
JPET #182949 
 

1 

 

TITLE PAGE 

 

 

Nicotine Reduces L-Dopa-Induced Dyskinesias by Acting at β2* Nicotinic Receptors  

 

Luping Z. Huang, Sharon R. Grady and Maryka Quik 

 

 

 

 

 

Center for Health Sciences, SRI International, 333 Ravenswood Ave, California 94025, USA 

(L.Z.H., M.Q.) and  Institute for Behavioral Genetics, University of Colorado, Boulder, 

Colorado 80309, USA (S.R.G.)  

 

 

                                                          

 

 

  

 JPET Fast Forward. Published on June 10, 2011 as DOI:10.1124/jpet.111.182949

 Copyright 2011 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 10, 2011 as DOI: 10.1124/jpet.111.182949

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #182949 
 

2 

 

RUNNING TITLE PAGE 

Running Title: β2* nAChRs and L-dopa-induced dyskinesias 

Corresponding author: Address correspondence and reprint request to Maryka Quik, Center for 

Health Sciences, SRI International, 333 Ravenswood Ave, California 94025, USA. Tel.  1-650-

8596112; fax 1-650-859-5099 . E-mail address: maryka.quik@sri.com 

 

Number of: 

pages of text, 33; 

tables, 2; 

figures, 9;  

references,  38. 

 

Number of words in:   

abstract, 246;  

introduction,  627;  

discussion,   1044.  

 

ABBREVIATIONS: AIMs, abnormal involuntary movements; ANOVA, analysis of variance; 

nAChRs, nicotinic acetylcholine receptors; CNS, central nervous system; 6-OHDA, 6-

hydroxydopamine; [125I]RTI-121, [125I]-3β-(4-iodophenyl)tropane-2β-carboxylic acid isopropyl 

ester; *, the asterisk indicates the possible presence of other nicotinic subunits in the receptor 

complex. 

Recommended section assignment:  Behavioral Pharmacology 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on June 10, 2011 as DOI: 10.1124/jpet.111.182949

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #182949 
 

3 

 

ABSTRACT 

L-dopa-induced dyskinesias or abnormal involuntary movements (AIMs) are a debilitating 

adverse complication associated with prolonged L-dopa administration for Parkinson’s disease. 

Few treatments are currently available for dyskinesias. Our recent data showed that nicotine 

reduced L-dopa-induced AIMs in parkinsonian animal models. An important question is the 

nicotinic acetylcholine receptor (nAChR) subtypes through which nicotine exerts this beneficial 

effect, as such knowledge would allow for the development of drugs that target the relevant 

receptor population(s). To address this, we used β2 nAChR subunit knockout (β2 (-/-)) mice 

because β2-containing nAChRs are key regulators of nigrostriatal dopaminergic function. All 

mice were lesioned by intracranial injection of 6-hydroxydopamine into the right medial 

forebrain bundle. Lesioning resulted in a similar degree of nigrostriatal damage and 

parkinsonism in β2 (-/-) and wildtype mice. All mice were then injected with L-dopa (3 mg/kg) 

plus benserazide (15 mg/kg) once daily for 4 wk until AIMs were fully developed. L-dopa-

induced AIMs were about 40% less in the β2 (-/-) compared to the wildtype mice. Interestingly, 

nicotine (300 μg/ml in drinking water) reduced L-dopa-induced AIMs by 40% in wildtype mice, 

but had no effect in β2 (-/-) mice with partial nigrostriatal damage. The nicotine-mediated 

decline in AIMs was much less pronounced in wildtype mice with near-complete degeneration, 

suggesting that presynaptic nAChRs on dopaminergic terminals have a major influence. These 

data demonstrate an essential role for β2* nAChRs in the antidyskinetic effect of nicotine and 

suggest that drugs targeting these subtypes may be useful for the management of L-dopa-induced 

dyskinesias in Parkinson’s disease.  
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Introduction 

Loss of dopaminergic neurons in the nigrostriatal pathway leads to Parkinson's disease, a 

movement disorder characterized by rigidity, tremor and bradykinesia. L-dopa treatment 

alleviates these symptoms, however its long-term administration results in the development of 

adverse effects including debilitating abnormal involuntary movements (AIMs) or dyskinesias 

(Fahn, 2009; Poewe, 2009; Calabresi et al., 2010). Although the precise molecular alterations 

that underlie L-dopa-induced dyskinesias remain elusive, their occurrence is associated with 

changes in dopamine receptors and their downstream signaling mechanisms. In addition, there 

are abnormalities in non-dopaminergic neurotransmitter pathways linked to the nigrostriatal 

system, including the serotonergic, glutamatergic, adrenergic, opioid, and adenosine systems 

(Fox et al., 2008; Barroso-Chinea and Bezard, 2010; Cenci and Konradi, 2010). Converging 

evidence also suggests that the nicotinic cholinergic system plays a role, with recent data 

showing that nicotine administration reduced L-dopa-induced AIMs in parkinsonian rats and 

monkeys (Quik et al., 2007; Bordia et al., 2008). These data suggest that drugs targeting the 

nicotinic cholinergic system may be of therapeutic benefit in the treatment of L-dopa-induced 

dyskinesias. 

Recent studies suggest that nicotine exerts its antidyskinetic effect through an interaction at 

nicotinic acetylcholine receptors (nAChRs). Evidence for this stems from studies showing that 

the nonselective nAChR blocker mecamylamine modulated L-dopa-induced abnormal 

involuntary movements (AIMs) in rats (Bordia et al., 2010) and that nonselective nAChR 

agonists reduce L-dopa-induced AIMs (Huang et al., 2011). The question that now arises is 

which CNS nAChR populations are involved, as such knowledge will allow for the development 

of drugs with optimal antidyskinetic effects and minimal adverse responses.   
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nAChRs are ligand-gated cation channels composed of α and β subunits. To date, five ligand 

binding α (α2, α3, α4, α6 and α7), two structural β (β2 and β4) and two accessory subunits (β3 

and α5) have been identified in neuronal tissues (Albuquerque et al., 2009; Millar and Gotti, 

2009). These receptor subunits co-assemble to form a diverse family of nAChRs. The most 

abundant subtypes in the nervous system, are homomeric α7 nAChRs and heteromeric β2* 

nAChRs. There are two primary subpopulations of β2* nAChRs. One of these are the α4β2* 

nAChRs, which have a widespread localization and are abundantly expressed in the nigrostriatal 

pathway. The other are α6β2* nAChRs that are relatively restricted in CNS, including their 

presence in the nigrostriatal system (Grady et al., 2007; Millar and Gotti, 2009; Quik et al., 

2009). Homomeric α7 nAChRs have also been identified in the nigrostriatal system, but only in 

that of the mouse, making their relevance to nigrostriatal function uncertain.   

Consistent with the receptor studies, the β2* nAChRs are the ones principally involved in 

regulating nigrostriatal dopaminergic function (Grady et al., 2007; Exley and Cragg, 2008; Barik 

and Wonnacott, 2009). Measurement of 3H-dopamine release from synaptosomes or endogenous 

dopamine release using cyclic voltammetry shows that  β2* nAChRs are responsible for all 

nAChR-mediated release from striatum in rodents and monkeys (Grady et al., 1992; McCallum 

et al., 2006; Exley et al., 2008; Meyer et al., 2008; Perez et al., 2008). This idea is further 

substantiated by studies showing that nicotine-induced dopamine release is abolished in β2 

nAChR null mutant (-/-) mice (Salminen et al., 2004).  

In view of the importance of β2* nAChRs in nigrostriatal function, we initiated experiments 

to determine whether these subtypes were also involved in the nAChR-mediated decline in L-

dopa-induced dyskinesias. In this study, we used β2 (-/-) mice because this model offers the 

advantage that it specifically identifies the role of β2* nAChRs. We first verified the 
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antidyskinetic effect of nicotine in control wildtype parkinsonian mice, as this had not previously 

been tested.  Subsequent work to investigate the effect of nicotine in parkinsonian β2 knockout 

and wildtype mice showed that β2* nAChRs are the primary receptors that mediate the 

antidyskinetic effect of nicotine, without impeding the antiparkinsonian effect of L-dopa. Drugs 

directed to β2* nAChRs may thus be optimal for reducing L-dopa-induced dyskinesias. 
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Methods and Materials 

 6-Hydroxydopamine (6-OHDA) Lesioning. Adult control mice were purchased from 

Charles River Laboratories, Gilroy, CA. Wildtype and β2 (-/-) C57BL/6 mice were bred at the 

University of Colorado, as previously described (Salminen et al., 2004), and then shipped to SRI 

International for further study. Mice were group housed in a temperature- and humidity-

controlled environment under a 12 h light/dark cycle with free access to food and water. After a 

2-3 days acclimation period, they were lesioned by injection of 6-OHDA into the medial 

forebrain bundle to produce nigrostriatal dopaminergic damage (Cenci and Lundblad, 2007). 

Briefly, mice were anesthetized with isofluorane (3%), and then placed in a Kopf stereotaxic 

instrument. A burr hole was drilled through the skull and 3 μg 6-OHDA (3 μg/μl) stereotaxically 

injected at the site into the right ascending medial forebrain bundle. The coordinates for the 

position of the site were as follows relative to Bregma and the dural surface: anteroposterior, -

1.2; lateral, -1.2; ventral, 4.75. All procedures were approved by the Institutional Animal Care 

and Use Committee in accordance with the NIH Guide for the Care and Use of Laboratory 

Animals.  

Nicotine Treatment. Mice were first given a 2% saccharin solution for 2 days and then 

nicotine (free base, 25 μg/ml) was administered in the drinking water for another 2 days. The 

dose of nicotine in the drinking water was gradually increased (nicotine titration) to 300 μg/ml 

over 10 days and subsequently maintained at that dose, as previously described (Sparks and 

Pauly, 1999; Pietila and Ahtee, 2000; Lai et al., 2005).  

L-dopa Treatment and AIMs Measurement. L-dopa methyl ester (L-dopa) and 

benserazide hydrochloride (a DOPA decarboxylase inhibitor given to inhibit the breakdown of 

L-dopa in the periphery). were purchased from Sigma Aldrich (St. Louis, MO, USA). The 
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indicated doses of L-dopa were freshly dissolved in saline and injected sc once daily in 

combination with a fixed dose of 15 mg/kg benserazide throughout the study. AIMs were scored 

by a blinded rater using a modified mouse dyskinesia rating scale described previously (Cenci 

and Lundblad, 2007). Briefly, mice were placed in separate cages and scored individually every 

15 min (1-min monitoring periods) for 2 h 10 min after L-dopa injection. The scale for different 

subtypes of AIMs (oral, forelimb, and axial) includes frequency and amplitude. Each AIM 

subtype was scored on a frequency scale from 0 to 4 (0 = no dyskinesia; 1 = occasional 

dyskinesia displayed for <50% of the observation time; 2 = sustained dyskinesia displayed for 

>50% of the observation time; 3 = continuous dyskinesia; 4 = continuous dyskinesia not 

interruptible by external stimuli). The amplitude was classified into two levels either A or B. “A” 

indicates oral AIMs without tongue protrusion, forelimb AIMs without the shoulder engaged, 

and axial AIMs with body twisting <60°. “B” indicates oral AIMs with tongue protrusion, 

forelimb AIMs with the shoulder engaged or axial AIMs with body twisting >60°. The integrated 

scores for frequency and amplitude of AIMs used for data analysis were calculated as 1A = 1, 1B 

= 2, 2A = 2, 2B = 4, 3A = 4, 3B = 6, 4A = 6, 4B = 8. This allows for scores for any one 

component (axial, oral or forelimb) ranging from 0 to 8, with a maximum possible total score per 

time point of 24. 

Limb Use Asymmetry Test. The forelimb asymmetry (cylinder test) was used as a measure 

of parkinsonism (Schallert et al., 2000; Brooks and Dunnett, 2009). Exploratory activity was 

evaluated by a blinded rater for a 3 min period immediately before and 45 min after L-dopa 

administration. Wall exploration was expressed in terms of the % use of the impaired forelimb 

(contralateral) compared to the total number of limb use movements. 
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Plasma Cotinine Levels. The nicotine metabolite cotinine was determined as an index of 

nicotine intake. Cotinine is one of the primary metabolites of nicotine with an 18-h half-life and 

provides a good measure of nicotine intake (Lai et al., 2005; Matta et al., 2007). Blood (~0.2 ml) 

from the ocular vein was drawn under isofluorane anesthesia. Cotinine was measured using an 

EIA kit according to the manufacturer’s instructions (Orasure Technologies, Bethlehem, PA). 

Dopamine Transporter Autoradiography. Mice were killed by cervical dislocation 1 h 

after L-dopa injection, and the brains quickly removed and frozen in isopentane on dry ice. Eight 

μm sections were cut at -15°C in a cryostat, thaw-mounted onto poly-L-lysine coated slides, 

dried, and stored at -80°C.  125I-RTI-121 (specific activity, 2200 Ci/mmol; GE Healthcare, 

Chalfont St. Giles, Buckinghamshire, UK) autoradiography was performed as previously 

described (Quik et al., 2003).  Brain sections were preincubated 2 x 15 min in buffer (50 mM 

Tris-HCl, pH 7.4, 120 mM NaCl, 5 mM KCl) and then incubated for 2 h with 100 pM 125I-RTI-

121 in the same buffer also containing 0.025% BSA and 1 μM fluoxetine. Sections were washed 

4 x 15 min in ice cold buffer, 1 x 10 s in ice cold doubly-distilled H2O, dried and exposed to 

Kodak MR film (Easterman Kodak Co., Rochester, NY, USA) for 2-3 days along with 3H-

microscale standards (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). Nonspecific 

binding was determined in the presence of the dopamine uptake inhibitor nomifensine (100 μM).   

125I-Epibatidine Binding. Striatal α4β2* nAChRs were measured using binding of 125I-

epibatidine (specific activity, 2200 Ci/mmol; GE Healthcare, Chalfont St. Giles, 

Buckinghamshire, UK) (Quik et al., 2003). Slides were preincubated in buffer containing 50 mM 

Tris-HCl, 120 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1.0 mM MgCl2. Slides were then incubated 

in the same buffer also containing 0.015 nM 125I-epibatidine for 40 min. Nonspecific binding was 
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assessed in the presence of nicotine (100 µM). Slides were then washed, air-dried and exposed to 

Kodak MR film. Film was developed for image quantification using the ImageQuant system. 

Data Analyses. The ImageQuant program from GE Healthcare (Chalfont St. Giles, 

Buckinghamshire, UK) was used to determine optical density values from autoradiographic 

images. To evaluate specific binding, nonspecific binding was subtracted from total tissue 

binding. A calibration curve of radioactivity (nCi/mg wet weight tissue) versus optical density 

was generated using 3H-microscale standards. The radioactivity in nCi/mg was then converted to 

fmol/mg tissue. The 3H standards were calibrated for 125I autoradiography as described 

(Artymyshyn et al., 1990), including exposure time, section thickness and concentration of 

radioactivity. Care was taken to ensure that the optical density readings of the samples were 

within the linear range of the film.   

Statistical Analyses. GraphPad Prism® (GraphPad Software, Inc, San Diego, CA) was used 

for data analyses. Differences in ratings between treatment groups were determined using a 

Mann Whitney test or analysis of variance (ANOVA) followed by the appropriate post hoc test. 

A level of 0.05 was considered significant. Values are the mean ± S.E.M. of the indicated 

number of mice. 
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Results 

Effect of Nicotine on L-Dopa-Induced AIMs at Varying L-Dopa Doses in Lesioned 

Control Mice. Before initiating work with nAChR knockout mice, experiments were done to 

investigate whether nicotine reduced L-dopa-induced AIMs in control parkinsonian mice. To 

approach this, we first measured AIMs induced by varying doses of L-dopa in mice treated with 

saccharin only (n = 20 mice) or saccharin-containing nicotine (n = 19 mice) in the drinking 

water. Such studies were done to determine if nicotine’s ability to reduce AIMs is dependent on 

the magnitude of these abnormal movements. Mice were treated with 300 µg/ml nicotine, as our 

previous studies had shown that nicotine optimally modulated nAChR levels in mouse brain at 

this dose (Lai et al., 2005). One group of nicotine-treated mice (n = 10) was then injected once 

daily sc with 3 mg/kg dose L-dopa plus 15 mg/kg benserazide for 2 wk, a dose that was expected 

to result in the development of submaximal AIMs (unpublished results), and results compared to 

L-dopa-treated (3 mg/kg) mice receiving only saccharin in the drinking water (n = 10). Another 

group of nicotine treated mice (n = 9) was injected once daily sc with 6 mg/kg dose L-dopa plus 

15 mg/kg benserazide (n = 10) for 2 wk, a dose expected to lead to maximal AIMs (unpublished 

results), and results compared to L-dopa-treated (6 mg/kg) mice receiving only saccharin in the 

drinking water (n = 10). After 2 wk of treatment L-dopa-induced AIMs were tested. The 

nicotine-treated mice initially injected with 3 and 6 mg/kg L-dopa were then given either 1 or 2 

mg/kg L-dopa, respectively; the saccharin-treated mice were similarly randomized into groups 

receiving either 1 or 2 mg/kg L-dopa, respectively. After two wk of treatment, the animals were 

rated for AIMs.  Thus, for these studies nicotine was given as a pretreatment, various doses of L-

dopa were then administered, after which a nicotine dose-response was conducted. This provided 

a measure of the ability of nicotine to prevent the development of AIMs. 
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 Results in Fig. 2 show that in saccharin-treated mice the 1 mg/kg dose of L-dopa only 

induced minimal AIMs, which were not affected by nicotine treatment. In contrast, L-dopa at 2 

mg/kg induced a more robust response in saccharin-treated mice, with significant AIM scores 

(~60) that were reduced by ~40% with nicotine treatment (p < 0.05). The time course study at the 

2 mg/kg L-dopa dose shows a significant main effect of nicotine treatment on AIM scores using 

one-way repeated measures ANOVA (p < 0.05). Total AIM scores with the 3 mg/kg L-dopa dose 

were ~75 in saccharin-treated mice; these were reduced ~45% by nicotine (p < 0.05). Time 

course analyses at the 3 mg/kg dose also showed a significant main effect of nicotine treatment 

on AIM scores using one-way repeated measures ANOVA (p < 0.05).   In mice treated with 6 

mg/kg L-dopa, AIM scores were increased to ~90. In the saccharin-treated mice, there was ~30% 

reduction in total AIMs with nicotine treatment. There was a significant main effect of nicotine 

with time using one-way repeated ANOVA (p < 0.05), with a Bonferroni post hoc test indicating 

a significant effect of nicotine administration at 45 and 60 min after L-dopa injection (p < 0.05).  

Since robust AIM scores were obtained with the 3 mg/kg dose of L-dopa and the reduction in 

AIMs scores was maximal with this dose, it was used for further study.   

Nicotine at 300 μg/ml is the Most Effective Dose to Reduce L-Dopa-Induced AIMs in 

Lesioned Control Mice.  Dose-response experiments were then done in the same group of mice 

described above to assess the nicotine dose that optimally reduced L-dopa-induced AIMs in 

lesioned control mice. We tested a range of 50 to 500 µg/ml nicotine per dose in the drinking 

water since previous work had shown that such nicotine doses effectively modulate varying 

biochemical and behavioral measures in mice (Sparks and Pauly, 1999; Pietila and Ahtee, 2000; 

Lai et al., 2005). Prior to this second study, there was a 4-wk nicotine washout period. A group 

of mice (n = 10) that had initially received only saccharin were now again provided only with 
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saccharin in the drinking water. The remainder of the mice were randomly divided into 3 groups 

receiving 50 ug/ml (n = 10), 150 µg/ml (n = 10) and 300 ug/ml (n = 9) nicotine in the drinking 

water for 2 wk. Mice were injected sc with 3 mg/kg L-dopa plus 15 mg/kg benserazide and 

AIMs were subsequently rated. The 3 groups of mice were subsequently administered 300 ug/ml 

(n = 9), 400 µg/ml (n = 10) and 500 ug/ml (n = 9) nicotine, respectively.  They were injected sc 

with 3 mg/kg L-dopa plus 15 mg/kg benserazide and AIMs again rated. 

The results in Fig. 3 show that the 300 and 500 μg/ml nicotine doses led to significant 

decreases in total AIMs (p < 0.01 and p < 0.05, respectively, Fig. 3). There were significant 

reductions in axial, oral and forelimb AIMs with 300 μg/ml (p < 0.05, 0.01 and 0.05, 

respectively) and in forelimb AIMs with 500 μg/ml nicotine (p < 0.05). There were trends for 

declines in oral and axial AIMs with 500 μg/ml nicotine. Although total AIMs were not 

significantly reduced, the 50 μg/ml nicotine dose improved forelimb AIMs (p < 0.05). The 150 

and 400 μg/ml nicotine did not have significant effects on total, axial, oral or forelimb AIMs 

although there were trends for declines in all AIM components. Nicotine appeared to reduce 

AIMs most effectively at the 300 µg/ml dose. This may relate to a narrow therapeutic window, 

the relatively short (2 wk) treatment times per dose, or represent variability in responsiveness 

since there were declines at the other doses.  

 The time courses of the effect of nicotine on total AIMs at the different doses are shown in 

Fig. 3 bottom panels. There was an overall decline in AIM scores with the 150 and 300 μg/ml 

nicotine treatments (p < 0.05 and p < 0.01, respectively) but not with the 50 μg/ml dose, as 

assessed using a one-way repeated measures ANOVA.  Nicotine at doses of 400 and 500 μg/ml 

had no effect on the time course of L-dopa-induced AIMs (data not shown). 
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These results demonstrated that the 300 μg/ml nicotine dose most effectively reduced L-

dopa-induced AIMs in lesioned control mice. This dose was therefore selected for the 

experiments using β2 (-/-) mice. Since the two higher doses of nicotine (400 and 500 µg/ml) did 

not result in a greater decline in AIMs that the 300 µg/ml dose, it is unlikely that the 

experimental design modified nicotine’s effectiveness in reducing AIMs, that is, the fact that the 

these latter two doses were administered after the 150 and 300 µg/ml doses. In addition, the 

similar reduction in L-dopa-induced AIMs with the 300 µg/ml dose in the experiments depicted 

in Figs. 2 and 3 indicate that the effect of nicotine was similar in preventing the development of 

AIMs and reducing existing AIMs, at least in mice.   

Nicotine Treatment Does Not Affect Parkinsonism either OFF or ON L-dopa in 

Lesioned Control Mice. As a measure of parkinsonian behavior, we evaluated the effect of 

nicotine treatment on exploratory activity before and after L-dopa treatment using the limb use 

asymmetry or cylinder test (Schallert et al., 2000; Brooks and Dunnett, 2009). The results in Fig. 

4 show that the percentage of impaired forelimb use on the wall in the absence of L-dopa (OFF 

L-dopa) was not significantly different between control (7.8 ± 3.6%, n = 10) and nicotine-treated 

mice (3.4 ± 1.5%, n = 10).  L-dopa treatment (3 mg/kg) significantly improved impaired 

forelimb use (ON L-dopa, p < 0.001) in control and nicotine-treated animals to a similar extent 

(31.0 ± 7.0%, n = 6 and 40.7 ± 5.0 %, n = 8, respectively). These data suggest that nicotine 

treatment does not worsen behaviors associated with nigrostriatal dopamine damage, consistent 

with previous findings in monkeys and rats (Quik et al., 2007; Bordia et al., 2008). 

Decline in L-dopa-induced AIMs in β2 (-/-) Mice with Moderate Nigrostriatal Damage. 

β2 (-/-) mice were used for these studies because β2* nAChR subtypes are the primary regulators 
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of nAChR mediated nigrostriatal dopaminergic function. Wildtype and β2 (-/-) mice were 

unilaterally lesioned with 6-OHDA and subsequently treated according to the timeline in Fig. 5.  

Experiments were next performed to assess if L-dopa treatment induced AIMs in lesioned 

wildtype and β2 (-/-) mice. Mice were injected sc with L-dopa (3 mg/kg) plus 15 mg/kg 

benserazide and rated for axial, oral and forelimb AIMs. Our previous data had shown that L-

dopa-induced AIM scores in mice exhibited considerable variability and that the scores tended to 

fall into two groups, with one group yielding mice with moderate AIMs and the other with high 

AIM scores.  Because drug-induced improvements in L-dopa-induced AIMs were dependent on 

AIM severity (Carta et al., 2007; Huang et al., 2011), the mice were therefore divided into a 

group with moderate AIM scores (<30) and another with high scores (>50). This subdivision into 

groups with moderate and high AIMs was feasible because there were an equal number of 

wildtype and β (-/-) animals with such scores. 

In the moderate AIMs group, there was ~60% decrease in AIM scores in β2 knockout mice 

compared to wildtype mice (Fig. 6 left). Analyses of the AIM subtypes showed that this was due 

to significant declines in axial, oral and forelimb AIMs. By contrast, in knockout mice with high 

AIM scores, there were no significant declines in AIMs compared to their wildtype littermates 

(Fig. 6 right). These data suggest that β2* nAChRs play a significant role in the development of 

AIMs in mice with moderate AIM scores. Their reduced role in mice with high AIM scores 

could suggest that β2* nAChRs on nigrostriatal dopaminergic terminals play a critical role, since 

these are most likely lost with the extensive nigrostriatal damage generally present in mice with 

high AIM scores.  

 Nicotine Treatment does not Reduce L-dopa-induced AIMs in β2 (-/-) Mice. All mice 

were subsequently given nicotine (300 μg/ml) in the drinking water. Nicotine treatment 
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significantly decreased (~60%) L-dopa-induced total AIMs in wildtype mice with moderate AIM 

scores (Fig. 6 left, p < 0.01). This was due to a decline in oral (p < 0.001) and forelimb AIMs (p 

< 0.05), with a trend for decline in axial AIMs.  There was an overall main effect of nicotine in 

wildtype mice in the time course studies (p < 0.01). Interestingly, total, axial, oral and forelimb 

AIMs in the untreated β2 (-/-) mice with moderate AIM scores were similar to those in the 

nicotine-treated wildtype animals. In addition, in β2 (-/-) mice with moderate AIM scores, 

nicotine treatment did not result in a further reduction in L-dopa-induced AIMs (Fig. 6 left). 

These observations suggest that β2* nAChRs are the major contributors to the nAChR-mediated 

decline in L-dopa-induced dyskinesias.  

We also evaluated the effect of nicotine in wildtype and β2 (-/-) mice with high AIM scores 

(Fig. 6 right). Nicotine treatment decreased total AIMs in wildtype mice (p < 0.05), with a trend 

for a decline in the other AIM subtypes. Nicotine reduced L-dopa-induced AIMs to a lesser 

extent in wildtype mice with high as compared to moderate AIM scores, in agreement with our 

previous finding that nicotine decreases L-dopa-induced dyskinesias more effectively in partially 

lesioned parkinsonian rats (Huang et al., 2011). Nicotine treatment did not affect AIM scores in 

β2 knockout mice compared to untreated knockout mice in the high AIM scores group.  

The Reduction in L-dopa-induced AIMs in Mice with Moderate AIM scores is 

Maintained with Continued Nicotine Treatment. The results in Fig. 6 depict the effect of 

nicotine after 4 wk of treatment. AIMs were also rated 15 wk later in mice with moderate and 

high AIM scores. Similar reductions in total, axial, oral and forelimb AIMs were obtained in 

wildtype mice with moderate AIM scores at 15 compared to 4 wk (Fig. 7). There was also a 

similar pattern of decline in AIM scores in wildtype and knockout mice with nicotine treatment 

in the time course data (p < 0.08). The β2 (-/-) mice developed significantly fewer total AIMs (p 
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< 0.01) compared to wildtype control mice, with no antidyskinetic effect of nicotine in the β2 (-/-

) mice (Fig. 7). There were no significant decreases in L-dopa-induced AIMs in wildtype or 

knockout mice with high AIM scores with or without nicotine treatment.  

Overall, these data indicate that the effect of nicotine persists for at least 4 months. They 

further support the idea that β2* nAChRs are major contributors to the antidyskinetic effect of 

nicotine.   

Nicotine did not Affect Parkinsonism in Lesioned Wildtype and β2 (-/-) Mice. 

Experiments were done to determine if nicotine affected parkinsonism in lesioned wildtype or 

knockout mice either OFF or ON L-dopa using the forelimb use asymmetry or cylinder test 

(Table 1). The results in Table 1 show that the percentage of impaired forelimb use was similar 

in saccharin and nicotine-treated wildtype mice with moderate AIM scores (OFF L-dopa). L-

dopa administration significantly improved impaired forelimb use (ON L-dopa). In the wildtype 

mice with high AIM scores, the percent of impaired forelimb use was ~17% of total forelimb use 

(OFF L-dopa). L-dopa treatment significantly increased the impaired forelimb use (p < 0.001). 

However, nicotine did not affect the parkinsonism in the lesioned wildtype mice. Similar results 

were obtained for the β2 (-/-) mice. L-dopa injection significantly increased the impaired 

forelimb use (p < 0.001), but nicotine had no effect on exploratory activity either ON or OFF L-

dopa. 

Nicotine Treatment Did Not Modify Striatal Dopamine Transporter Values in the 

Wildtype and β2 (-/-) Mice. 125I-RTI autoradiography was done to evaluate changes in the 

striatal dopamine transporter in lesioned wildtype and β2 (-/-) mice with nicotine and/or L-dopa 

treatments. In the moderate AIM scores group (Fig. 8 left), 125I-RTI-121 binding values were 

28.4 ± 0.4 fmol/mg tissue on the intact side and 9.8 ± 0.6 fmol/mg tissue on the lesioned side, 
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yielding ~65% reduction. By contrast, in mice with high AIM scores (Fig. 8 right), striatal 

dopamine transporter values were decreased by >99% in the lesioned side, with values of 30.8 ± 

0.9 fmol/mg tissue on the intact side and 0.2 ± 0.08 fmol/mg tissue on the lesioned side. Nicotine 

treatment did not affect striatal dopamine transporter values in any group, nor did the absence of 

β2* nAChRs.  

Alterations in Striatal β2* nAChRs in 6-OHDA-Lesioned L-dopa-treated Mice. 125I-

Epibatidine binding was significantly decreased with nigrostriatal damage in wildtype mice 

treated with or without nicotine. The declines in striatum of mice with a partial lesion were 33% 

and 27% for control and nicotine-treated mice respectively, and with a near-complete lesion were 

60% and 50%, respectively (Fig. 9). There was also a significant main effect of nicotine 

treatment in wildtype mice with both a partial (p < 0.01) and near-complete (p < 0.001) lesion, 

with an increase in 125I-epibatidine binding.  As expected, no 125I-epibatidine binding was 

detected in β2 (-/-) mice (data not shown).  

Plasma Cotinine Levels The nicotine metabolite cotinine was measured as an index of 

nicotine intake. Cotinine levels were similar in β2 (-/-) and wildtype mice, with values of 195.0 ± 

44 ng/ml in wildtype littermates and 203.1 ± 58 ng/ml in β2 (-/-) mice (Table 2). These values 

are similar to those in moderate smokers (Matta et al., 2007).   
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Discussion 

The present results are the first to directly show that β2* nAChRs play a critical role in the 

nicotine-mediated decline in L-dopa-induced AIMs in an animal model of dyskinesias. This 

contention is supported by our finding that L-dopa-induced AIMs in β2 knockout mice are 

similar to those in nicotine-treated wildtype mice. Second, nicotine treatment did not further 

reduce AIMs in β2 (-/-) mice. Our data also show that nicotine was more effective in decreasing 

AIMs in wildtype mice with partial compared to near-complete nigrostriatal damage. This 

suggests that β2* nAChRs on nigrostriatal dopaminergic neurons influence the occurrence of L-

dopa-induced AIMs. However, the declines in L-dopa-induced AIMs in wildtype mice with near-

complete nigrostriatal damage suggest that other populations of β2* nAChRs are also involved, 

albeit to a lesser extent. Altogether these data provide support for the idea that drugs targeting 

β2* nAChRs may be useful in the treatment of L-dopa-induced dyskinesias in Parkinson’s 

disease.  

 The aim of the current study was to determine the role of β2* nAChR subtypes in L-dopa-

induced AIMs using knockout animals. Such studies require the use of mice; however, the 

antidyskinetic effect of nicotine had previously only been demonstrated in parkinsonian rats and 

monkeys. We therefore first tested whether nicotine reduced L-dopa-induced AIMs in a 

parkinsonian mouse model. Mice with a unilateral 6-OHDA lesion of the medial forebrain 

bundle were used because they exhibit a parkinsonian phenotype very similar to that observed in 

the well-characterized and validated 6-OHDA-lesioned rat model (Cenci and Lundblad, 2007). 

Importantly, the mice used for the control studies were on the same genetic background 

(C57Bl/6) as the nAChR knockout mice.  

 Lesioned mice developed AIMs in response to L-dopa treatment in a time and dose-
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dependent manner (Cenci and Lundblad, 2007). The time course of L-dopa-induced AIMs in 

mice was somewhat shorter than that in rats and monkeys (Quik et al., 2007; Bordia et al., 2008), 

most likely because mice metabolize L-dopa more quickly (Matta et al., 2007). The effect of 

nicotine on L-dopa-induced AIMs was also dose-dependent with a maximal reduction at 300 

µg/ml nicotine in the drinking water. This nicotine dosing regimen led to cotinine levels similar 

to those observed in moderate smokers (Matta et al., 2007). Nicotine treatment decreased oral, 

axial and forelimb AIMs in parkinsonian mice, with the percent declines very similar to those 

observed in parkinsonian rats (Bordia et al., 2008).  

We next determined how the absence of β2* nAChRs influenced the occurrence of L-dopa-

induced AIMs. Our rationale for using β2 (-/-) mice was based on studies showing that the 

predominant nAChR populations in the CNS are those containing the β2 subunit with little, if 

any, expression of the β2 subtype in the peripheral nervous system. In addition, β2* nAChRs are 

the primary subtypes in the nigrostriatal pathway. Parkinsonian behavior, assessed using forepaw 

placement, was similar in β2 (-/-) and wildtype mice treated with or without nicotine. Thus, this 

behavior was not influenced by the absence of β2* nAChRs. However, there was a ~60% 

decrease in AIMs in knockout mice with moderate AIM scores, that is, mice with moderate 

nigrostriatal damage. The decreased level of L-dopa-induced AIMs in knockout mice was very 

similar to that in wildtype mice treated with nicotine. In addition, nicotine treatment did not 

further reduce L-dopa-induced AIMs in β2 (-/-) mice with moderate nigrostriatal damage. These 

combined data suggest that β2* nAChRs on nigrostriatal dopaminergic terminals play an 

essential role in the occurrence of L-dopa-induced AIMs.   

Our previous studies had shown that nicotine decreases L-dopa-induced dyskinesias most 

effectively in partially lesioned parkinsonian rats (Huang et al., 2011). Similar results were 
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observed in the current experiments with parkinsonian mice. There were no consistent decreases 

in L-dopa-induced AIMs with nicotine treatment in knockout mice with high AIM scores, that is, 

severe nigrostriatal damage. Additionally, there were no significant declines in L-dopa-induced 

AIMs in β2 (-/-) mice with severe nigrostriatal damage compared to wildtype mice. This further 

supports the idea that presynaptic β2* nAChRs are involved in the occurrence of L-dopa-induced 

AIMs. 

 The finding that the nicotine-mediated reduction in L-dopa-induced AIMs was completely 

abolished in β2 (-/-) mice, suggests that the effect of nicotine is entirely mediated via β2 

nAChRs. However, the demonstration that AIMs were reduced by only ~50% in β2 (-/-) mice 

indicates that the nicotinic cholinergic system is only partially involved in the occurrence of 

AIMs. Future studies are planned to investigate the role of the α4β2* and α6β2* subtypes using 

α4 and/or α6 nAChR null mutant mice. 

 Our results demonstrate that β2* nAChRs are important in regulating aberrant locomotor 

activity, such as L-dopa-induced AIMs. The idea that these receptors play a role in movement is 

consistent with previous work using β2* nAChR antagonists. Mecamylamine prevented the 

locomotor stimulant effects of nicotine, while intraventricular administration of the α7 nAChR 

blocker α-bungarotoxin was ineffective  (Kempsill and Pratt, 2000). Additionally, studies with 

β2 (-/-) mice show that such mice are less active in a familiar environment, indicating that 

endogenous acetylcholine influences locomotion by interacting with β2* nAChRs (Picciotto et 

al., 1998). Nicotine-evoked increases in motor activity also do not occur in β2 (-/-) (King et al., 

2004). Altogether these data suggest that β2* nAChRs have a major influence on certain types of 

motor activity.  
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 Accumulating work shows that the nigrostriatal dopaminergic system contributes to the β2* 

nAChR modulation of motor control. Administration of nicotine to rats with unilateral 

nigrostriatal damage results in a circling movement that is blocked by mecamylamine (Lapin et 

al., 1987; Gongora-Alfaro et al., 1996). Furthermore, microinjection of cholinergic activating 

drugs into rat substantia nigra induces turning behavior, which can be blocked by mecamylamine 

(Gongora-Alfaro et al., 1996). Administration of nAChR agonists directly into the striatum also 

leads to an increase in movement that is inhibited by nAChR blockers (Abin-Carriquiry et al., 

2010). This nAChR modulation of locomotor activity is blocked by dopamine receptor 

antagonists, supporting the idea that nAChRs on nigrostriatal terminals regulate dopamine 

receptor-mediated movement.  

The mechanism(s) of the antidyskinetic action of nicotine is currently not known; however, 

the present studies suggest that presynaptic β2* nAChRs are involved. The question then arises 

how an interaction at β2* nAChRs mediates a decline in L-dopa-induced AIMs. As indicated in 

the introduction, acute nicotine stimulates dopamine release via activation of β2* nAChRs. Thus, 

one might anticipate a worsening of dyskinesias with acute nicotine since dyskinesias are 

generally associated with enhanced dopamine release after L-DOPA administration. However, 

our previous studies showed that dyskinesias were not reduced immediately following an acute 

nicotine injection, but rather, that a several day treatment regimen was required (Bordia et al., 

2010). These data, coupled with work showing that a nicotinic antagonist reduces L-dopa-

induced dyskinesias, suggest that chronic nicotine administration exerts its antidyskinetic effect 

via a receptor desensitization block (Bordia et al., 2010). This idea is in agreement with work by 

others indicating that desensitization may be involved in antidepressant and addictive effects of 

nicotine (Mineur and Picciotto, 2010; Ortells and Arias, 2010). 
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 Thus a combination of studies suggests that the nicotinic cholinergic system can modulate 

locomotor activity under normal physiological conditions and in pathological states, that is, with 

nigrostriatal damage. The current results extend this work by showing that the nicotinic 

cholinergic system also plays a role in improving aberrant motor activity through an interaction 

at β2* nAChRs in the nigrostriatal pathway.  
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Figure legend 

Fig. 1. Treatment timeline to determine L-dopa and nicotine dose-response effects. Mice were 

unilaterally lesioned with 6-OHDA injected into the right medial forebrain bundle at wk 0. Two 

wk later, they were given a 2% saccharin solution for 2 days. Nicotine treatment was then 

initiated in the drinking water, starting at 25 μg/ml for 2 days. The dose of nicotine in the 

drinking water was gradually increased (nicotine titration) to 300 μg/ml over 10 days and 

subsequently maintained at that dose. After 2 wk of nicotine treatment at the final dose (300 

μg/ml), a dose-response curve was done for L-dopa (1-6 mg/kg) plus benserazide (15 mg/kg) 

administration, with L-dopa+benserazide administered on a once daily basis throughout the 

study. The effect of varying nicotine treatment (50-500 µg/ml) was next determined on AIMs 

using a fixed dose of L-dopa (3 mg/kg). AIMs were rated throughout the study and the cylinder 

test performed as indicated. 

 

Fig. 2. Effect of nicotine on AIMs at varying L-dopa doses in lesioned control mice. Two wk 

after 6-OHDA lesioning, nicotine treatment was initiated as outlined in Fig. 1 and detailed in the 

Results. Mice were maintained at the final dose of nicotine (300 µg/ml) for at least two wk, after 

which various doses of L-dopa (1, 2, 3, 6 mg/kg) plus benserazide (15 mg/kg) were administered 

once daily each for several weeks (sc). Animals were rated for axial, oral, and forelimb AIMs for 

1 min every 15 min over a 2-h period, with the total AIMs representing the sum of these three 

components. Values are the mean ± S.E.M. of 9-14 mice.  Significance of difference from 

control: *p < 0.05. Data were analyzed by Mann Whitney test (total AIMs) or one-way repeated 

ANOVA followed by a Bonferroni post hoc test (time course). 
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Fig. 3. Nicotine at a dose of 300 µg/ml optimally decreased L-dopa-induced AIMs in lesioned 

control mice. Mice were administered the indicated doses of nicotine or vehicle in the drinking 

water. After 2 wk on the indicated dose of nicotine, L-dopa (3 mg/kg) plus benserazide (15 

mg/kg) was injected sc once daily for several wk with the nicotine dosing continued. Animals 

were then rated for axial, oral, and forelimb AIMs for 1 min every 15 min over a 2-h period, with 

the total AIMs representing the sum of these three components. Values are the mean ± S.E.M. of 

9-19 mice.  Significance of difference from control: *p < 0.05; **p < 0.01. Data were analyzed 

by one-way repeated measures ANOVA followed by a Dunnett's multiple comparison test (total, 

axial, oral, and forelimb AIMs) or one-way repeated measures ANOVA followed by a 

Bonferroni post hoc test (time course). Since nicotine at doses of 400 and 500 μg/ml had no 

significant effect on the time course of L-dopa-induced AIMs, the data were omitted from the 

graph for clarity. 

 

Fig. 4. Nicotine did not affect parkinsonism in lesioned control mice either OFF or ON L-dopa. 

Mice were rated for forelimb use asymmetry (cylinder test) as an index of motor dysfunction. 

Impaired forelimb use was measured for 3 min 45 min after sc administration of L-dopa (3 

mg/kg) plus benserazide (15 mg/kg). Each value represents the mean ± S.E.M. of 6-10 mice. 

There was a significant main effect of L-dopa treatment (***p < 0.001). Data were analyzed by 

two-way ANOVA followed by a Bonferroni post hoc test. 

 

Fig. 5. Treatment timeline for the study using β2 (-/-) nAChR and wildtype mice. All mice were 

unilaterally lesioned with 6-OHDA injected into the right medial forebrain bundle at wk 0. L-

dopa (3 mg/kg) plus benserazide (15 mg/kg) was administered sc for 2 wk. They were next given 
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a 2% saccharin solution for 2 days. Nicotine treatment was then initiated in the drinking water, 

starting at 25 μg/ml for 2 days. The dose of nicotine in the drinking water was gradually 

increased (nicotine titration) to 300 μg/ml over 10 days and subsequently maintained at that 

dose. L-dopa plus benserazide was administered once daily throughout the study. AIMs were 

rated and the cylinder test performed as indicated. Mice were killed at wk 26. 

 

Fig. 6. Nicotine treatment reduces L-dopa-induced AIMs by interacting at β2* nAChRs. 

Lesioned mice were injected sc with L-dopa (3 mg/kg) plus benserazide (15 mg/kg) for two wk. 

They were then divided into two groups (moderate and high) based on the severity of the L-

dopa-induced AIM scores. Nicotine treatment was initiated as described, with the mice 

maintained on the final dose (300 µg/ml) for 4 wk. Mice were then rated for axial, oral, and 

forelimb AIMs for 1 min every 15 min over a 2-h period, with the total AIMs representing the 

sum of these three components. Values are the mean ± S.E.M. of 3-8 mice. Significance of 

difference from control: *p < 0.05; **p < 0.01; ***p < 0.001; from WT: #p < 0.05; from the 

control wildtype group: ++p < 0.01; +++p < 0.001. Data were analyzed by two-way ANOVA 

(total, axial, oral, and forelimb AIMs) or one-way repeated measures ANOVA followed by a 

Bonferroni post hoc test (time course). 

 

Fig. 7. Reduction in L-dopa-induced AIMs is maintained with continued nicotine treatment in 

mice with moderate AIM scores. Lesioned mice were injected sc with L-dopa (3 mg/kg) plus 

benserazide (15 mg/kg) as outlined in Fig. 5. Nicotine treatment was initiated as described, with 

the mice maintained on the final dose (300 µg/ml) for 15 wk. Mice were then rated for axial, 

oral, and forelimb AIMs for 1 min every 15 min over a 2-h period, with the total AIMs 
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representing the sum of these three components. Values are the mean ± S.E.M. of 3-8 mice. 

Significance of difference from control: *p < 0.05; **p < 0.01; ***p < 0.001; from WT: #p < 

0.05; ##p < 0.01; from the control wildtype group: +p < 0.05; ++p < 0.01; +++p < 0.001. Data 

were analyzed by two-way ANOVA (total, axial, oral, and forelimb AIMs) or one-way repeated 

ANOVA followed by a Bonferroni post hoc test (time course). 

 

Fig. 8. Striatal dopamine transporter levels in wildtype and β2 (-/-) mice with moderate and high 

AIM scores. 125I-RTI-121 autoradiography was done to measure the dopamine transporter as 

described in Materials and Methods. The autoradiographic images (top panels) and quantitative 

analyses (bottom panels) indicate that mice with moderate AIM scores had a partial striatal 

lesion, while mice with severe AIM scores had a near-complete striatal dopamine lesion. Each 

value represents the mean ± S.E.M. of 6-8 mice in the groups with a partial lesion, and 2-4 mice 

in the groups with the near-complete lesion. Significance of difference from the intact side: ***p 

< 0.001. Data were analyzed by two-way ANOVA followed by a Bonferroni post hoc test. 

 

Fig.  9. Effect of nicotine treatment (300 µg/ml) on striatal β2* nAChR expression in 6-OHDA-

lesioned mice. 125I-Epibatidine was used to evaluate β2* nAChRs in mouse striatum. Binding 

was decreased with nigrostriatal damage and increased with nicotine treatment in wildtype mice. 

No binding was detected in the brains of β2 (-/-) mice (data not shown). Each value represents 

the mean ± S.E.M. of 6-8 mice in the groups with a partial lesion, and 2-4 mice in the groups 

with the near-complete lesion. Significance of difference from the control group: *p < 0.05; **p 

< 0.01; ***p < 0.001. Significance of difference from the intact side: #p < 0.05; ##p < 0.01; ###p 

< 0.001. Data were analyzed by two-way ANOVA followed by a Bonferroni post hoc test. 
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TABLE 1 

Measurement of parkinsonism in lesioned wildtype and β2 (-/-) mice treated with and without 

nicotine.  

Forty-five min after sc administration of L-dopa (3 mg/kg) plus benserazide (15 mg/kg), mice 

were rated for forelimb use asymmetry (cylinder test) for 3 min. The 45 min time point was 

selected since the effect of L-dopa is maximal. The values represent the mean ± S.E.M. of the 

indicated number of mice. Significance of difference from OFF L-dopa: *p < 0.05; ***p < 0.001. 

Data were analyzed by two-way ANOVA followed by a Bonferroni post hoc test. 

Group 
AIM score 

group 
Treatment # Mice 

   Impaired forelimb use (% total) 
   OFF L-dopa                ON L-dopa 

Wildtype 

 

Moderate  Saccharin 8 35.3 ± 5.1           66.5 ± 8.2* 

Nicotine 6 39.4 ± 5.6           63.7 ± 9.3 

High Saccharin 4 17.5 ± 6.9           90.8 ± 5.3*** 

Nicotine 3 17.4 ± 2.0           80.0 ± 20.0*** 
β2 -/- Moderate  Saccharin 8 37.6 ± 8.5           57.1 ± 9.6 

Nicotine 8 44.6 ± 8.0           60.8 ± 5.9 

High Saccharin 4 17.1 ± 8.3           71.8 ± 11.7*** 

Nicotine 3 15.7 ± 6.8          85.0 ± 22.1*** 
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TABLE 2 

Plasma cotinine levels in lesioned mice receiving chronic nicotine. 

Cotinine levels were measured in mouse plasma 16 wk after the initiation of maintenance level 

of nicotine in the drinking water. Cotinine levels were not detectable in saccharin-treated mice. 

Values represent the mean ± S.E.M. of the indicated number of animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Group # Mice Cotinine level (ng/ml) 

Wildtype 10 195.0 ± 44 

β2 -/- 10 203.1 ± 58 
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