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Preclinical studies suggest the involvement of various subtypes of nicotinic acetylcholine receptors in the
pathophysiology of Parkinson's disease, a neurodegenerative disorder characterized by the death of
dopaminergic neurons in the substantia nigra pars compacta (SNC). We studied for the ﬁrst time the
effects of a5 nicotinic receptor subunit gene deletion on motor behavior and neurodegeneration in
mouse models of Parkinson's disease and levodopa-induced dyskinesia. Unilateral dopaminergic lesions
were induced in wild-type and a5-KO mice by 6-hydroxydopamine injections into the striatum or the
medial forebrain bundle. Subsequently, rotational behavior induced by dopaminergic drugs was
measured. A subset of animals received chronic treatments with levodopa and nicotine to assess
levodopa-induced dyskinesia and antidyskinetic effects by nicotine. SNC lesion extent was assessed with
tyrosine hydroxylase immunohistochemistry and stereological cell counting. Effects of a5 gene deletion
on the dopaminergic system were investigated by measuring ex vivo striatal dopamine transporter
function and protein expression, dopamine and metabolite tissue concentrations and dopamine receptor
mRNA expression. Hemiparkinsonian a5-KO mice exhibited attenuated rotational behavior after
amphetamine injection and attenuated levodopa-induced dyskinesia. In the intrastriatal lesion model,
dopaminergic cell loss in the medial cluster of the SNC was less severe in a5-KO mice. Decreased striatal
dopamine uptake in a5-KO animals suggested reduced dopamine transporter function as a mechanism of
attenuated neurotoxicity. Nicotine reduced dyskinesia severity in wild-type but not a5-KO mice. The
attenuated dopaminergic neurodegeneration and motor dysfunction observed in hemiparkinsonian a5KO mice suggests potential for a5 subunit-containing nicotinic receptors as a novel target in the treatment of Parkinson's disease.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction
Parkinson's disease is a neurodegenerative disorder characterized by the death of dopaminergic neurons in the substantia nigra

Abbreviations: 6-OHDA, 6-hydroxydopamine; DAT, dopamine transporter;
DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; LID, levodopainduced dyskinesia; MFB, medial forebrain bundle; qPCR, quantitative polymerase
chain reaction; RM-ANOVA, repeated measures analysis of variance; SNC, substantia nigra pars compacta; SNCD, dorsal tier of the SNC; SNCM, medial cluster of
the SNC; TH, tyrosine hydroxylase.
* Corresponding author. Faculty of Pharmacy, P.O. Box 56, 00014, University of
Helsinki, Finland.
E-mail address: outi.salminen@helsinki.ﬁ (O. Salminen).

pars compacta (SNC), a deﬁcit of dopamine in the dorsal striatum,
and resulting motor deﬁcits (Dauer and Przedborski, 2003). No
treatment affecting the disease progression is available. Dopamine
replacement
therapy
with
levodopa
(L-3,4dihydroxyphenylalanine) is effective for symptomatic relief, but
often complicated by abnormal involuntary movements (levodopainduced dyskinesia, LID) after long-term treatment (Bastide et al.,
2015; Schapira et al., 2009).
Neuronal nicotinic acetylcholine receptors are ion channel receptors composed of ﬁve subunits (a2ea10, b2eb4), with the
homomeric a7 receptor and the heteromeric a4b2* receptor
(asterisk denoting the possible presence of other subunits) being
the most widely expressed (Albuquerque et al., 2009; Millar and
Gotti, 2009). Through nicotinic receptors, the brain cholinergic
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system modulates the activity of other neurotransmitter systems,
including the nigrostriatal dopaminergic pathway essential for
motor control that is degenerated in Parkinson's disease
(Livingstone and Wonnacott, 2009; Quik and Wonnacott, 2011).
The a5 nicotinic receptor subunit is an accessory subunit that
can form a heteromeric receptor in combination with a4 and b2
subunits (Kuryatov et al., 2008). The a5 subunit does not contribute
to ligand binding, but a5 incorporation results in changes in receptor function such as increased calcium permeability (Tapia et al.,
2007) and lessened propensity for desensitization (Grady et al.,
2012). Mice lacking the a5 subunit show impaired attention,
increased anxiety, and decreased novelty-induced behavior as well
as a decreased sensitivity to nicotine (Bailey et al., 2010; Besson
et al., 2016; Jackson et al., 2010). Findings such as these suggest a
key role for a5* receptors in a number of behavioral functions and
illustrate their potential as a treatment target for various neurological and psychiatric disorders.
In the case of Parkinson's disease, several paths of evidence
point to a role for nicotinic receptors in the pathophysiology and
treatment of the disease; for a recent review, see Quik et al. (2015).
In brief, epidemiological studies show that the use of tobacco
products can be protective against the disease, and nicotinic agonists can be neuroprotective in animal models of dopaminergic
neurodegeneration. Nicotinic agonists have also been shown to
alleviate LID in multiple animal models. Results obtained with selective ligands and subunit-null mice suggest that the neuroprotective effects are mediated by at least a4* and a7 nicotinic
receptors (Bordia et al., 2015; Ryan et al., 2001), and that a4b2*,
a6b2* and a7 nicotinic receptors all inﬂuence the expression of LID
(Quik et al., 2013).
A signiﬁcant role in Parkinson's disease might also be expected
for a5* nicotinic receptors, considering their major contribution to
the presynaptic regulation of nigrostriatal dopamine release in the
dorsal striatum (Exley et al., 2012; Salminen et al., 2004). The potential consequences of a5* intervention in Parkinson's disease
have, however, not been studied before. Therefore, we studied here
the effects of genetic deletion of the a5 subunit in mouse models of
Parkinson's disease and LID. We found that the lack of a5* nicotinic
receptors resulted in attenuated dopaminergic pathophysiology,
suggesting their potential as a novel target in the treatment of
Parkinson's disease.
2. Materials and methods
2.1. Animals

a5-knockout (a5-KO) C57BL/6J mice and wild-type (WT) littermates (Salas et al., 2003) were obtained from the Institute for
Behavioral Genetics (University of Colorado, Boulder, CO, USA) and
bred at the research site. Experiments utilizing striatal lesions and
characterizations of intact animals included both sexes. Experiments utilizing medial forebrain bundle (MFB) lesions included
only female mice due to penile prolapse complications seen in
males after a severe lesion (Thiele et al., 2011). Mice were genotyped as previously described (Salminen et al., 2004) and group
housed in a temperature- and humidity-controlled environment
under a 12 h light/dark cycle. All experiments were conducted
following local and EU laws and regulations and authorized by the
national Animal Experiment Board of Finland.
2.2. Drugs
6-hydroxydopamine hydrochloride, apomorphine hydrochloride, benserazide hydrochloride, desipramine hydrochloride,
dopamine hydrochloride, levodopa methyl ester hydrochloride,

()-nicotine, nomifensine maleate and pargyline hydrochloride
were from Sigma-Aldrich (St. Louis, MO, USA). Lidocaine was from
Orion Pharma (Espoo, Finland), buprenorphine from RB Pharmaceuticals (Berkshire, UK), and carprofen from Pﬁzer Animal Health
(Helsinki, Finland). D-Amphetamine sulphate was synthesized at
the Faculty of Pharmacy, University of Helsinki (Finland). [3H]
dopamine (58.9 Ci/mmol) was from PerkinElmer (Waltham, MA,
USA). Doses of drugs refer to free bases.
2.3. Unilateral 6-OHDA lesion and postoperative care
Unilateral lesioning of the nigrostriatal dopaminergic pathway
was induced by stereotactic injection of 6-hydroxydopamine (6OHDA; in 0.02% ascorbate-saline) under isoﬂurane anesthesia.
Desipramine (25 mg/kg, i.p.) was administered 30 min prior to
surgery to inhibit noradrenergic neurodegeneration. Topical lidocaine and systemic buprenorphine (0.1 mg/kg, s.c.) and carprofen
(5 mg/kg, s.c.) were used for pain relief. In the intrastriatal model, 6OHDA was injected into two sites within the left dorsolateral
striatum, 6 mg in 1 ml each, at the following coordinates relative to
the bregma and the dural surface: A/P þ1.0; L/M þ1.9; D/V 2.9 and
A/P þ0.3; L/M þ2.0; D/V 2.9. In the intra-MFB model, 6-OHDA
(3 mg in 0.2 ml) was injected into the right MFB at the following
coordinates: A/P 1.2; L/M 1.1; D/V 5.0. Postoperative care
included warm saline injections, heating pads, food pellets softened by soaking, high-energy palatable diet (Bacon Softies, BioServ, Flemington, NJ, USA; Nutriplus gel, Virbac, Carros, France),
and feeding by hand. Post-operative mortality was 9% and 14%
when utilizing the intrastriatal and intra-MFB lesion models,
respectively.
2.4. Measurements of drug-induced locomotor activity
Drug-induced rotation tests were performed 2e3 weeks after
the 6-OHDA injections. A Roto-Rat automated rotametry apparatus
(Med Associates Inc., St. Albans, VA, USA) was used. Mice were
ﬁtted with plastic collars made from cable ties and, after amphetamine (2.5 mg/kg, i.p.) or apomorphine (0.5 mg/kg, i.p.) administration, attached from the collars to automatic detectors with an
iron wire and placed in a plexiglass cylinder (11  15 cm). Rotations
were measured for 90 min (amphetamine) or 40 min (apomorphine) at 5 min intervals and expressed as net ipsi- or contralateral
rotations, respectively.
The effect of amphetamine on locomotion of intact mice was
measured using an automated infrared activity monitor (Activity
Monitor, Med Associates Inc.). Mice were individually placed in a
43  43 cm plexiglass chamber for 30 min, after which amphetamine (2.5 mg/kg, i.p.) was administered. The distance travelled by
the animal was measured via photobeam interruption during
habituation and for 2 h after amphetamine administration.
2.5. Chronic drug treatments and measurement of dyskinesia
severity
Female animals lesioned with intra-MFB 6-OHDA injections
were administered levodopa (3 mg/kg) and benserazide (15 mg/kg)
each weekday (Mon-Fri) in a single s.c. injection. After three weeks,
nicotine treatment (up to 300 mg/ml) in saccharin-sweetened
drinking water was initiated as previously described (Huang
et al., 2011; Pietil€
a and Ahtee, 2000). Drinking water consumption
per cage was measured every 3e4 days. Treatment with levodopa
and nicotine was continued for 9 weeks. Dyskinesia severity was
assessed from weekly video recordings, where mice were individually recorded for 1 min in transparent cylinders ﬂanked by two
vertical mirrors 20, 40, 60, 80 and 100 min after the levodopa
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injection. Dyskinesia was classiﬁed into axial, orolingual and forelimb dyskinesia and rated on a scale of 0e4 according to previously
described criteria (Leino et al., 2018). A weekly score was calculated
as the sum of rating scores from each subtype and time point.
2.6. Immunohistochemistry and stereological cell counting
Mice were killed by cervical dislocation and the posterior part of
the brain was immersed overnight in 4% paraformaldehyde in PBS
at þ4  C and stored in 20% sucrose in PBS at þ4  C until freezing in
isopentane on dry ice. Free-ﬂoating coronal sections of 40 mm
(intrastriatal model) or 30 mm (intra-MFB model) thickness were
cut with a Leica CM3050 cryostat (Leica Biosystems, Wetzlar, Germany). Sections were immunostained for tyrosine hydroxylase (TH)
essentially as described by Mijatovic et al. (2007), with the exception that data from the intrastriatal model were obtained using
biotinylated protein A (prepared using protein A [MP Biomedicals,
Santa Ana, CA, USA] and N-hydroxysuccinimido-biotin [SigmaAldrich]) in place of the secondary antibody.
The number of TH-positive neurons in the dorsal tier (SNCD)
and the medial cluster (SNCM) of the SNC were estimated by
blinded unbiased stereological cell counting. Demarcation of brain
areas followed published delineations (Franklin and Paxinos, 1997;
Fu et al., 2012). Three consequent sections (every third section for
intrastriatally lesioned animals, every sixth section in intra-MFB
lesioned animals) were selected between levels 2.9
and 3.4 mm from the bregma for SNCD and between 3.1
and 3.6 mm for SNCM. StereoInvestigator (MBF Bioscience, Williston, VT, USA) was used to ﬁrst outline the region at 4x magniﬁcation and then count stained cell bodies with an optical
fractionator, according to optical disector rules (Gundersen et al.,
1988), at regular intervals (SNCD: x ¼ 80 mm, y ¼ 80 mm; SNCM:
x ¼ 60 mm, y ¼ 60 mm) within a counting frame (60 mm  60 mm)
superimposed on an image obtained using a 60x oil objective
(Olympus Plan/Apo, Olympus, Tokyo, Japan). Gundersen's coefﬁcients of error (CE) were 0.15 for the intact hemisphere. Data
were expressed as percentage of the intact hemisphere.
2.7. Dopamine uptake assay
Preparation of P2 synaptosomal pellets from fresh striatal tissue
and resuspension in uptake buffer were performed as previously
described (Salminen et al., 2004), with the following exceptions:
tissue was homogenized in a volume of 2 ml and a 0.2 ml aliquot
taken for centrifugation; uptake buffer additionally contained 0.1%
bovine serum albumin. The uptake assay was performed in a
MultiScreen HTS 96-well ﬁlter-bottomed plate (Millipore, Bedford,
MA, USA) in a volume of 100 ml uptake buffer containing 25 ml of the
synaptosome suspension and 1 mM dopamine (2% [3H]dopamine).
200 mM nomifensine was used for blank determination. Solutions
were incubated for 30 min in room temperature before aspiration
and washing the ﬁlters with 6  200 ml cold uptake buffer. SuperMix scintillation cocktail (100 ml/well; PerkinElmer) was added, and
radioactivity measured with liquid scintillation counting (5 min per
well; 1450 MicroBeta TriLux; Wallac, Turku, Finland). The protein
concentrations of synaptosomal suspensions were measured using
the Bradford method (Bradford Reagent, Sigma-Aldrich). Data were
expressed as pmol of dopamine taken up per mg of protein.
2.8. Western blotting
Dopamine transporter (DAT), phospho (T53)-DAT (pDAT) and bactin protein levels in striatal tissue samples from intact mice were
measured with Western blotting. Sample preparation from frozen
tissue and Western blotting were performed using the methods
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and antibodies described by Julku et al. (2018), with the following
exceptions: 4e20% (DAT) and 8e16% (pDAT) Mini-PROTEAN TGX
precast gels (Bio-Rad, Hercules, CA, USA) were used; a different
rabbit anti-b-actin antibody (#ab8227, AbCam, Cambridge, UK;
diluted 1:2000) was used; all antibodies were diluted in 5% skim
milk in 0.05% Tween-20 in tris-buffered saline; all blots were performed by incubating the membrane with the primary antibody
overnight at þ4  C and subsequently with the secondary antibody
for 2 h at room temperature. Optical density values were normalized to loading control (b-actin) optical density values, and the data
expressed as percentage of wild-type mean.
2.9. High-performance liquid chromatography
Striatal tissue concentrations of dopamine and its metabolites
3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid
(HVA) were measured from intact mice using high-performance
liquid chromatography (HPLC) as described by Julku et al. (2018).
Data were expressed as mg of analyte per gram of wet tissue.
2.10. qPCR
Striatal tissue samples were collected as for HPLC (Julku et al.,
2018), frozen with liquid nitrogen and stored at 80  C. Tissue
from age- and sex-matched control mice (C57BL/6) was pooled in
two groups to have separate native controls for both hemispheres.
RNA was isolated using an RNAeasy Mini kit (Qiagen, Hilden, Germany) and DNase digestion performed using an RNase-Free DNase
set (Qiagen) as described by the manufacturer. RNA was quantiﬁed
with a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and converted to cDNA by SuperScript III First-Strand Synthesis SuperMix and oligo(dT) primers
(Invitrogen, Carlsbad, CA, USA). For qPCR, cDNA was diluted with
RNase free water, and 4.5 ml of cDNA used per well in a 10 ml reaction volume. ABsolute Blue QPCR Mix, ROX (Thermo Scientiﬁc,
Waltham, MA, USA) was mixed with TaqMan primers and hydrolysis probes (Applied Biosystems, Foster City, CA, USA; catalogue
numbers: Dopamine 1 receptor, Mm02620146_s1; Dopamine 2
receptor, Mm00438545_m1). PCR ampliﬁcation was performed on
384-well plates using a Roche LightCycler (Roche Diagnostics,
Mannheim, Germany) with 1 cycle of 15 min at 95  C, 40 cycles of
15 s at 95  C, and 40 cycles of 1 min at 60  C by turns. Expression of
target genes was normalized to the pooled control with the reference gene GAPDH (TaqMan, Mm99999915_g1). Relative mRNA
expression was calculated using the 2-DDCt method and data
expressed as fold change in mRNA levels (Livak and Schmittgen,
2001).
2.11. Statistical analysis
Data are expressed as group means ± standard error of the mean
(SEM). Statistical analyses were performed with IBM SPSS Statistics
24 (IBM, Armonk, NY, USA). Outliers were removed with the Tukey
Box-Plot method (Tukey, 1977). Locomotor data were analyzed with
two-way repeated measures analyses of variance (RM-ANOVA;
genotype  time); dyskinesia data with three-way RM-ANOVA
(genotype  treatment  time); data from immunohistochemistry
with two-tailed unpaired t-tests (intra-MFB model) or two-way
ANOVA (genotype  sex; intrastriatal model); dopamine uptake,
Western blotting and HPLC data with two-way ANOVA (genotype  sex); and qPCR data with three-way ANOVA (genotype  sex  hemisphere). Violations of the assumption of
sphericity in RM-ANOVA were corrected for with the GreenhouseGeisser correction.
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3. Results
3.1. Effects of a5 gene deletion in mouse models of Parkinson's
disease
Drug-induced locomotion was measured both in unilaterally
lesioned hemiparkinsonian animals and in intact animals. In the
lesioned animals, the extent of dopaminergic denervation in the
dorsal tier (SNCD) and medial cluster (SNCM) of the SNC was
determined post mortem by stereological cell counting. See Fig. 1 for
images of representative brain sections and examples of delineations of the SNCD and the SNCM.
Fig. 2 shows immunohistochemical and behavioral results obtained using the intrastriatal 6-OHDA lesion model. Both subdivisions of the SNC had suffered lesions of roughly similar extent.
Numbers of remaining cells were estimated with CE 0.14e0.39 for
SNCD and CE 0.12e0.28 for SNCM. In the SNCD, no difference was
found between WT and a5-KO animals in TH-positive cells
remaining (Fig. 2B; WT 16.6 ± 2.9% vs. a5-KO 18.8 ± 2.9%; main effect of genotype, F(1,13) ¼ 0.96, P ¼ 0.346). SNCD cell loss tended to
be more pronounced in male animals (main effect of sex,
F(1,13) ¼ 4.06, P ¼ 0.065) with no genotype  sex interaction
(F(1,13) ¼ 1.07, P ¼ 0.321). In contrast, in the SNCM more THpositive cells remained in a5-KO animals when compared to WT
animals (Fig. 2C; WT 18.5 ± 2.9% vs. a5-KO 26.9 ± 1.5%; main effect
of genotype, F(1,13) ¼ 6.72, P ¼ 0.022), with similar results for both
sexes (males: WT 21.1 ± 3.5% vs. a5-KO 30.0 ± 2.8%; females: WT
17.5 ± 3.9% vs. a5-KO 25.5 ± 1.6%; main effect of sex, F(1,13) ¼ 1.54,
P ¼ 0.237; genotype  sex interaction, F(1,13) ¼ 0.020, P ¼ 0.889).
As a whole, amphetamine-induced rotational behavior did not
signiﬁcantly differ between a5-KO and WT mice lesioned with
intrastriatal 6-OHDA injections (F(1,18) ¼ 2.12, P ¼ 0.162; data not
shown). However, analyzing sexes separately revealed that female
a5-KO mice performed fewer ipsilateral rotations than female WT
mice (Fig. 2D; F(1,11) ¼ 5.23, P ¼ 0.042), while among male animals

there was no genotype difference in amphetamine-induced rotational behavior (Fig. 2E; F(1,5) ¼ 0.02, P ¼ 0.895). Among intrastriatally lesioned female mice, a5-KO animals tended to perform
fewer apomorphine-induced (0.5 mg/kg) contralateral rotations
during the earliest measurement period (Fig. 2F), although the
genotype difference was not statistically signiﬁcant (genotype  time interaction, F(2.5,27) ¼ 2.40, P ¼ 0.100; main effect of
genotype, F(1,11) < 0.001, P ¼ 0.99). In contrast, male a5-KO mice
performed more apomorphine-induced rotations than male WT
mice (Fig. 2G; main effect of genotype, F(1,5) ¼ 16.1, P ¼ 0.010). In
intact mice, no genotype difference was observed in the distance
travelled after amphetamine (2.5 mg/kg) administration (Fig. 2H;
F(1,25) ¼ 0.01, P ¼ 0.930), with similar results for both sexes (males:
F(1,9) ¼ 0.22, P ¼ 0.652; females: F(1,14) ¼ 0.39, P ¼ 0.544; data not
shown).
The immunohistochemical and behavioral results obtained using the intra-MFB 6-OHDA lesion model are shown in Fig. 3 for
females (main experiment) and in supplementary ﬁgures for males
(pilot experiment). In the main experiment, a severe lesion of the
SNCD was readily apparent in all animals, and highly accurate estimates of cell numbers could not be obtained due to only occasional cells remaining. A rough estimate (CE 0.25e0.71) suggested
no statistically signiﬁcant genotype difference in the proportion of
TH-positive cells remaining in the lesioned SNCD (Fig. 3B; WT
6.0 ± 0.9% vs. a5-KO 8.5 ± 2.2%, t(15) ¼ 1.02, P ¼ 0.323). In the
SNCM, a much less severe lesion was apparent, and more accurate
estimates could be obtained (CE 0.13e0.24). No signiﬁcant genotype difference was found in the proportion of TH-positive cells
remaining in the lesioned SNCM (Fig. 3C; WT 45.1 ± 5.2% vs. a5-KO
36.4 ± 3.7%, t(15) ¼ 1.41, P ¼ 0.180). Striatal denervation was characterized in the pilot experiment, where fewer severe striatal lesions were observed in a5-KO than in wild-type animals
(Figure S1).
Female a5-KO mice of the intra-MFB model tended to perform
fewer amphetamine-induced (2.5 mg/kg) ipsilateral rotations than

Fig. 1. Tyrosine hydroxylase immunohistochemistry and the brain areas studied. The ﬁgure shows representative sections from two animals (top: intrastriatal model; bottom: intraMFB model). The sections show the lesion of ventral midbrain dopaminergic neurons and the brain areas studied. The sections were cut at ca. 3.2 mm from bregma, immunostained for tyrosine hydroxylase and imaged at 4x magniﬁcation. Delineation of the subdivisions of the substantia nigra pars compacta followed Fu et al. (2012) on all anteriorposterior levels.
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Fig. 2. Measures of dopaminergic denervation and motor dysfunction in intrastriatally lesioned mice. A: Experiment timeline. Mice were lesioned with 6-OHDA injections into the
striatum. Amphetamine- and apomorphine-induced rotational behavior was assessed after recovery. Lesion extent was determined 30 days after the lesion and was found to be
fairly severe in both the SNCD and the SNCM. B: In the SNCD, no genotype difference in lesion extent was observed, but the lesion tended to be more severe in male animals
(P ¼ 0.065, 2-way ANOVA; n ¼ 7 WT, 10 KO; both sexes). C: The lesion in the SNCM was less severe in a5-KO mice than WT mice (*, P < 0.05, 2-way ANOVA; n ¼ 7 WT, 10 KO; both
sexes). D: Amphetamine (2.5 mg/kg) induced fewer rotations in female a5-KO mice when compared to female WT mice (P < 0.05, 2-way RM-ANOVA, n ¼ 5 WT, 8 KO). E: No
statistically signiﬁcant genotype difference in amphetamine-induced rotations in male animals (n ¼ 3 WT, 4 KO). F: Among female animals, contralateral rotational behavior after
apomorphine (0.5 mg/kg) administration tended to be reduced in a5-KO mice at the beginning of the measurement (genotype  time interaction P ¼ 0.10, 2-way RM-ANOVA, n ¼ 5
WT, 8 KO). G: Among male animals, a5-KO mice performed more apomorphine-induced rotations (P ¼ 0.01, 2-way RM-ANOVA, n ¼ 3 WT, 4 KO). H: In intact animals, no genotype
difference was observed in distance travelled after amphetamine (2.5 mg/kg) administration (n ¼ 13 WT, 14 KO; both sexes). Immunohistochemical data (BeC) shown as box plots of
median, quartiles, range and distribution for each genotype. Behavioral data (DeH) shown as mean ± SEM. 6-OHDA ¼ 6-hydroxydopamine; SNCD ¼ dorsal tier, SNCM ¼ medial
cluster of the substantia nigra pars compacta; AMPH ¼ amphetamine; APO ¼ apomorphine.

WT mice (Fig. 3D; main effect of genotype, F(1,18) ¼ 3.70,
P ¼ 0.070). A similar observation was made in MFB-lesioned male
mice in the pilot experiment (Figure S2).
3.2. Attenuated levodopa-induced dyskinesia and no antidyskinetic
effect by nicotine in a5-KO mice
When mice lesioned with intra-MFB 6-OHDA injections were
chronically administered levodopa and benserazide, a5-KO mice

developed less severe levodopa-induced dyskinesia than WT mice
(Fig. 3E; main effect of genotype, F(1,14) ¼ 12.3, P ¼ 0.004). In animals treated chronically with nicotine in saccharin-sweetened
drinking water, dyskinesia severity decreased gradually over time
in the case of WT but not a5-KO mice (genotype  treatment  time interaction, F(3.5,48.5) ¼ 3.14, P ¼ 0.028; genotype  time
interaction
in
nicotine-treated
animals,
F(3.2,22.3) ¼ 4.73, P ¼ 0.010). The average daily intake of nicotine
(calculated from drinking water consumption) at the highest
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Fig. 3. Measures of dopaminergic denervation and motor dysfunction in intra-MFB lesioned mice. A: Experiment timeline. Mice were lesioned with intra-MFB 6-OHDA injections.
Amphetamine-induced rotational behavior was assessed after recovery. Mice were then chronically administered (s.c.) levodopa (3 mg/kg) and benserazide (15 mg/kg) for 12 weeks
and, simultaneously, either nicotine (p.o., up to 300 mg/ml) or vehicle (saccharin-sweetened drinking water) for 9 weeks. Lesion extent was determined 15 weeks after the lesion
and found to be severe in the SNCD but partial in the SNCM. BeC: No statistically signiﬁcant genotype differences in lesion extent were observed (n ¼ 8 WT, 10 KO; all female). D:
Amphetamine (2.5 mg/kg) tended to induce fewer ipsilateral rotations in a5-KO mice than WT mice (P ¼ 0.07, 2-way RM-ANOVA, n ¼ 10 per genotype; all female). E: a5-KO mice
developed less severe levodopa-induced dyskinesia than WT mice (P < 0.01, 3-way RM-ANOVA, n ¼ 8 WT, 10 KO; all female). In nicotine-treated mice, dyskinesia severity was
reduced over time in WT but not a5-KO mice (genotype  treatment  time interaction, P < 0.05; genotype  time interaction in nicotine-treated animals, P ¼ 0.01; n ¼ 4e5 per
group). Immunohistochemical data (BeC) shown as box plots of median, quartiles, range and distribution for each genotype. Behavioral data (DeE) shown as mean ± SEM.
MFB ¼ medial forebrain bundle; 6-OHDA ¼ 6-hydroxydopamine; SNCD ¼ dorsal tier, SNCM ¼ medial cluster of the substantia nigra pars compacta; AMPH ¼ amphetamine.

concentration of 300 mg/ml was 31 mg/kg.
3.3. Effects of a5 gene deletion on dopamine uptake, dopamine
transporter protein, dopamine tissue levels and dopamine receptor
expression in the striatum
Uptake of dopamine into striatal synaptosomes (Fig. 4A) was
statistically signiﬁcantly decreased in intact a5-KO mice, suggesting
reduced dopamine transporter function (main effect of genotype,
F(1,22) ¼ 6.62, P ¼ 0.017). Dopamine uptake was larger in male than
female animals (main effect of sex, F(1,22) ¼ 6.30, P ¼ 0.020), but
the genotype difference was similar in both sexes (genotype  sex
interaction, F(1,22) ¼ 0.512, P ¼ 0.482).

Striatal DAT and pDAT protein levels were measured with
Western blotting (Fig. 4B). No statistically signiﬁcant genotype or
sex differences were found (DAT: main effect of genotype,
F(1,10) ¼ 1.05, P ¼ 0.330; main effect of sex, F(1,10) ¼ 0.37,
P ¼ 0.554; genotype  sex interaction, F(1,10) ¼ 0.05, P ¼ 0.821;
pDAT: main effect of genotype, F(1,10) ¼ 0.38, P ¼ 0.551; main effect
of sex, F(1,10) ¼ 0.20, P ¼ 0.667; genotype  sex interaction,
F(1,10) ¼ 3.74, P ¼ 0.082). See supplementary data (Figure S3) for
images of all Western blots.
No statistically signiﬁcant genotype or sex differences were
found in striatal tissue concentrations of dopamine and its metabolites, measured with HPLC from intact mice (Fig. 4C; dopamine:
main effect of genotype, F(1,18) ¼ 0.317, P ¼ 0.581; main effect of
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Fig. 4. Biomarkers of the dopaminergic system of a5-KO mice. A: Uptake of dopamine into striatal synaptosomes was decreased in intact a5-KO animals, suggesting reduced
dopamine transporter function (*, P < 0.05, 2-way ANOVA; n ¼ 13 animals per genotype assayed in triplicate; both sexes). In addition, dopamine uptake was larger in male than
female animals (P < 0.05). B: No statistically signiﬁcant genotype differences in striatal DAT or phospho (T53)-DAT protein expression in intact animals (n ¼ 6 WT, 8 KO; both sexes).
Two example Western blot images per genotype shown; see supplementary data for full images. C: No statistically signiﬁcant genotype or sex differences in striatal tissue concentrations of dopamine and its metabolites as measured by high-performance liquid chromatography from intact animals (n ¼ 9 WT, 13 KO; both sexes). D: Striatal expression of
D1R and D2R mRNA in mice lesioned with intrastriatal 6-OHDA injections. Expression of both receptors' mRNA was decreased in the lesioned hemisphere (***, P < 0.001, 3-way
ANOVA; n ¼ 8 WT, 12 KO assayed in duplicate; both sexes) but similar in WT and a5-KO animals. In male animals, D1R mRNA expression was larger (P < 0.001) and more
markedly decreased by the lesion (sex  hemisphere interaction, P < 0.001) when compared to female animals. In addition, tendencies were observed for a greater lesion-induced
reduction of D2R mRNA expression in male animals (sex  hemisphere interaction, P ¼ 0.061) and in wild-type animals (genotype  hemisphere interaction, P ¼ 0.098). Plots show
median, quartiles, range and distribution for each genotype (AeD) and hemisphere (D). DAT ¼ dopamine transporter; pDAT ¼ phospho (T53)-DAT; OD ¼ optical density;
DOPAC ¼ 3,4-dihydroxyphenylacetic acid; HVA ¼ homovanillic acid; D1R ¼ dopamine 1 receptor; D2R ¼ dopamine 2 receptor.

sex, F(1,18) ¼ 0.022, P ¼ 0.884; DOPAC: main effect of genotype,
F(1,18) ¼ 1.45, P ¼ 0.245; main effect of sex, F(1,18) ¼ 0.742,
P ¼ 0.400; HVA: main effect of genotype, F(1,18) ¼ 2.46, P ¼ 0.134;
main effect of sex, F(1,18) ¼ 1.33, P ¼ 0.263). No signiﬁcant genotype  sex interactions were found. No statistically signiﬁcant genotype or sex differences in metabolite/dopamine ratios were
found (data not shown).
The striatal expression of dopamine D1 and D2 receptor (D1R
and D2R) mRNA (Fig. 4D) was measured with qPCR from intrastriatally lesioned mice. The dopaminergic lesion signiﬁcantly
reduced D1R mRNA expression (main effect of hemisphere,
F(1,32) ¼ 25.9, P < 0.001), but expression did not differ between
genotypes (main effect of genotype, F(1,32) ¼ 0.476, P ¼ 0.495; genotype  hemisphere interaction, F(1,32) ¼ 0.952, P ¼ 0.337). D1R
mRNA expression was signiﬁcantly larger in male than female animals (main effect of sex, F(1,32) ¼ 21.2, P < 0.001) and, furthermore, was more markedly decreased by the lesion in male animals
(sex  hemisphere interaction, F(1,32) ¼ 14.6, P < 0.001). Similarly,
the dopaminergic lesion signiﬁcantly reduced D2R mRNA expression (main effect of hemisphere, F(1,32) ¼ 21.2, P < 0.001) with the
expression not differing between genotypes (main effect of genotype, F(1,32) ¼ 1.21, P ¼ 0.280). In contrast to D1R mRNA, D2R
mRNA expression was not larger in male animals (main effect of
sex, F(1,32) ¼ 0.283, P ¼ 0.598). However, similar to D1R mRNA,
D2R mRNA expression in males tended to be more markedly

decreased by the lesion (sex  hemisphere interaction,
F(1,32) ¼ 3.77, P ¼ 0.061). In addition, a tendency was observed for a
greater lesion-induced decrease of D2R mRNA in wild-type than
a5-KO animals (genotype  hemisphere interaction, F(1,32) ¼ 2.91,
P ¼ 0.098).
4. Discussion
Nicotinic acetylcholine receptors show promise as drug targets
for Parkinson's disease (Quik et al., 2015). Here, we studied the
effects of a5 nicotinic receptor subunit deletion in mouse models of
Parkinson's disease and levodopa-induced dyskinesia. Taken
together, the results suggest that the lack of a5* receptors resulted
in attenuation of the hemiparkinsonian neurodegeneration and
motor dysfunction induced by unilateral neurotoxic lesioning of the
nigrostriatal dopaminergic pathway. The study represents the ﬁrst
characterization of the role of a5* nicotinic receptors in Parkinson's
disease, and raises intriguing possibilities for their use as a target in
the disease's treatment.
The main ﬁnding of the study is that the death of dopaminergic
neurons induced by intrastriatal injections of 6-OHDA was attenuated in a5-KO mice, speciﬁcally within the medial cluster of the
SNC (SNCM). This neuroprotective effect by a5-KO was paralleled
by attenuation of amphetamine-induced rotation, a widely-used
test where rotational behavior relates to the degree of
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 and Perier, 2012). Although it
dopaminergic denervation (Bove
should be noted that attenuated rotational behavior was not
observed in male intrastriatally lesioned animals (see below for
further discussion on this sex difference), the behavioral ﬁnding
suggests that the neuroprotective effect in the SNCM was signiﬁcant enough to result in attenuated hemiparkinsonian motor
dysfunction. Importantly, no genotype difference in locomotor activity was found after amphetamine administration in intact animals, further suggesting that the observed attenuation of rotational
behavior was linked to the lessened neurodegeneration. Interestingly, the present ﬁnding of attenuated amphetamine-induced
ipsilateral circling associated with less severe lesioning of the
SNCM is in line with a previous study, utilizing electrically lesioned
rats, where damage to the medial but not the lateral substantia
nigra resulted in ipsilateral circling in response to amphetamine
(Vaccarino and Franklin, 1982).
In female animals lesioned utilizing intra-MFB 6-OHDA injections, lesion extent in the SNC did not differ between wild-type
and a5-KO mice. Nevertheless, attenuated dopaminergic motor
dysfunction was observed also in a5-KO animals of the MFB model,
as evidenced by a tendency for attenuated amphetamine-induced
rotation as well as less severe levodopa-induced dyskinesia. The
contrasting SNC immunohistochemical results from the two experiments utilizing different lesion models could be explained by
their different time courses. In the experiments utilizing the
intrastriatal model, lesion extent was assessed 1e2 weeks after the
rotametry experiments, capturing the state of the midbrain soon
after the behavioral assays. In contrast, in the experiments utilizing
the intra-MFB model, several months of chronic treatment with
levodopa, benserazide and either nicotine or vehicle interceded
between the rotametry measurements and immunohistochemistry. Possible confounding phenomena include neuroprotective
(Quik et al., 2015) or other effects of nicotine, effects of levodopa e
able to induce a TH-positive phenotype in at least striatal neurons
(Darmopil et al., 2008; Francardo et al., 2011) e or even spontaneous neuronal recovery, reported in 6-OHDA-lesioned mice at
least in the striatum (Bez et al., 2016). Alternatively, it is possible
that the more severe dopaminergic neurotoxicity induced in the
 and Perier, 2012) resulted in the masking
MFB model (see e.g., Bove
of any protective effect by a5-KO.
The observed neuroprotective consequences of a5 subunit
deletion may be linked to the reduced DAT function (manifesting as
reduced dopamine uptake) observed in intact a5-KO animals. As 6OHDA is taken up via the DAT (Simola et al., 2007), the reduced DAT
function may have led to reduced 6-OHDA uptake into dopaminergic neurons and therefore to attenuated dopaminergic neurotoxicity. Notably, nicotinic receptor activation has previously been
found to increase dopamine clearance and DAT cell surface
expression (Middleton et al., 2004; Zhu et al., 2009), showing that
nicotinic signaling can indeed modulate DAT function. In the present study, the reduced dopamine uptake observed in a5-KO animals appeared to be purely a case of reduced DAT activity, as no
genotype difference in striatal DAT protein levels was found. As DAT
activity and membrane expression is regulated by phosphorylation
 n et al., 2003), with major involvement
(Vaughan et al., 1997; Moro
in activity modulation by the phosphorylation site T53 (Foster et al.,
2012), we also measured the striatal levels of phospho (T53)-DAT.
No genotype difference was observed in pDAT levels, suggesting
that the decreased activity was mediated by other mechanisms
than changes in DAT T53 phosphorylation.
Another possible explanation for the attenuated dopaminergic
denervation is reduced calcium inﬂux and consequently reduced
oxidative stress in animals lacking a5* receptors. Incorporation of
the a5 subunit to a nicotinic receptor results in increased calcium
permeability (Tapia et al., 2007), and a5* receptors have a crucial

role in nicotinic receptor-mediated calcium ﬂuxes in at least some
dopaminergic neurons of the ventral midbrain (Sciaccaluga et al.,
2015). On the other hand, the neurotoxic effects of 6-OHDA are
suggested to be caused by oxidative stress (Simola et al., 2007) and
ampliﬁed by cytoplasmic free calcium (Blum et al., 2001), with
increased striatal intracellular calcium concentrations found in 6OHDA-treated rats (Kumar et al., 1995). Interestingly, cytosolic
reactive oxygen species are able to inactivate nicotinic receptors,
possibly as a protective mechanism against excess calcium inﬂux
(Campanucci et al., 2008; Krishnaswamy and Cooper, 2012).
It is unclear why a neuroprotective effect mediated by either
reduced DAT function or reduced calcium inﬂux would manifest
speciﬁcally in neurons of the SNCM. It may be of relevance that
when compared to dopamine neurons of the dorsal tier of the SNC
(SNCD), a much higher proportion of dopamine neurons in the
mouse SNCM express the calcium-binding protein calbindin (Fu
et al., 2012), suggesting that they may be more resistant to
calcium-linked toxicity. On the other hand, no difference in DAT
expression was found between mouse SNCD and SNCM dopamine
neurons (Fu et al., 2012). To the best of our knowledge it remains to
be determined whether dopamine neurons of the different mouse
SNC regions differ in other aspects of calcium signaling or their
expression of a5* receptors.
If the attenuated dopaminergic neurodegeneration in a5*-lacking animals after a 6-OHDA insult translates to a more general
neuroprotective effect, the present results could represent a signiﬁcant ﬁnding in the ﬁeld of dopaminergic neuroprotection, suggesting potential for a5* receptor disruption as a novel avenue for
treatment of Parkinson's disease. Importantly, both the dopamine
transporter (Storch et al., 2004) and calcium-linked oxidative stress
(Chan et al., 2009; Surmeier, 2007) have been suggested to be of
major importance in the pathophysiology of human Parkinson's
disease, particularly related to the selective vulnerability of SNC
dopaminergic neurons. However, the possibility that the observed
neuroprotective effect is speciﬁc to the 6-OHDA neurotoxin model
must also be acknowledged. This may be true particularly if the
attenuated neurodegeneration was indeed the result of reduced
DAT function and diminished 6-OHDA uptake. Future studies could
shed light on this question by investigating the effects of a5 gene
deletion in other neurotoxin or genetic models of Parkinson's disease. Further studies could also investigate the contribution of a5*
receptors to the established neuroprotective effects of nicotinic
drugs (Quik et al., 2015).
Interestingly, while dopaminergic denervation in the MFB lesion
 and
model is typically more severe than in the striatal model (Bove
Perier, 2012), and indeed in the present study was more severe in
the SNCD, cell loss in the SNCM was less severe in the MFB model.
This suggests that spontaneous or drug-induced recovery may
indeed have occurred and perhaps been more pronounced within
the SNCM. Alternatively, the relatively well-spared SNCM could be
due to a presence of projections from the SNCM to the dorsal
striatum that do not pass through the MFB coordinates where 6OHDA was injected.
Besides the main ﬁnding of lessened dopaminergic denervation
in the SNCM, the attenuated rotational behavior observed in
lesioned a5-KO animals after amphetamine administration could in
part also be related to their reduced DAT function. Pointing to this
possibility is amphetamine's mechanism of action, which depends
greatly on the DAT (Fleckenstein et al., 2007). However, as
mentioned above intact a5-KO animals did not show attenuated or
otherwise changed locomotor activity after amphetamine administration. This suggests that the attenuated rotational behavior in
lesioned animals was not due to reduced responsiveness to
amphetamine. It is possible in principle, however, that the reduced
DAT function had behavioral consequences which only surfaced in
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conditions of dopaminergic denervation.
Surprisingly, male mice lesioned with intrastriatal 6-OHDA injections exhibited a contrasting pattern of genotype differences in
rotational behavior. As no signiﬁcant sex or genotype differences
were found in intact animals’ motor response to amphetamine, and
in the MFB model both male and female a5-KO mice showed
attenuation of amphetamine-induced rotation (see supplementary
data), this sex difference appears to be linked speciﬁcally to the
intrastriatal 6-OHDA model. While little is known about possible
sex differences related to a5* receptors, the female sex hormone
progesterone has been shown to upregulate a5* expression
(Gangitano et al., 2009). The lack of signiﬁcant attenuation of
rotational behavior in response to a5 deletion in male mice could
therefore have been the result of lower a5* receptor expression
already in wild-type animals. Furthermore, the lack of a similar sex
difference in the MFB model could be related to the near-total loss
of striatal a5-expressing dopamine terminals characteristic for
intra-MFB 6-OHDA injections.
The contrasting behavioral ﬁndings in intrastriatally lesioned
male mice could also be related to the sex differences observed in
some biomarkers of the dopaminergic system. More efﬁcient
dopamine uptake in male mice could in principle explain the
somewhat shorter duration of amphetamine's effects seen in
intrastriatally lesioned male animals, although no such sex difference was observed in intact or MFB-lesioned animals. Finally, a
relatively larger lesion-induced loss of D1 and possibly D2 receptor
mRNA was observed in the intrastriatally lesioned male animals
when compared to female animals, and may in part underlie the
divergent behavioral ﬁndings.
In the present study, we also observed attenuated levodopainduced dyskinesia in mice lacking the a5* receptor. Attenuated
dyskinesia could be explained by less severe denervation
(Francardo et al., 2011; Lundblad et al., 2004). However, no genotype difference in lesion extent was observed in the experiment in
question (MFB model). Thus, the attenuated dyskinesia in a5-KO
animals may also have been the result of some as of yet unestablished mechanism, perhaps analogous to similar ﬁndings in mice
lacking the a6 nicotinic receptor subunit (Quik et al., 2012) or
related to the decreased DAT function. In addition, when dyskinetic
mice were chronically treated with nicotine, dyskinesia severity
was gradually reduced in wild-type animals but not in a5-KO animals. This suggests that similar to other b2* nicotinic receptors
(Quik et al., 2015), a5-containing nicotinic receptors may be
involved in nicotine's antidyskinetic effects and a potential target
for more selective antidyskinetic treatments.
In conclusion, our observations in hemiparkinsonian mice suggest that the lack of a5* nicotinic receptors results in attenuated
dopaminergic neurodegeneration and motor dysfunction in a 6OHDA neurotoxin model of Parkinson's disease. The ﬁndings raise
the possibility of utilizing a5* nicotinic receptors as a novel drug
target in the treatment of Parkinson's disease and LID, and expand
the sum of evidence suggesting that various nicotinic receptor
subtypes are crucially involved in the pathophysiology of the disease. Future studies on the effects of a5 subunit disruption in animal models of neurodegenerative disorders are warranted and
necessary to obtain more evidence of the mechanisms behind these
ﬁndings.
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