modulate aggression and related
behavioral states. Neuropharmacol. 2015; 96:235-243.

Rahman S. Targeting brain nicotinic acetylcholine receptors to treat major depression and co-
morbid alcohol or nicotine addiction. CNS Neurol Disord Drug Targets. 2015; 14:647-653.
[PubMed: 25921743]

Besson M, Forget B. Cognitive cdysfunction, affective cstates, and vulnerability to nicotine
addiction: A multifactorial perspective. Front Psychiatry. 2016; 7:160. [PubMed: 27708591]

Andreasen JT, Henningsen K, Bate S, Christiansen S, Wiborg O. Nicotine reverses anhedonic-like
response and cognitive impairment in the rat chronic mild stress model of depression:
comparison with sertraline. J Psychopharmacol. 2011; 25:1134-1141. [PubMed: 21169388]

Shang X, Shang Y, Fu J, Zhang T. Nicotine Significantly Improves Chronic Stress-Induced
Impairments of Cognition and Synaptic Plasticity in Mice. Mol Neurobiol. 2016

André JM, Leach PT, Gould TJ. cNicotine cameliorates NMDA receptor antagonist-induced
deficits in contextual fear conditioning through high-affinity nicotinic acetylcholine receptors in
the hippocampus. Neuropharmacol. 2011; 60:617-625.

Jacklin DL, Goel A, Clementino KJ, Hall AW, Talpos JC, Winters BD. Severe cross-modal object
recognition deficits in rats treated sub-chronically with NMDA receptor antagonists are reversed
by systemic nicotine: implications for abnormal multisensory integration in schizophrenia.
Neuropsychopharmacol. 2012; 37:2322-2331.

Wei P, Liu Q, Li D, Zheng Q, Zhou J, Li J. Acute nicotine treatment attenuates
lipopolysaccharide-induced cognitive dysfunction by increasing BDNF expression and inhibiting
neuroinflammation in the rat hippocampus. Neurosci Lett. 2015; 604:161-166. [PubMed:
26259694]

Wang D, Noda Y, Zhou Y, Mouri A, Mizoguchi H, Nitta A, et al. The allosteric potentiation of
nicotinic acetylcholine receptors by galantamine ameliorates the cognitive dysfunction in beta
amyloid 25-35 i.c.v.-injected mice: involvement of dopaminergic systems.
Neuropsychopharmacol. 2007; 32:1261-1271.

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2018 May 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Tizabi and Getachew

Page 11

119. Newhouse P, Kellar K, Aisen P, White H, Wesnes K, Coderre E, et al. Nicotine treatment of mild
cognitive impairment: a 6-month double-blind pilot clinical trial. Neurol. 2012; 78:91-101.

120. Echeverria V, Yarkov A, Aliev G. Positive modulators of the a7 nicotinic receptor against
neuroinflammation and cognitive impairment in Alzheimer’s disease. Prog Neurobiol. 2016;
144:142-57. [PubMed: 26797042]

121. Mc Lean SL, Grayson B, Marsh S, Zarroug SH, Harte MK, Neill JC. Nicotinic a7 and a4f2
agonists enhance the formation and retrieval of recognition memory: Potential mechanisms for
cognitive performance enhancement in neurological and psychiatric disorders. Behav Brain Res.
2016; 302:73-80. [PubMed: 26327238]

122. Quik M, Zhang D, Perez XA, Bordia T. Role for the nicotinic cholinergic system in movement
disorders; therapeutic implications. Pharmacol Ther. 2014; 144:50-59. [PubMed: 24836728]

Clin Pharmacol Transl Med. Author manuscript; available in PMC 2018 May 30.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Tizabi and Getachew

Table 1

Page 12

Select Studies on Nicotine intervention in PD as reported in ClinicalTrials.gov (2017)

Study

Study Design

Intervention/Outcome

Disease-modifying Potential of
Transdermal Nicotine in Early
Parkinson’s Disease

Allocation: Randomized
Intervention Model: Parallel Double
Blind

Primary Purpose: Prevention

Nicotine transdermal patch
Status: ongoing (recruiting)
Outcome: No study results available

Study of NP002 in Subjects with
Idiopathic Parkinson’s Disease to Treat
Dyskinesias Due to Levodopa Therapy

Allocation: Randomized
Intervention Model: Parallel Double
Blind

Primary Purpose: Treatment

Nicotine

Other: placebo comparator

Status: Completed

Outcome: No study results available

Efficacy of Transdermal Nicotine, on
Motor Symptoms in Advanced
Parkinson’s Disease

Allocation: Randomized
Intervention Model: Parallel Open
Label

Primary Purpose: Treatment

Transdermal nicotine with usual drug treatment of
Parkinson’s disease

Status: Completed

Outcome: Positive

Nicotine Treatment of Impulsivity in
Parkinson’s Disease

Allocation: Randomized

Intervention Model: Crossover Double
Blind

Primary Purpose: Treatment

Nicotine patch; Placebo
Status: Unknown
Outcome: No study results available

The Effects of Nicotine Chewing Gum in
Parkinson’s Disease

Intervention Model: Single Open Label
Primary Purpose: Treatment

Dietary Supplement: Nicotine gum
Status: ongoing (recruiting)
Outcome: No study results available
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