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Abstract

L-dopa-induced dyskinesias are a serious long-term side effect of dopamine replacement therapy
for Parkinson’s disease for which there are few treatment options. Our previous studies showed
that nicotine decreased L-dopa-induced abnormal involuntary movements (AlMs). Subsequent
work with knockout mice demonstrated that a6B2* nicotinic receptors (nAChRs) play a key role.
The present experiments were done to determine if a4p2* nAChRs are also involved in L-dopa-
induced dyskinesias. To approach this, we took advantage of the finding that a6p2* nAChRs are
predominantly present on striatal dopaminergic nerve terminals, while a significant population of
a4p2* nAChRs are located on other neurons. Thus, a severe dopaminergic lesion would cause a
major loss in a6B2*, but not a4p2* nAChRs. Experiments were therefore done in which rats were
unilaterally lesioned with 6-hydroxydopamine, at a dose that lead to severe nigrostriatal damage.
The dopamine transporter, a dopamine nerve terminal marker, was decreased by >99%. This
lesion also decreased striatal a6p2* nAChRs by 97%, while a4p2* nAChRs were reduced by
only 12% compared to control. A series of p2* nAChR compounds, including TC-2696,
T1-10165, TC-8831, TC-10600 and sazetidine reduced L-dopa-induced AlMs in these rats by 23—
32%. TC-2696, T1-10165, TC-8831 were also tested for parkinsonism, with no effect on this
behavior. Tolerance did not develop with up to 3 months of treatment. Since a4a5p2 nAChRs are
also predominantly on striatal dopamine terminals, these data suggest that drugs targeting a4p2
nAChRs may reduce L-dopa-induced dyskinesias in late stage Parkinson’s disease.
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1. Introduction

Dopamine precursor treatment with L-dopa is the gold-standard for Parkinson’s disease
therapy (Meissner et al., 2011; Obeso et al., 2010; Rascol et al., 2011; Schapira and Jenner,
2011). However, L-dopa-induced dyskinesias are a complication that arises in most
Parkinson’s disease patients with continued treatment (Ahlskog, 2003; Bezard et al., 2001,
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Cenci and Lindgren, 2007; Fox et al., 2008; Jenner, 2008; Obeso et al., 2000). Since these
abnormal involuntary movements (AlMs) are a major limitation with long term L-dopa
therapy, an intense research effort is underway to identify drugs that may reduce their
occurrence. Compounds directed to various CNS neurotransmitter systems have proven
beneficial against L-dopa-induced dyskinesias in different parkinsonian animal models,
including glutamate, adenosine, noradrenaline, 5-hydroxytryptamine, cannabinoid, and
opioid receptor drugs (Brotchie and Jenner, 2011; Carta et al., 2008a; Cenci and Konradi,
2010; Jenner, 2008; Morin et al., 2010). Nicotine, a drug that acts at nicotinic acetylcholine
receptors (NAChRs), also reduces L-dopa-induced dyskinetic-like movements in
parkinsonian rats, mice and nonhuman primates, without affecting the antiparkinsonian
effect of L-dopa (Bordia et al., 2008; Bordia et al., 2010; Huang et al., 2011a; Quik et al.,
2007). Declines in dyskinesia are observed with several modes of administration including
oral gavage, subcutaneous minipumps or injection, suggesting that an oral formulation (pill
or solution) or a slow release mode (nicotine patch) may be useful in patients. Moreover, a
small clinical trial showed that nicotine (NP002) reduced several components of L-dopa-
induced dyskinesias in Parkinson’s disease patients (http://www.neuraltus.com/pages/
news.html).

Nicotine reduces L-dopa-induced dyskinetic-like movements by interacting with nAChRs in
the brain. However, nicotine has the disadvantage that it also acts at a3p4* and a7 nAChRs
in the autonomic nervous system, as well as a1p16y nAChRs present in skeletal muscle
although the concentrations required to activate the muscle receptor are much higher than
those for neuronal subtypes (Albuquerque et al., 2009; Baddick and Marks, 2011; Gotti et
al., 2009; Millar and Gotti, 2009; Quik et al., 2011). Notably, the primary subtypes in the
brain are the a4p2*, a6p2* and a7 receptor populations, as well as a smaller, localized
population of a3p4* nAChRs (Albuquerque et al., 2009; Baddick and Marks, 2011; Gotti et
al., 2009; Millar and Gotti, 2009; Quik et al., 2011) (the asterisk indicates the possible
presence of other subunits in the receptor complex). The B2* nAChRs are the main subtypes
in the nigrostriatal pathway, which is damaged in Parkinson’s disease and parkinsonian
animal models. Thus, nAChR drugs directed to these populations may provide a more
selective treatment approach to reduce L-dopa-induced dyskinetic-like movements.

To investigate this possibility, we had previously used two approaches. In the first, we
showed that the CNS selective p2* nAChR agonist A85380 reduced L-dopa-induced AlMs
in 6-OHDA lesioned rats (Huang et al., 2011b). Experiments using null mutant mice next
demonstrated that the expression of L-dopa-induced AIMs was reduced by ~40% compared
in B2 nAChR knockout mice compared to wild type littermates, but that nicotine treatment
did not further reduce AlMs in the B2 deficient mice. Taken together these studies support a
role for f2* nAChRs in the occurrence of L-dopa-induced AlMs. Subsequent work using a6
nNAChR (=/-) mice yielded similar results to those with 2 nAChR (-/-) mice (Quik et al.,
2012b), suggesting a role specifically for a6p2* nAChRs.

The objective of the present study was to evaluate the involvement of a4p2* nAChRs in L-
dopa-induced AIMs. In striatum, ~20% of these receptors are located on dopamine terminals
with the remaining 80% present on other striatal neurons (Gotti et al., 2009; Millar and
Gotti, 2009; Quik et al., 2011). In contrast, a6p2* nAChRs are primarily expressed on
dopamine neurons. This differential localization provides an approach to investigate the role
of postsynaptic a4p2* nAChRs, as these receptors are the predominant ones remaining with
severe nigrostriatal dopaminergic damage. We therefore performed experiments in which
rats received a severe unilateral 6-hydroxydopamine (6-OHDA) lesion, which led to an
almost complete loss of the striatal dopamine transporter and a6p2* nAChRs, although
a4P2* nAChRs are left relatively intact. We then tested the effect of NAChR compounds
that are selective for p2* over a7, a3p4* and a1p16y nAChRs. These compounds led to a
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23-32% reduction in L-dopa-induced AIMs in rats with severe nigrostriatal damage. These
data support a role for a4p2* nAChRs on non-dopaminergic neurons in the antidyskinetic
effect of nicotine. Since a4a5p2 nAChRs are primarily localized to dopaminergic neurons
that are lost with nigrostriatal damage (Zoli et al., 2002), drugs targeting a4p2 nAChRs may
be most useful for treating L-dopa-induced dyskinesias in patients with severe Parkinson’s
disease.

2. Materials and methods

2.1 Animals

Male Sprague-Dawley rats (~200 g) were purchased from Charles River Laboratories, Inc
(Gilroy, CA, USA). They were housed 3-4 per cage with free access to food and water.
Housing was in a temperature- and humidity-controlled environment under a 12 h light-dark
cycle. All procedures were done at SRI in accordance with the NIH Guide for the Care and
Use of Laboratory Animals and were approved by the Institutional Animal Care and Use
Committee.

2.2. Nigrostriatal lesioning

After several days of acclimation to the laboratory, the rats (230-250 g) were lesioned by
unilateral intracranial administration of 6-OHDA (free base; Sigma-Aldrich Co., St. Louis,
MO) into the right medial forebrain bundle under isofluorane anesthesia as previously
described (Bordia et al., 2008; Bordia et al., 2010; Cenci and Lundblad, 2007). An injection
of 2 il 6-OHDA (3 g free base/pl dissolved in 0.02% ascorbic acid, 0.9% saline) was
stereotaxically injected at the following two coordinates: (1) AP, —4.4; ML, 1.2; DV, 7.8;
tooth bar at —2.4; (2) AP, —4.0; ML, 0.75; DV, 8.0; tooth bar at +3.4 relative to the bregma
(Bordia et al., 2008; Bordia et al., 2010; Cenci and Lundblad, 2007). 6-OHDA injection into
each of the medial forebrain bundle sites was done over a 2 min period, with the needle kept
at the injection site for 2 more min before withdrawal. The rats were given buprenorphine
(0.02 mg/kg sc) postoperatively.

Two to three weeks after lesioning, rats were tested for amphetamine-induced rotational
behavior in an automated behavioral measurement apparatus (ROTOMAX, AccuScan
Instruments Inc. Columbus, Ohio, USA). Each rat was placed in a cylindrical glass chamber
for 30 min for acclimatization, after which 4.0 mg/kg amphetamine (Sigma Chemical Co.,
St. Louis, MO) was administered intraperitoneally (ip). Amphetamine-induced rotations
were monitored for 90 min, with rats making at least 200 ipsilateral turns/90 min used for
further study.

2.3. Drug treatment

The nAChR compounds TC-2696, T1-10165, TC-8831 and TC-10600 (from Targacept, Inc.)
were administered by systemic infusion via osmotic minipumps (Alzet model 2006; Durect
Corporation, Cupertino, CA, USA), with compound delivery at a rate of 3.6 pl/day. Pumps
were pre-filled with either sterilized water or test compound in water (pH 7.0) to provide the
indicated doses. The doses of the compounds were selected based on their K; values for
nAChRs, preliminary PK parameters and observed behavioral effects in other CNS
behavioral assessments in rodents (unpublished results). The minipumps were
subcutaneously implanted along the dorsal aspect of the neck between the shoulder blades
under isofluorane anesthesia, according to the manufacturer’s instruction. After
implantation, rats were acutely given buprenorphine (0.02 mg/kg sc) for post-operative pain.
Sazetidine (generously provided by Dr. K. Kellar, Georgetown Univ) was injected sc 10 min
before L-dopa administration and also 8 h later.
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2.4. Measurement of L-dopa-induced AlMs

Two weeks after the start of NAChR compound treatment, the rats were given single daily sc
injections of L-dopa methyl ester (6 or 8 mg/kg) plus 15 mg/kg benserazide, an aromatic
amino acid decarboxylase inhibitor that does not cross the blood-brain barrier and thus
inhibits the breakdown of L-dopa in the periphery. There was no significant difference in
total AIM scores with 6 or 8 mg/kg L-dopa (see Figs. 4 to 7). We therefore used 6 mg/kg in
our later studies. L-dopa-induced AlMs were determined after daily L-dopa dosing, at the
time points indicated in the timelines (Figs. 4-8). Behavioral testing was done in the
morning starting between 9 and 10 AM. Three different AIMs subtypes were measured
including (1) axial dystonia, contralateral twisted posturing of the neck and/or upper body;
(2) abnormal orolingual movements, stereotyped jaw movements and/or contralateral tongue
protrusion; and (3) abnormal forelimb movements, repetitive rhythmic jerks or dystonic
posturing of the contralateral forelimb and/or grabbing movements of the contralateral paw
(Bordia et al., 2008; Bordia et al., 2010; Carta et al., 2006; Cenci et al., 1998; Cenci et al.,
2002). Rats were scored on a scale from 0 to 4 for each of these three AIM subtypes as
follows: 1 = occasional; 2 = frequent; 3 = continuous but interrupted by sensory distraction;
and 4 = continuous, severe, not interrupted by sensory distraction. Animals were evaluated
for AIMs by a rater blinded to treatment condition for an initial 20 min baseline period, and
then for 3 h following L-dopa injection. All the rats developed AIMs to varying extents,
with none excluded from the study. Assessment of the different AIM subtypes was done
over 20 min sessions, thus yielding a total of 9 sessions of testing per animals. The
maximum possible score for each animal was 108 (maximum score per session = 12;
number of sessions over a 3 h period = 9).

2.5. Limb use asymmetry test

The forelimb asymmetry test was used as an index of motor function after unilateral
nigrostriatal damage (Bordia et al., 2008; Bordia et al., 2010; Schallert et al., 2000; Tillerson
et al., 2002). Animals were placed in a transparent cage and evaluated over a 5 min period
for forepaw placement against the walls of the cage. A mirror was arranged behind the cage
to allow the raters to view forelimb movements when the rat was turned away from the rater.
Wall exploration was expressed in terms of the percentage of use of the impaired forelimb
(contralateral to the lesion) compared to the total number of limb use movements. Raters
were blinded with respect to the treatment status of the rats.

2.6. Autoradiography

Rats were killed by CO, exposure, and the brains quickly removed and frozen in isopentane
on dry ice. A series of 8 um sections from the mid-portion of the striatum (between Bregma
0.2 and —0.30) were cut at —15°C in a cryostat, thaw mounted onto poly-L-lysine coated
slides, dried, and stored at —80°C.

Dopamine transporter (DAT) autoradiography was assessed using 12°1-RTI-121 (specific
activity, 2200 Ci/mmol; PerkinElmer Analytical and Life Sciences, Boston, MA, USA) as
described (Bordia et al., 2008). Sections were preincubated twice for 15 min each at room
temperature in buffer (50 mM Tris-HCI, pH 7.4, 120 mM NaCl, 5 mM KCI). This was
followed by a 2 h incubation at room temperature with 50 pM 125]-RTI1-121 in the same
buffer also containing 0.025% BSA and 1 .M fluoxetine. Binding was terminated by
washing the sections 4 times 15 min each in ice cold buffer, and then once for 10 sin ice
cold deionized water. Nonspecific binding was determined in the presence of 100 uM of the
dopamine uptake inhibitor nomifensine.

aBB2* nAChR levels were assayed using 1251-a-conotoxinMI| (a-CtxMII) (specific
activity, 2200 Ci/mmol) (Quik et al., 2003). Sections were preincubated at room temperature
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for 15 min in binding buffer (20 mM Hepes Buffer, 144 mM NaCl, 1.5 mM KCI, 2.0 mM
CaCly, 1.0 mM MgSQy,), plus 1.0 mM phenylmethylsulfonyl fluoride. This was followed by
a 1 h incubation at room temperature in binding buffer plus 0.5% BSA, also containing 5
mM EDTA, 5 mM EGTA, 10 pg/ml each of aprotinin, leupeptin, pepstatin A, and 0.5

nM 125]-a.-CtxMII. Nicotine (100 uM) was used to determine nonspecific binding. The
assay was stopped by washing the slides for 10 min, in ice-cold binding buffer, 2x 10 min in
0.1X buffer at 0°C and two final 5 s washes in ice-cold deionized water.

a4p2* nAChR levels were determined using 12%1-epibatidine (specific activity, 2200 Ci/
mmol; PerkinElmer Analytical and Life Sciences, Boston, MA, USA) in the presence of 100
nM a-CtxMlI to block a6B2* nAChRs (Quik et al., 2003). Slides were pre-incubated at
room temperature for 15 min at room temperature in the following buffer; 50 mM Tris, pH
7.5, 120 mM NaCl, 5 mM KCI, 2.5 mM CaCl,, and 1.0 mM MgCl,. A 40 min incubation
was then done at room temperature in the presence of 0.015 nM 125]-gpibatidine.
Nonspecific binding was evaluated in the presence of nicotine (100 wM). The binding
reaction was stopped by washing the sections 2 x5 min in ice-cold buffer, 1 x10 s in ice cold
deionized water.

For all autoradiographic assays, the dried slides were exposed to Kodak MR film (Eastman
Kodak, Rochester, NY) with 3H microscale standards (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK) for several days.

2.7. Competition binding to nAChRs in membrane preparations

Binding to a7, a3p4 and muscle nAChRs was done as described using a membrane binding
assay (Davies et al., 1999; Lippiello and Fernandes, 1986). Membranes were prepared from
SH-SY5Y cells, TE671 cells or CHO cells expressing either human a3p4 or a7 nAChRs
(generously provided by Dr. J. Lindstrom, University of Pennsylvania). They were then
incubated for 2 hours at 25°C in phosphate buffered saline in the absence of presence of
varying concentrations of the compounds (0.001 nM to 100 M) and 3H-epibatidine
(Perkin-Elmer Life Sciences). Incubation was terminated by rapid filtration, and the retained
radioactivity was determined by liquid scintillation counting using Perkin-Elmer Trilux
Microbeta (Waltham, MA). Nonspecific binding was defined with 10 .M of epibatidine.

2.8. 3H-Dopamine release from striatal synaptosomes

Dopamine release studies were performed using striatal synaptosomes obtained from rat
brain as previously described (Bencherif et al., 1998). Striatal tissue from two rats (female,
Sprague-Dawley, weighing 150-250 g) was pooled and homogenized in ice-cold 0.32 M
sucrose (8 ml) containing 5 mM HEPES, pH 7.4, using a glass/glass homogenizer. The
tissue was then centrifuged at 1,000 x g for 10 min. The pellet was discarded and the
supernatant was centrifuged at 12,500 x g for 20 min. The resulting pellet was re-suspended
in ice-cold perfusion buffer containing monoamine oxidase inhibitors (128 mM NaCl, 1.2
mM KH2POy, 2.4 mM KCI, 3.2 mM CaCl,, 1.2 mM MgSOy, 25 mM HEPES, 1 mM
ascorbic acid, 0.02 mM pargyline HCI and 10 mM glucose, pH 7.4) and centrifuged for 15
min at 23,000 x g. The final pellet was re-suspended in perfusion buffer (2 ml) for
immediate use.

The synaptosomal suspension was incubated for 10 min in a 37°C shaking incubator to
restore metabolic activity. 3H-Dopamine, specific activity = 28.0 Ci/mmol, NEN Research
Products) was added at a final concentration of 0.1 M and the suspension was incubated at
37°C for another 10 min. Aliquots of perfusion buffer (100 pl) and tissue (100 w.l) were
loaded into the suprafusion chambers of a Brandel Suprafusion System (series 2500,
Gaithersburg, MD). Perfusion buffer (room temperature) was pumped into the chambers at a
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rate of approximately 0.6 ml/min for a wash period of 8 min. Nicotine (10 M) or the
indicated concentrations of compound were then applied in the perfusion stream for 48 s.
Fractions (12 s each) were continuously collected from each chamber throughout the
experiment to capture basal release and agonist-induced peak release and to re-establish the
baseline after the compound application. Released 3H-dopamine was quantified by
scintillation counting. For each chamber, the integrated area of the peak was normalized to
its baseline. Release was expressed as a percentage of release obtained with control nicotine.
Within each assay, each test compound concentration was replicated using 2 chambers;
replicates were averaged. The compound concentration resulting in half maximal activation
(ECsp) of specific release was determined using GraphPad Prism (La Jolla, CA).

2.9. Data and statistical analysis

3. Results

The ImageQuant system and software (GE Healthcare, Chalfont St. Giles, Buckinghamshire,
UK) was used for quantification of optical density measures. Data was converted to fmol/mg
tissue using standard curves generated from radioactive 3H-standards also exposed to the
films. Specific binding was determined by subtracting total binding from non-specific
binding. The standards were calibrated for 125I-autoradiography, as described (Artymyshyn
et al., 1990), with the optical density readings of the samples always within the linear range
of the film. For the competition studies, the Ki was defined as follows: K; = ICgy/[1 + ligand
concentration /K], where the concentration of 12°1- a. -CtxMII was 0.5 nM and that of 125]-
epibatidine was 0.015 nM; the Kd value for 12°- a. -CtxMII binding is 1.0 nM and that

of 125]-gpibatidine binding 0.1 nM.

All statistics were performed using GraphPad Prism® (GraphPad Software, Inc, San Diego,
CA.). Values are the mean + SEM of the indicated number of rats, and represent data from
one to two separate experiments. Differences in rating scores between groups were analyzed
using nonparametric tests (Mann-Whitney test). For the time course studies, repeated
measures analysis of variance (ANOVA) followed by Bonferroni multiple comparison test
was used. A level of 0.05 was considered significant.

3.1. Characteristics of the severely-lesioned parkinsonian rat model

The results in Table 1 show that there is an almost complete loss of the striatal dopamine
transporter, a measure of dopamine nerve terminal integrity, in the lesioned striatum of rats
after intracranial 6-OHDA administration. The results shown are the dopamine transporter
values for the different sets of rats for each of the treatment regimens. Sections were taken
from the mid- portion of the striatum between Bregma 0.2 and —0.30. Our previous data had
shown there were no anterior to posterior gradients in transporter losses with lesioning (Quik
et al., 2003). Quantitative analyses showed that the dopamine transporter density
measurements (Table 1) on the lesioned side were <1% of the control side, with essentially
no signal uniformly across the striatum. There was some variation in dopamine transporter
expression in control rats most likely due to differences in the batches of the radioisotope
(1251-RT1-121), in the radioisotope standards and other reagents and chemicals used, as these
studies were done over a two to three year period.

A new set of animals was used for each compound to avoid carry over effects from previous
treatments, except for sazetidine. Sazetidine was tested after a 5 wk washout of the rats
initially treated with T1-10165; AIMs had returned to control levels after this time period
(data not shown).

We also measured a4p2* and a6p2* nAChRs to determine the extent of loss of these two
receptor populations with lesioning. Large declines were observed in a6p2* nAChRs (97%)
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(p < 0.001) in the lesioned striatum, as expected since these receptors are present on
nigrostriatal dopamine terminals (Quik et al., 2001; Quik et al., 2003). By contrast, a4p2*
nAChR were reduced by only 12% (p < 0.05) compared to the unlesioned side (Table 2), as
previously shown (Quik et al., 2003). For these studies, we measured receptors in control
rats from the T1-10165 study. These data are consistent with earlier findings that the
majority of a4p2* nAChRs (75-80%) are present on nondopaminergic neurons in the
striatum (Kulak et al., 2002; Quik et al., 2003).

As a behavioral measure of parkinsonism, rats were rated for forelimb use asymmetry for a
5 min period. Forelimb use was similar on both the left and right sides in unlesioned rats,
with values of 50.7 £ 5.1% and 49.3 + 5.1 %, respectively. The current 6-OHDA lesioning
protocol led to a reduction in % contralateral limb use ranging from 3-16% of the
unlesioned side (Table 3). This residual forelimb use, despite an almost complete loss of
striatal dopamine terminals, may be due to functional compensation mediated by dopamine
terminals on the unlesioned side (Zigmond et al., 1990) and/or by other neurotransmitter
systems. L-dopa treatment improved parkinsonism, as assessed using the forepaw placement
test, in each of the 3 study groups, with a a significant main effect of L-dopa using two-way
ANOVA:s in the different groups as follows; TC-2696 (H1,24) = 6.95, £< 0.05), TI-10165
(A1,33) = 26.24, < 0.0001), TC-8831 (H1,35) = 28.28, A< 0.0001).

3.2. Test compound characterization

The structures of the different NAChR compounds tested are shown in Fig. 1. Receptor
competition studies were done to evaluate the ability of these compounds to interact at
a4p2* and a6B2* nAChRs (Fig. 2 and Table 4). We used 1251-epibatidine binding in the
presence of a-CtxMII to measure striatal a4B2* nAChRs, and 1251-a-CtxMI| to identify
striatal a.6p2* nAChRs. All the nAChR compounds interacted with both nAChR subtypes
with a similar affinity in the binding studies. Data for nicotine, varenicline and sazetidine are
provided for comparison. The affinity of the compounds for a4p2* nAChRs ranged from
0.31 nM for varenicline to 30.2 nM for TI-10165. Thus, the affinity of the compounds for
ab6p2* nAChRs was generally comparable to that for the a4p2* nAChRs (Table 4).

The nAChR compounds were also tested for their ability to interact with a7, a3p4 and
muscle-type nAChRs to determine their selectivity for p2* receptors. As shown in (Table 4),
the compounds tested were at least 15-fold less potent at the a7, a3p4 and the a1pl &y
nAChR compared to the B2* subtypes, and in most cases the selectivity was much greater.

Studies were subsequently done to determine the functional characteristics of the different
nAChR compounds (Fig. 3). To approach this, we measured total 3H-dopamine release from
rat striatal synaptosomes. The data in Table 5 show that potency among the tested
compounds ranged from 0.14 wM for TC-8831 to 6.3 uM for TC-2696. The effect of the
drugs on a4p2* and a6p2* nAChR-mediated release was not determined.

3.3. NAChR compounds reduced L-dopa induced AlMs in severely lesioned rats

The effect of the different NAChR compounds on L-dopa-induced AIMs in rats are depicted
in Figs. 4-8 and summarized in Table 6. The data for the first of these (TC-2696) is shown
in Fig. 4. As depicted in the timeline, all rats were first lesioned with 6-OHDA and then
tested for amphetamine-induced rotations. Five wk after 6-OHDA lesioning, they were
implanted with minipumps containing vehicle or TC-2696 (1.0 mg/kg/d). This dose was
selected based on previous studies which showed optimal effects on cognitive behavior
(unpublished results). L- dopa plus benserazide (8.0 mg/kg plus 15 mg/kg sc) treatment was
then initiated two weeks after the start of TC-2696. The rats were evaluated for axial, oral
and forelimb AIMs, with total AlMs representing the sum of these three components, 1 and
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3 wk after L-dopa treatment was started (AIMs | and 11). Compared to control rats, there
were fewer total L-dopa-induced AlMs in rats pretreated with TC-2696. Ratings of the
different AIM subtypes showed that this was primarily due to a reduction in axial AIMs with
no significant decline in forelimb and oral AIMs. The effect of this dose of TC-2696
persisted for a further 4 wk of compound administration. The rats were then implanted with
new minipumps releasing 2.8 mg/kg/d TC-2696. AlMs (AIMs 111 and V) were tested 1 and
3 wk after minipump implantation, with results similar to those at the 1.0 mg/kg/d dose of
the compound, except for a significant decline in forelimb AlMs (Fig. 4). The time course
studies show that vehicle-treated rats (Fig. 4) develop AlMs maximal by 60-120 min after
L-dopa injection, which gradually diminished over time. TC-2696 treatment reduced AlMs
with a significant main effect of treatment (A1,152) = 5.76, £< 0.05) and a significant
interaction (A8,152) = 2.44, £< 0.05) at the 1 mg/kg/d dose (repeated measures ANOVA).
There was also a significant main effect of treatment (A1,152) = 7.95, £< 0.05) and a
significant interaction (A8,152) = 2.56, < 0.05) with the 2.8 mg/kg/d dose. The rats were
tested for parkinsonism using the forepaw asymmetry test 4 wk after the initiation of L-dopa
treatment, with no significant effect of the test compound (Table 3).

A new set of rats was then treated with TI-10165 (Fig. 5). Briefly, all rats were unilaterally
lesioned with 6-OHDA and then implanted with minipumps containing vehicle or TI-10165
(0.1 mg/kg/d). After 2 wk, L-dopa plus benserazide (8.0 mg/kg plus 15 mg/kg sc) was
initiated. The rats were evaluated for L-dopa-induced AIMs at the time points indicated in
Fig. 5. In rats pretreated with T1-10165, there were fewer total L-dopa-induced AlMs
compared to rats receiving vehicle (Fig. 5). Analyses of the different AIM subtypes
indicated that this was primarily due to a reduction in oral AlIMs, with no significant decline
in axial and forelimb AIMs. Assessment of impaired forepaw use showed that there was no
significant difference in motor function with T1-10165 with L-dopa-treatment (Table 3).
After several wk at 0.1 mg/kg/d TI1-10165, the initial minipump was replaced with one
releasing 0.3 mg/kg/d. The decline in L-dopa-induced AIMs was similar to that observed
with the lower dose. The time course studies show that vehicle-treated rats (Fig. 5) develop
AIMs maximally by 60-120 min after L-dopa injection, and that this gradually diminished
over time. TC-10165 treatment reduced AIMs with a significant main effect of treatment
(A1,160) = 4.09, P=0.0567) and no significant interaction at the 0.1 mg/kg/d dose
(repeated measures ANOVA). There was no significant main effect of treatment nor a
significant interaction with the 0.3 mg/kg/d dose.

We next tested the effect of TC-8831 against L-dopa-induced AlMs (Fig. 6). Five wk after
lesioning, rats were pretreated with TC-8831 via minipump at a dose of 0.75 mg/kg/d. Daily
L-dopa plus benserazide (6.0 mg/kg plus 15 mg/kg sc) treatment was initiated 2 wk later.
The rats were subsequently assessed for total, axial, oral and forelimb AIMs over the course
of several wk as indicated in Fig. 6. TC-8831 reduced total AIMs (Fig. 6) and all L-dopa-
induced AIM components. The L-dopa treatment was continued but the initial minipump
containing TC-8831 was replaced with one releasing a lower dose of TC-8831 (0.3 mg/kg/d)
to determine if the effect was maintained at a lower dose. AIMs were again tested 2 and 4
wk after implantation. At the lower dose, there was a significant decrease in all L-dopa-
induced AIM components. The time course studies show that vehicle-treated rats develop
maximal AIMs by 60-120 min after L-dopa injection, with a decline to baseline by 3 h.
While there was a trend for a decrease in AlMs with TC-8831, there was no significant main
effect of treatment although there was a significant interaction (A8,168) = 2.20, £< 0.05) at
the 0.75 mg/kg/d dose (repeated measures ANOVA). There was a significant main effect of
treatment (A1,176) = 4.44, P< 0.05) and a significant interaction (A8,176) = 3.23, P<
0.01) with the 0.3 mg/kg/d dose. TC-8831 did not affect parkinsonism (Table 3).
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The effect of TC-10600 is depicted in Fig. 7. Unilaterally lesioned rats were pretreated with
TC-10600 (1.0 mg/kg/d) for 2 wk via minipump, followed by initiation of daily injection
with L-dopa plus benserazide (8 mg/kg plus 15 mg/kg sc). There was no significant decline
in total L-dopa-induced AIMs at the 1.0 mg/kg/d dose. The initial minipump containing
TC-10600 was then replaced with one releasing a higher dose (1.8 mg/kg/d), with the L-
dopa/benserazide treatment remaining throughout. A significant decline in total and oral L-
dopa-induced AlMs was observed at the higher dose of 1.8 mg/kg/d (P < 0.05). There was
also a trend for a decline in AIMs in the daily time course studies with TC-10600. However,
there was no significant main effect of treatment and no significant interaction with 1.0 mg/
kg/d. Similarly, there was no significant main effect of treatment nor significant interaction
with the 1.8 mg/kg/d dose. Parkinsonism was not evaluated in this group, thus it is possible
that antidyskinetic effect was due to motor suppression.

Sazetidine was also tested for its ability to reduce L-dopa-induced AlMs (Fig. 8). For these
studies we used the groups of rats that had been treated with T1-10165 and that had
subsequently undergone a washout period for 5 wk. They were injected with L-dopa plus
benserazide (8.0 mg/kg plus 15 mg/kg sc) throughout the washout to maintain AIMs. They
were subsequently injected sc with sazetidine at the indicated doses 10 min before L-dopa
plus benserazide and also 8 h later. There was no effect of the 0.5 mg/kg dose on L-dopa-
induced AIMS. There was a decline in total, oral and forelimb AlMs with the 1.0 mg/kg
dose (P < 0.05). Results were similar with the 2.0 mg/kg dose (data not shown). There were
also trends for a decline in the time course studies. However, at the 1.0 mg/kg/d dose there
was no significant main effect of treatment and no significant interaction. Parkinsonism was
not tested.

These combined data show that 2* selective nAChR compounds reduced L-dopa-induced
AlIMs in rats with severe nigrostriatal damage (see Table 6 for summary).

4. Discussion

The present studies were conducted to understand the role of non-dopaminergic a4p2*
nAChRs in the nicotine-mediated reduction in L-dopa-induced AlMs in severely
parkinsonian animals (Bordia et al., 2008; Bordia et al., 2010; Quik et al., 2007). This is
important because numerous non-dopaminergic systems contribute to the occurrence of
these abnormal involuntary movements (Brotchie and Jenner, 2011; Carta et al., 2008a;
Cenci and Konradi, 2010; Jenner, 2008; Morin et al., 2010). In addition, there are multiple
CNS nAChRs with which nicotine interacts to modulate function of non-dopaminergic
neurotransmitter systems. Identification of the subtypes relevant to L-dopa-induced AIMs
will help in the development of targeted therapies that have an improved side effect profile
compared to that of nicotine. In the present study we focused on the nAChRs in the striatum,
since an extensive literature indicates that this brain region plays a key role in the generation
of L-dopa-induced AlMs (Brotchie and Jenner, 2011; Carta and Bezard, 2011; Cenci et al.,
2011; Fisone and Bezard, 2011; Iravani et al., 2012).

Candidate nAChRs in the striatum that may be involved in the NAChR-mediated reduction
in L-dopa-induced AIMs include the a4p2*, a6p2* and a.7 NAChR populations (Millar and
Gotti, 2009; Quik and Wonnacott, 2011). Studies using genetically modified nAChR mice
have shown that $2* nAChRs play an essential role in the development and maintenance of
levodopa-induced dyskinesias. Significantly fewer L-dopa-induced AlMs were observed in
B2 knockout mice compared to their wild-type littermates, while nicotine treatment elicited
no further reduction in AIMs in B2 knockout mice compared to their wild-type littermates
(Huang et al., 2011a). Subsequent studies with mice lacking a6 nAChRs, yielded similar
results as with B2 knockout mice. These latter data suggest that the a6p2* nAChR
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population may be critical for the development of L-dopa-induced AIMs and for nicotine’s
anti-dyskinetic effects (Quik et al., 2012b). There are several a6p2* nAChR subtypes in
striatum including a6 a4p2p3, a6p2p3 and ap2 subtypes (Grady et al., 2010; Letchworth
and Whiteaker, 2011; Millar and Gotti, 2009; Quik and Wonnacott, 2011). Continued
studies are necessary to determine which populations are most important for the nicotine-
mediated reduction in L-dopa-induced AlMs.

In addition to a6p2* nAChRs, another subtype that may be involved in the nAChR-
mediated decline in L-dopa-induced AIMs is the a42* population present in striatum. The
a4p2* nAChR are more widely expressed in striatum than the a6p2* nAChRs, which are
present primarily on striatal dopaminergic neurons (Gotti et al., 2009; Millar and Goitti,
2009; Quik et al., 2011). By contrast, only 20% of a4B2* nAChRs are located on
dopaminergic terminals while the remaining 80% are on other striatal neuronal populations,
possibly GABAergic or glutamatergic neurons (Gotti et al., 2009; Millar and Gotti, 2009;
Quik et al., 2011). Because of this differential distribution of a6p2* and a4p2*, one
approach to understand the role of a4p2* nAChRs is to lesion dopaminergic neurons. The
a6p2* nAChRs would be lost with extensive nigrostriatal damage, while the majority of the
a4p2* receptors would remain. The present studies show that compounds that interact with
both a4p2* and a6B2* nAChRs still reduce L-dopa-induced AlMs with severe nigrostriatal
damage. These data would suggest that a42* nAChRs on non-dopaminergic neurons are
also involved in the occurrence of L-dopa-induced AlMs. Previous nAChR antibody
immunoprecipitation studies by Zoli and coworkers had shown that striatal nAChRs
expressing the a5 subunit are lost with severe nigrostriatal damage (Zoli et al., 2002). The
only nAChR expressing this subunit is the a4 a5p2 subtype. Since the a4 a5B2 subtype is
lost with severe lesioning, these findings suggest that the primary nAChR population
remaining in striatum is the a4p2 nAChR (Zoli et al., 2002). These combined studies
suggest that drugs acting at a4p2 nAChRs may help reduce L-dopa-induced dyskinesias
with severe nigrostriatal damage as occurs in late stage Parkinson’s disease. Our earlier
work using a6 knockout mice had shown that a6p2* nAChRs were also involved in the
nicotine-mediated decline in L-dopa-induced AIMs primarily in mice with moderate
nigrostriatal damage. These data, coupled with the present results, suggest that an interaction
at a6p2* nAChRs may be more important with a mild-moderate lesion while a4p2*
nAChRs play a greater role with more severe lesioning.

The current results show that a4p2* nAChRs mediate a 20-30% reduction in L-dopa-
induced AlMs. Our previous work with 2 and a6 knockout mice indicated that the
maximum reduction in AIMs by gene deletion or nicotine administration was 40-60%
(Huang et al., 2011a; Quik et al., 2012a). In addition, we had shown that nicotine appeared
to lead to a maximal 50-60% decline in L-dopa-induced dyskinesias in rats and monkeys
(Bordia et al., 2008; Bordia et al., 2010; Quik et al., 2007; Quik et al., 2013). Altogether, this
suggests there may be a floor effect such that the maximum nicotine-mediated reduction in
dyskinesias ranges around 40-60%, depending on the specific treatment conditions and
species.

A point of note is that our previous studies had shown that the agonist varenicline did not
significantly reduce L-dopa-induced AlMs in severely lesioned rats although there was a
non-significant 10% decline in their appearance (Huang et al., 2011b). A possible
explanation for its reduced effectiveness may relate to the fact that varenicline is a partial
agonist and thus may not adequately activate the relevant nAChR populations involved in
the nicotine-mediated reduction in L-dopa-induced AlMs (Reperant et al., 2009).
Alternatively or as well, the ability of varenicline to activate other neurotransmitter receptors
(5-HT) may interfere with its effectiveness in reducing L-dopa induced AlMs (Lummis et
al., 2011).
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The current data show that nAChR compounds reduced L-dopa-induced AIMs in rats with
extensive nigrostriatal damage. However, in a recent nonhuman primate study, nicotine did
not significantly attenuate L-dopa-induced dyskinesias in monkeys with severe nigrostriatal
damage at doses that successfully reduced dyskinesias in animals with a more moderate
lesion (Quik et al., 2013). These discrepant effects in the two parkinsonian animal models
may be due to species differences in, for instance, receptor subtype expression. Mode of
administration also varied between the studies, with drugs given to the rats via minipump
but to nonhuman primates via the drinking water.

Another nAChR subtype in the striatum is the a7 nAChR, although it is present only at a
very low density in most species except mice (Millar and Gotti, 2009; Quik and Wonnacott,
2011). a7 nAChRs are located on cortical glutamatergic afferents that indirectly regulate
dopamine release (Kaiser and Wonnacott, 2000). They may therefore represent another
potential site for regulating L-dopa-induced dyskinesias; however, their role remains to be
elucidated. The compounds in the current study had minimal interaction with a7 nAChRs.

In the present studies we focus on striatal NAChRs because both a4p2* and a6p2* nAChRs
are highly expressed in the striatum, a region very important to Parkinson’s disease
pathology and because these NAChRs are associated with changes in locomotor activity
(Quik and Wonnacott, 2011). However, it should be noted that a4p2* nAChRs are not only
present in striatum but also highly expressed in the thalamus, multiple cortical areas,
hippocampus, globus pallidus, cerebellum, and other brain regions (Grady et al., 2010;
Millar and Gotti, 2009; Quik and Wonnacott, 2011). Thus, although our focus has been on
the striatum it is possible that other brain regions are involved in the a4p2* nAChR-
mediated improvement in L-dopa-induced AIMs. This includes the cortex, thalamus and
cerebellum which are all implicated in motor control (Haber and Calzavara, 2009; Manto et
al., 2012; Penhune and Steele, 2012).

The mechanism(s) whereby an interaction at a4p2* nAChRs improves L-dopa-induced
AlIMs remains to be identified. Our results show that TC-2696, T1-10165, TC-8831 and
TC-10600, like nicotine and varenicline, stimulate striatal dopamine release indicating that
they have full or partial agonist properties, at least at f2* nAChRs on striatal dopaminergic
terminals. Sazetidine also has NAChR agonist properties and stimulates dopamine release
(Zwart et al., 2008). It is well known that agonists lead to nAChR desensitization, which
results in an effective block of receptor function (Buccafusco et al., 2009; McCarthy et al.,
2011; Picciotto et al., 2008). In fact, it has been suggested that nAChR agonists such as
varenicline and sazetidine may act via NAChR desensitization or inactivation (Hussmann et
al., 2012; Rezvani et al., 2012; Rollema et al., 2010; Zwart et al., 2008). Such a mechanism
for the NnAChR-mediated reduction in L-dopa-induced AlMs is supported by results showing
that the nAChR antagonist mecamylamine also attenuated AIMs in parkinsonian rats
(Bordia et al., 2010).

Although all the nAChR compounds tested, except varenicline (Huang et al., 2011b),
significantly reduced L-dopa-induced AIMs in rodents with severe dopaminergic lesions,
they variably modulated the different AIM components. All of the drugs effectively reduced
oral AlIMs, except for TC-2696 that best reduced axial AIMs. In addition, some of the drugs
most effectively reduced oral AIMs, while others were more like nicotine and reduced both
oral and forelimb AIMs in a similar fashion. These varying effects on some AIM
components and not others may relate to the differential interaction of the different drug
with a4p2* and a6p2* nAChRs. For example, the drugs that only reduce oral AIMs
(T1-10165 and TC10600) have the lowest affinities for a4p2* nAChRs. Thus, a greater
interaction at a4p2* nAChRs may be necessary for the nAChR-mediated decline in
forelimb AIMs. Another point of note is that the nAChR-mediated reduction in forelimb
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AlMs appears to occur primarily with the drugs that have a high affinity for a6p2*
nAChRs, such as TC-8831, sazetidine and nicotine. In addition, the compounds may have
subtle effects on other neurotransmitter receptors, although they may interact at such
receptors with a much lower potency. Numerous neurotransmitter systems have been
implicated in the development of L-dopa-induced AlMs. These include the serotonergic
(Carta and Bezard, 2011; Carta et al., 2008b; Eskow et al., 2009; Eskow et al., 2007; Huot et
al., 2011; Iravani and Jenner, 2011) and glutamatergic systems (Blandini and Armentero,
2012; Rylander et al., 2010; Sgambato-Faure and Cenci, 2012), and also the noradrenergic,
opiate, cannabinoid, adenosine and/or histaminergic ones (lravani and Jenner, 2011).

Notably the nAChR compounds tested reduced the occurrence of L-dopa-induced AlIMs but
did not significantly affect the L-dopa-mediated improvement in parkinsonism. This
differential effect of nAChRs compounds on these two motor components is probably due to
the fact that the neuronal circuits through which L-dopa improves the bradykinesia, tremor,
and rigidity observed in Parkinson’s disease are unique from those through which it causes
dyskinesias. In fact, the effect of L-dopa on parkinsonism is thought to occur via the indirect
dopaminergic pathway, while the development of L-dopa-induced dyskinesias may
predominantly involve the direct pathway (Gerfen and Surmeier, 2011; Guigoni et al., 2005;
Obeso et al., 2008).

With respect to time course, several weeks of treatment were generally required for the
nAChR compounds to reduce L-dopa-induced AlMs. This observation suggests that long
term molecular alterations underlie the beneficial effect of these compounds. Although the
intracellular mechanisms remain to be elucidated, alterations in calcium entry and signaling
appear to be a first step (Hosur and Loring, 2011; Kawamata and Shimohama, 2011; Mudo
et al., 2007; Picciotto and Zoli, 2008; Quik and Wonnacott, 2011; Shimohama, 2009; Ward
et al., 2008). nAChR-mediated increases in calcium can then trigger any one of numerous
downstream signaling pathways such as protein kinase A, extracellular signal-regulated
mitogen-activated protein kinase (ERK/MAPK), calmodulin, phosphatidylinositol 3-kinase
(PI3K)/Akt-or protein kinase B-dependent signaling, JAK2/STAT3, and others. Activation
of these diverse signalling cascades may then modulate caspases, CREB and/or other
mechanisms (Hosur and Loring, 2011; Kawamata and Shimohama, 2011; Mudo et al., 2007;
Picciotto and Zoli, 2008; Quik and Wonnacott, 2011; Shimohama, 2009; Ward et al., 2008).
Interestingly, tolerance did not develop to the beneficial effect of the nAChR compounds
with up to 3 months of treatment. This is in agreement with our previous findings, which
show that the effects of nicotine persisted with at least 4 months of treatment at which time
the study was ended (Bordia et al., 2008; Bordia et al., 2010). These data suggest that the
molecular mechanisms that are involved appear to endure with time.

In summary, the present results show that f2* nAChR compounds reduced L-dopa-induced
AlMs in rats with severe 6-OHDA nigrostriatal damage. The primary nAChRs in the
striatum are the a4p2* and a.6p2* subtypes. However, the striatal a6p2* nAChRs are
almost completely eliminated in severely lesioned rats since they are localized on
dopaminergic neurons destroyed with 6-OHDA lesioning. These data suggest that a4p2*
nAChRs are also involved in the nAChR-mediated decline in L-dopa-induced AIMs, at least
with severe nigrostriatal damage. Thus, drugs targeting a4p2* nAChRs may be useful for
reducing L-dopa-induced dyskinesias in late stage Parkinson’s disease.
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Fig. 1.
Chemical structures of NAChR compounds included in this study.
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Receptor competition studies with nAChR compounds. 1251-Epibatidine autoradiography (in
the presence of the a682* nAChR antagonist a-CtxMII) and 125]-a-CtxMII
autoradiography were done to evaluate the interaction of the different compounds at a4p2*
and a6p2* nAChRs, respectively, in rat striatum. The compounds yielded similar
competition curves for a4p2* and a6p2* nAChR binding. Each value represents the mean

+ SEM of 8 to 10 rats.
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Dose response curves of compound-induced 3H-dopamine release from rat striatal
synaptosomes. Release was done as described in Methods at the concentrations depicted on
the x-axis. Values are expressed as the % 3H-dopamine release relative to that occurring
with 10 .M nicotine and represent the mean + SEM of 3 to 4 rats.

Neuropharmacology. Author manuscript; available in PMC 2014 August 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Quik et al.

Page 22

6-OHDA Rotational AlMs | AIMs II CV”"“:: AIMs Il Cylinder AlMs IV
Lesion test test
——
10 20 3. 4. 5. 6: 7 8: 91 10: 11 121 13 14 15 16: 17 1a|
H H H H i Wk
TC-2696 (1.0 mg/kg/d) (2.8 mg/kg/d) |
L-dopa (8.0 mg/kg) |
Al Il - 1 mgrkg/d
0 Total AIMs 2 Axial Oral 3, Forelimb
< o] T -
2 [ § 2 §% %E ‘2 - Vehicle
§ § 8 £E 4 I -
260 . 2 2 % 2 2 20 g8 %%? %.} 8- TC-2696
8 8 g 8 o2 8 / . 1 mglkg/d
§ 40- o 15 g 15 o 15 §= . /. §{,§
82 4 3
= 8 10 @ 8 10- ES
2 H s s S84
3 %5 E Is EEAY
° 2 2y
oo o o 0 £
Vehicle TC-2696 Vehicle TC-2696 Vehicle TC-2696 Vehicle TC-2696 B O a0 80 80 150 150 150 160 180 200
Time (min)
AlVs IV - 2.8 mgkg/d
Total AIMs 2 Axial Oral . Forelimb
: ? 25 * - 2 3." - -5 Vehicle
§ o . ] § 2 § sg"° %% %'%"*' = TC-2696
3 2 2, RS Se s . 2.8 mglkg/d
§ w© % 15 % 15 g 15 g‘i 6
H 10 3 8 E¢
£ s e E 8"
s < 5 < s < 5 éé 247/
g /
o o 0 o 5 o

Vehidle TC-2696

Fig. 4.

Vehicle TC-2696

Vehicle TC-2696 Vehicle TC-2696

0 20 40 60 80 100 120 140 160 180 200
Time (min)

Decline in L-dopa-induced AlMs with TC-2696. The treatment regimen is depicted in the
upper panel. All rats were unilaterally lesioned with 6-OHDA as described in Methods.
They were then pretreated with TC-2696 (1.0 mg/kg/d) for 2 wk via minipump and
subsequently injected with L-dopa plus benserazide (8.0 mg/kg plus 15 mg/kg sc). After
several wk at 1.0 mg/kg/d TC-2696, the initial minipump was replaced with one releasing
2.8 mg/kg/d. The rats were assessed for axial, oral and forelimb AIMs as indicated in the
timeline, with the total AIMs representing the sum of these three components. The daily
time course of the total L-dopa-induced AIMs is depicted in the graphs at the right. Values
are the mean = S.E.M. of 9-10 rats per group. Significance of difference from vehicle: *p <

0.05, **p < 0.01.
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Fig. 5.

Reduction in L-dopa-induced AlMs with TI-10165. The treatment regimen with T1-10165 is
depicted in the upper panel. All rats were unilaterally lesioned with 6-OHDA, pretreated
with T1-10165 (0.1 mg/kg/d) for 2 wk via minipump and subsequently injected with L-dopa
plus benserazide (8.0 mg/kg plus 15 mg/kg sc). After several wk at 0.1 mg/kg/d T1-10165,
the initial minipump was replaced with one releasing 0.3 mg/kg/d. The rats were assessed
for axial, oral and forelimb AIMs as indicated in the timeline, with the total AIMs
representing the sum of these three components. The daily time course of the total L-dopa-
induced AlMs is depicted in the graphs at the right. Values are the mean + S.E.M. of 9-10
rats per group. Significance of difference from vehicle: *p < 0.05.
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TC-8831 decreased L-dopa-induced AlMs. The treatment regimen, depicted in the upper
panel, shows that all rats were unilaterally lesioned with 6-OHDA. This was followed by
pretreatment with TC-8831 (0.75 mg/kg/d) for 2 wk via minipump and subsequent injection
with L-dopa plus benserazide (6.0 mg/kg plus 15 mg/kg sc). After several wk at 0.75 mg/kg/
d TC-8831, the initial minipump was replaced with one releasing 0.3 mg/kg/d. Rats were
rated for axial, oral and forelimb AlMs as indicated in the timeline, with the total AIMs
being the sum of these three components. The daily time course of total L-dopa-induced
AlMs is provided in the graphs at the right. Values are the mean + S.E.M. of 10-13 rats per
group. Significance of difference from vehicle: *p < 0.05, **p < 0.01, ***p < 0.001.
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TC-10600 reduced L-dopa-induced AlMs. The treatment regimen with TC-10600 is
depicted in the upper panel. All rats were unilaterally lesioned with 6-OHDA, next
pretreated with TC-10600 (1.0 mg/kg/d) for 2 wk via minipump and then injected with L-
dopa plus benserazide (8 mg/kg plus 15 mg/kg sc). After several wk at 1.0 mg/kg/d
TC-10600, the initial minipump was replaced with one releasing 1.8 mg/kg/d. The rats were
assessed for axial, oral, and forelimb AIMs as indicated in the timeline, with the total AIMs
being the sum of these three components. The daily time course of the total L-dopa-induced
AlMs is shown in the graphs at the right. Values are the mean + S.E.M. of 7-9 rats per
group. Significance of difference from vehicle: *p < 0.05.
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Fig. 8.

Reduction in L-dopa-induced AlMs with sazetidine. The treatment regimen with sazetidine
is depicted in the upper panel. All rats were unilaterally lesioned with 6-OHDA,
subsequently injected with L-dopa plus benserazide (8.0 mg/kg plus 15 mg/kg sc) for
several wk, after which they were treated with sazetidine at the indicated doses (twice daily
sc). The rats were assessed for axial, oral and forelimb AlMs as depicted in the timeling,
with the total AIMs representing the sum of the three components. The daily time course of
the total L-dopa-induced AlMs is depicted in the graphs at the right. Values are the mean +
S.E.M. of 9-10 rats per group. Significance of difference from vehicle: *p < 0.05.
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Effect of severe nigrostriatal damage on the dopamine transporter in rat striatum for each of the different
studies. Rats were unilaterally lesioned with 6-OHDA as described in Materials and Methods. 12°1-RTI-121

autoradiography was done to measure the striatal dopamine transporter in the different sets of studies.

Sazetidine was tested after a 5 wk washout of the rats in the T1-10165 study. Values represent the mean
SEM of 10 to 12 rats.

Dopaminetransporter (fmol/mg tissue)

Drug Study % Unlesioned
Unlesioned side Lesioned side

TC-2696 242 +1.26 0.12 +0.12 0.5

TI-10165 11.8 +0.62 0.11 +0.08 0.9

TC-8831 337 +0.85 0.35 +0.18 1.0

TC-10600 155 +1.20 0.04 +0.02 0.3
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TABLE 2

Effect of the 6-OHDA lesion on a6B2“nAChRs and a4B2 “nAChRs in rat striatum. 12°1-Epibatidine binding
in the presence of the a6B2“nAChR antagonist a-CtxMIl was used to identify a4B2“nAChRs, while 12%]-a-

CtxMII was used to detect a6p2 “nAChRs in striatum. The concentrations of 12°]-a-CtxMII and 12°]-
epibatidine were 0.5 nM and 0.015 nM, respectively. Values represent the mean + SEM of 8 rats 6-OHDA-
lesioned rats not treated with nAChR drugs.

fmol/mg tissue
nAChRs % Control
Unlesioned side  Lesioned side

a6p2” 345+013 010001 2.9

a4p2” 6.86+0.23 6.08+0.03" 88

Significance of difference from unlesioned side:
*
p <0.05,

Hok:

*
p < 0.001.
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TABLE 3

NAChR compounds do not modify parkinsonism either OFF or ON L-dopa. Vehicle and compound treated
unilaterally lesioned rats were rated for forelimb use asymmetry to assess parkinsonism. Impaired forelimb
use was measured for a 5 min period before and 60 min after administration of L-dopa, when its effect is
maximal. A large reduction in % contralateral limb use is observed on the lesioned side. L-dopa treatment
improved % contralateral limb use, while the nAChR compounds had no effect. Parkinsonism was not
evaluated for TC-10600 or sazetidine. The values represent the mean + S.E.M of 5-9 rats per group.

Drug L-dopa % Contralateral limb use

Vehicle nAChR compound

TC-2696 OFF 357%29 32715
ON 21.0+85 35.6+13.1
TI-10165 OFF 16.4+3.3 16.8+5.2
ON 39.3+9.2 54.7+5.9
TC-8831 OFF 123+28 129+3.0
ON 54.0+121 51.3+16.5
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TABLE 5

ECsp and Ryay Values for compound-evoked 3H-dopamine release from rat striatum. Rat striatal
synaptosomes were exposed to the nAChR compounds to evoke 3H-dopamine release. Release is expressed as
the % release relative to that occurring with 10 M nicotine. For the ECsq values, the numbers in parentheses
represent the 95% confidence intervals (Cl). Rmax Values are expressed as mean + SEM of 3 to 4 assays, with
2 rats per assay.

Compound ECs (Cl) pM Rmax % of 10 pM nicotine

TC-2696 6.3(1.2-31) 204 £ 43
T1-10165 0.81 (0.14 - 4.0) 78+9.1
TC-8831 0.14 (0.10 - 0.26) 91+3.8
TC-10600 1.49 (0.65 - 3.39) 72+£57
Sazetidine? 0.001 966

Nicotine 3.0(1.3-7.3) 100 + 8.9
Varenicline  0.05 (0.01 -0.20) 41+50

aTaken from (Zwart et al., 2008)
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TABLE 6

Summary of the effects of nicotinic receptor compounds on L-dopa-induced AIMs in rats with severe
dopaminergic lesions. Rats were lesioned and pre-treated with compound for 2 wk. They were then given L-
dopa (6 or 8 mg/kg) plus benserazide (15mg/kg) sc for several wk as indicated in the timelines for the
different NAChR compounds in Figs 4 to 8. L-dopa-induced AIMs were rated throughout with the values
below representing the maximal decrease in total AIM scores over the treatment periods depicted in Figs. 4 to
8. Values are the mean £ SEM of 7-13 rats per group.

Decreasein total AIM AIM subtypes significantly affected by

Compound Dose (mg/kg/day) scores Total AIMsscore nAChR compounds
TC-2696 (Fig. 4) 1.0-28 30% ~75 Axial > forelimb
TI-10165 (Fig.5) 0.1-0.3 32% ~55 Oral

TC-8831 (Fig. 6) 0.3-0.75 24% ~55 Oral = axial = forelimb
TC-10600 (Fig.7) 1.0-18 32% ~60 Oral

Sazetidine (Fig.8) 0.5-2.0 23% ~75 Oral = forelimb
Nicotined 05-2.0 35% ~75 Oral = forelimb
Varenicline? 05-20 10% ~60

aTaken from (Bordia et al., 2010);

bTaken from (Huang et al., 2011b).
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