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Neurobiology of Disease

Chronic Nicotine Mitigates Aberrant Inhibitory Motor
Learning Induced by Motor Experience under Dopamine
Deficiency
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Although dopamine receptor antagonism has long been associated with impairments in motor performance, more recent studies have
shown that dopamine D2 receptor (D2R) antagonism, paired with a motor task, not only impairs motor performance concomitant with
the pharmacodynamics of the drug, but also impairs future motor performance once antagonism has been relieved. We have termed this
phenomenon “aberrant motor learning” and have suggested that it may contribute to motor symptoms in movement disorders such as
Parkinson’s disease (PD). Here, we show that chronic nicotine (cNIC), but not acute nicotine, treatment mitigates the acquisition of
D2R-antagonist-induced aberrant motor learning in mice. Although cNIC mitigates D2R-mediated aberrant motor learning, cNIC has no
effect on D1R-mediated motor learning. 32-containing nicotinic receptors in dopamine neurons likely mediate the protective effect of
cNIC against aberrant motor learning, because selective deletion of 32 nicotinic subunits in dopamine neurons reduced D2R-mediated
aberrant motor learning. Finally, both cNIC treatment and 32 subunit deletion blunted postsynaptic responses to D2R antagonism. These
results suggest that a chronic decrease in function or a downregulation of 32-containing nicotinic receptors protects the striatal network
against aberrant plasticity and aberrant motor learning induced by motor experience under dopamine deficiency.
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Increasingly, aberrant plasticity and aberrant learning are recognized as contributing to the development and progression of
movement disorders. Here, we show that chronic nicotine (cNIC) treatment or specific deletion of 32 nicotinic receptor subunits
in dopamine neurons mitigates aberrant motor learning induced by dopamine D2 receptor (D2R) blockade in mice. Moreover,
both manipulations also reduced striatal dopamine release and blunt postsynaptic responses to D2R antagonists. These results
suggest that chronic downregulation of function and/or receptor expression of 32-containing nicotinic receptors alters presyn-
aptic and postsynaptic striatal signaling to protect against aberrant motor learning. Moreover, these results suggest that cNIC
treatment may alleviate motor symptoms and/or delay the deterioration of motor function in movement disorders by blocking
aberrant motor learning. j

ignificance Statement

loop. Recently, we found that dopamine receptor blockade,
paired with a motor task, induces experience-dependent, learned
motor impairment, which we termed “aberrant motor learning”
(Beeler et al., 2010, 2012). In these studies, dopamine blockade

Introduction
Dopamine plays a critical role in motor performance and motor
learning by modulating throughput in the basal ganglia—cortical
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paired with rotarod training impaired performance. This impair-
ment persisted even when dopamine signaling was restored and
performance only gradually improved with repeated drug-free
training sessions. Critically, impairments in rotarod performance
were not observed in mice administered dopamine receptor an-
tagonists in their home cage (Beeler et al., 2012). Therefore, we
defined aberrant motor learning as an experience-dependent,
learned inhibition of movement that inappropriately impedes
future drug-free performance of a motor task.

This aberrantlearning is dopamine D2 receptor (D2R) depen-
dent and likely arises from abnormal long-term potentiation
(LTP) of corticostriatal inputs to indirect pathway neurons under
conditions of reduced dopamine signaling (Beeler et al., 2010;
Beeler, 2011; Beeler et al., 2012, 2013; Zhuang et al., 2013). Inac-
tivity of D2Rs under low-dopamine conditions or D2R antago-
nism increases intracellular cAMP levels, promoting LTP in these
neurons (Calabresi et al., 2000; Shen et al., 2008; Lerner and
Kreitzer, 2011; Augustin et al., 2014). We have suggested that
inappropriate D2R-mediated LTP underpins aberrant motor
learning and plays a significant role in the development and pro-
gression of motor symptoms in Parkinson’s disease (PD). Fur-
thermore, we have suggested that the correction of aberrant
learning may underlie the long-duration response (LDR) associ-
ated with L-DOPA use in PD patients (Beeler et al., 2010; Beeler,
2011; Beeler etal., 2012, 2013; Zhuang et al., 2013). In support of
these hypotheses, several studies have reported that manipula-
tions that block or diminish abnormal LTP, or those that restore
normal corticostriatal plasticity, are associated with reduced
parkinsonian-like symptoms in rodents (Kreitzer and Malenka,
2007; Shen et al., 2008; Peterson et al., 2012; Thiele et al., 2014). In
addition, clinical studies report that motor skills progressively
worsen in PD patients when practiced in the absence of dopa-
mine replacement therapy (Kang et al., 2012; Anderson et al.,
2014). Therefore, we have suggested that targeting aberrant
learning mechanisms may delay the deterioration of motor func-
tion in PD (Beeler et al., 2010; Beeler, 2011; Beeler et al., 2012;
Zhuang et al., 2013).

In the current study, we investigated whether chronic nicotine
(cNIC) exposure could mitigate aberrant motor learning in mice.
The rationale for these studies stems from the well documented
crosstalk between the endogenous acetylcholine and dopamine
systems. Endogenous acetylcholine gates striatal dopamine re-
lease via presynaptic nicotinic receptors (nAChRs) on dopamine
terminals, and nicotine can transiently increase striatal dopamine
release (Zhou et al., 2001; Rice and Cragg, 2004; Threlfell et al.,
2012; Cachope et al., 2012; Zhang and Sulzer, 2004). However,
cNIC exposure attenuates nicotine-elicited dopamine release
(Marks et al., 1993; Picciotto et al., 1998) and suppresses electri-
cally stimulated dopamine release even in the absence of nicotine
(Exley et al., 2013; Perez et al., 2013; Koranda et al., 2014). Not
only does the endogenous acetylcholine system interact directly
with the dopamine system, but both systems play a key role in
modulating plasticity of cortical inputs to medium spiny syn-
apses (Shen et al., 2007; Kreitzer and Malenka, 2008; Lerner and
Kreitzer, 2011; Tozzi et al., 2011). In addition, several studies
suggest that smoking and/or nicotinic therapy may modulate
motor symptoms in movement disorders such as PD (Moll, 1926;
Fagerstrom et al., 1994; Kelton et al., 2000; Mitsuoka et al., 2002;
Villafane et al., 2007), Tourette’s syndrome (Sanberg et al., 1997;
Silver et al., 2001; Sanberg et al., 2012), and antipsychotic-
induced catalepsy (Menza et al., 1991; Quik et al., 2014). There-
fore, we hypothesized that cNIC exposure can mitigate aberrant
corticostriatal plasticity and aberrant motor learning. To address
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this hypothesis, we tested the effects of cNIC exposure on the
induction of aberrant motor learning by dopamine receptor
blockade in mice.

Materials and Methods

Animals. For all studies, male and female mice aged 8—14 weeks on a
C57BL/J background were used. Mice were housed in standard condi-
tions on a 12 h light/dark cycle in a temperature- and humidity-
controlled facility and allowed ad libitum access to standard chow and
water. Behavioral testing occurred during the light phase. All procedures
were in accordance with guidelines of and approved by the Institutional
Animal Care and Use Committee at the University of Chicago.

B2KO mice (Picciotto et al., 1995) were crossed with C57BL/] mice
(Jackson Laboratories) to generate 82 heterozygote (HET) breeding
pairs. B2KO and WT littermates from HET matings were used in global
knockout studies. A similar breeding scheme was used to generate the
a4KO mice and WT controls.

For conditional deletion of B2 from dopamine neurons, a floxed (32
line was crossed with a DAT-cre transgenic line (Zhuang et al., 2005). The
floxed B2 conditional allele was generated previously (Burbridge et al.,
2014). In brief, a 2.2 kb CHRNB2 DNA fragment containing exon 5, the
largest coding exon (970bp), was floxed with two loxP sites. Targeting
constructs also contained a loxP-flanked neocassette that was subse-
quently removed using Ella-cre transgenic mice (Jackson Laboratory).

Drugs. Nicotine, SCH23390 (Sigma-Aldrich), and eticlopride (Sigma-
Aldrich) were used in the rotarod studies. Haloperidol (University of
Chicago Hospitals) was used for catalepsy studies. All injections were
intraperitoneal at 0.01 ml/g body weight and prepared in 0.9% saline.

cNIC treatment. Mice were treated with nicotine in their drinking
water. Once mice were assigned to a nicotine dose, they remained on that
specific dose for the duration of behavioral testing. This route of admin-
istration allows for minimally invasive nicotine dosing over prolonged
periods of time and for intermittent nicotine exposure with numerous
small peaks in plasma nicotine levels throughout the day, similar to hu-
man smokers. However, it does not allow for precise control of nicotine
dosing. Nicotine was dissolved in tap water and no ramping protocol was
used. Nicotine intake was monitored daily and treatment did not alter
water intake or body weight during the dose-response study (data not
shown, H,O consumption: dose main effect: F, ;33 = 0.9639, p =
0.4299; body weight: dose main effect: F, ,, = 2.224, p = 0.1029) or any
subsequent studies using 100 ug/ml (males: t = 1.267, p = 0.2078; fe-
males: t = 0.5723, p = 0.5692). Different groups of mice were used for
each experiment and cNIC treatment began at least 2 weeks before any
experimentation. Nicotine doses were chosen based on previous research
showing that these particular nicotine doses administered via the drink-
ing water correlate with nicotine and cotinine blood levels that induce
nicotine tolerance and dependence in mice. (Robinson et al., 1996; Matta
et al.,, 2007). Doses are expressed as the free base concentration of
nicotine.

Rotarod studies. The accelerating rotarod test was used to assess motor
performance and learning as described previously (Beeler et al., 2010;
Beeler et al., 2012). Briefly, a computer-controlled rotarod apparatus
(Rotamex-5; Columbus Instruments) with a rat rod (7 cm diameter) was
set to accelerate from 4 to 40 rpm over 300 s and time to fall was recorded.
Mice received five consecutive trials per session at one session per day
with 30 s intertrial intervals (ITIs).

Haloperidol-induced catalepsy. Mice were injected with haloperidol
(0.5 mg/kg or 0.1 mg/kg) 1 h before testing (Wiecki et al., 2009; Wiecki
and Frank, 2010). Haloperidol injections were paired in one of two con-
texts. For Context A, biohazard hood with a metal table surface was used
and both the lights and ventilation system were switched on. For Context
B, a plastic table with a texture surface located in a separate room was
used. In each context, mice were lifted by the tail and placed so that their
forepaws rested on an elevated bar and their hindpaws were flat on the
table surface. The bar measured 22 cm in length, 7 mm in diameter, and
was elevated 4.5 cm above the table. Latency until the mice made an
intentional movement was recorded. Mice received three trials per day
over several days. Each trial had a maximum of 180 s with a 30 s ITI.
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Fast-scan cyclic voltammetry. Mice were anesthetized using urethane
(2.25 g/kg), placed in a stereotaxic frame, and stimulated dopamine re-
lease was measured as described previously (Koranda et al., 2014; Fortin
et al., 2015). Briefly, a carbon fiber working electrode was lowered into
the dorsolateral striatum (Anterior-Posterior: +1.1 mm; Medial-Lateral:
+2.0 mm; Dorsal-Ventral: ~2.9 mm) while a stimulating electrode was
lowered into the midbrain (AP: —3.2 mm; LAT: 0.5—-0.8 mm; DV: ~4.5
mm). The carbon fiber electrode was scanned from —400 to +1300 mV
and back relative to an Ag/AgCl reference electrode (400 V/s) in a trian-
gular fashion at a rate of 60 Hz for 30 min, after which the scan rate was
set to 10 Hz. A dopamine signal was evoked with 24 pulses (60 Hz; 150
nA) and optimized by adjusting the positions of the stimulating and
recording electrodes. After optimization, dopamine was evoked using
either a single pulse or 5 pulses of stimulation administered at 5, 10, 20,
40 or 60 Hz. A cyclic voltammogram with an oxidation peak occurring at
~600 mV and a reduction peak occurring at ~—200 mV was used to
identify dopamine as the electrochemically active species. Each stimula-
tion was separated by 120 s. All data were collected using customized
software written in LabView (Tar Heel CV). Electrodes were calibrated at
the end of each recording session using a flow injection system and
exposing the recording electrode to a known concentration of dopamine
(1 uMm). The average calibration factor was 44.5 * 3.8 nM/nA.

Fluorescent immunohistochemistry. Immunostaining was performed as
described previously (Ding et al., 2011). Protein phosphatase inhibitors
were not included before or after perfusion with fixative. Briefly, after
blocking in 0.05 M Tris-buffered saline containing 5% normal serum and
0.3% Triton X-100 for 1 h at room temperature, 40 wm coronal sections
were transferred to primary antibody, rabbit anti-phospho-ERK (1:300;
Cell Signaling Technology), containing 0.3% Triton X-100 with 3% BSA
and incubated at 4°C for 48 h. The secondary antibody, anti-rabbit Cy3
(1:500; Jackson ImmunoResearch), was diluted in 3% BSA and sections
were incubated for 1 h at room temperature. Sections were imaged using
fluorescent microscopy and analyzed using ImageJ. Analysis of fluores-
cently immunostained pERK-labeled neurons was based on images taken
with a Nikon Eclipse Ti inverted | microscope at 20X from at least two
different sections of the dorsal striatum (between bregma, 0.86—1.18
mm) of each individual mouse.

Statistical analysis. Data are reported as mean = SEM. Statistical sig-
nificance was assessed using a Student’s f test, one-way ANOVA, or
repeated-measures ANOVA using GraphPad Prism software.

Results

To assess aberrant motor learning, we used a variant of the
accelerating rotarod test consisting of two training phases: (1)
an acquisition phase in which D1Rs and D2Rs are either con-
currently or independently blocked while animals run the ro-
tarod and (2) a recovery phase in which animals are reexposed
to the rotarod in the absence of dopamine receptor blockade.
The two phases of training are separated by a 3 d break during
which mice remain undisturbed in their home cages (Fig. 1A4).
Aberrant motor learning is inferred from a substantial in-
crease in the time required for mice to reach asymptotic per-
formance during the drug-free recovery phase compared with
acquisition by naive mice, as described previously (Beeler et
al., 2010, 2012). Using pharmacology to block dopamine sig-
naling reversibly allows the dissociation of acute motor effects
of dopamine receptor blockade on performance from dopa-
mine receptor-blockade-induced aberrant learning effects,
which is not possible with traditional lesion models.

cNIC partially protects against aberrant motor learning

To assess possible alterations in aberrant motor learning un-
der cNIC exposure, mice were administered nicotine via the
drinking water for 2 weeks before and then throughout behav-
ioral testing (Fig. la, arrow represents duration of continuous
nicotine treatment at a single dose). This schedule mimics
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nicotine dosing in human smokers, allowing for repetitive,
intermittent exposure (Matta et al., 2007). Mice were assigned
to one of five groups, with each group receiving a single con-
centration of nicotine throughout the experiment [(0, 50, 100,
150, or 200 pg/ml, free base)]. After 2 weeks of nicotine pre-
treatment, mice were subjected to acquisition phase training
on the rotarod under dopamine receptor blockade, which con-
sisted of a mixture injection of D1R (SCH23390, 0.1 mg/kg)
and D2R (eticlopride, 0.16 mg/kg) antagonists 30 min before
rotarod training. During the 5 d of acquisition phase training,
the mixture dramatically impaired rotarod performance with
no apparent evidence oflearning in either control (water only)
or cNIC mice (dose main effect, F, g0y = 3.02, p = 0.4341; Fig.
1b). After a 72 h break in which the mice remained in their
home cage (with ¢cNIC mice still receiving nicotine via the
drinking water), the mice were retrained on the rotarod with-
out dopamine receptor blockade (recovery phase). Control
mice that did not receive cNIC showed marked slower motor
learning during the recovery phase (cf. naive mice; Fig. 2b),
indicating that aberrant learning occurred during dopamine
blockade (Beeler et al., 2012). Although cNIC mice showed
slower motor learning compared with naive mice, cNIC mice
performed markedly better than vehicle-treated mice during
the same testing period (dose main effect, F, 140y = 3.337,p =
0.031; Fig. 1b). There was a trend toward a decrease in efficacy
of this phenomenon with higher concentrations of nicotine.
However, with the highest concentration, 200 pg/ml, mice still
performed significantly better than vehicle-treated mice (dose
main effect: F, ,,) = 6.847, p = 0.030). Because 100 ug/ml
nicotine showed the greatest effect on aberrant learning over
the first 5 d of recovery, this concentration was used for the
remainder of the studies.

cNIC protects against D2R-mediated, but not D1R-mediated,
aberrant motor learning

To test independently whether cNIC alters motor learning in the
direct versus indirect pathway, D1R (SCH23390) and D2R (eti-
clopride) antagonists were administered separately to mice that
were treated with ¢cNIC or vehicle. cNIC treatment had no effect
on rotarod performance during acquisition phase training when
mice were administered either the DIR antagonist (nicotine
treatment main effect, F, 55, = 0.0007, p = 0.9796; Fig. 1c) or
D2R antagonist alone (nicotine treatment main effect, F(, ,, =
0.0326, p = 0.8583; Fig. 1d). All groups were equally impaired
compared with drug-naive mice (DIR main effect, F(,g, =
19.27, p < 0.0001; D2R main effect, F, ,,5, = 66.95, p < 0.0001,
cf. Figs. 1c,d, 2b). During the recovery phase, there was no signif-
icant difference between cNIC- and vehicle-treated mice trained
previously with a D1R antagonist (nicotine treatment main ef-
fect, F(; 126) = 2.319, p = 0.1501; Fig. 1¢) and the performance of
both groups increased to levels of drug-naive mice (drug main
effect, F, 40y = 0.8998, p = 0.4225). In contrast, cNIC mice
treated previously with a D2R antagonist during acquisition
phase training demonstrated significantly better rotarod perfor-
mance during the recovery phase compared with controls (nico-
tine treatment main effect: F, ,,,, = 6.607, p = 0.0171; Fig. 1d).
These observations are consistent with our earlier studies show-
ing that D1R antagonism dose-dependently impairs motor per-
formance concomitant with the pharmacodynamics of the drug,
but does not affect future drug-free performance, whereas D2R
antagonism both impairs rotarod performance acutely and
impedes future performance in the absence of antagonism
(Beeler et al., 2010, 2012). The observation that cNIC diminishes
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Figure1.  cNICexposure partially protects against D2R-dependent aberrant motor learning. 4, Experimental timeline. B, Latency to fall

across subsequent rotarod training sessions with dopamine D1R/D2R antagonist mixture during the acquisition phase and without dopa-
mine blockade during recovery. Each data point represents the average of five trials. n = 5 for each group. C, Average latency to fall across
acquisition phase training during D1R antagonism and the recovery phase when dopamine blockade has been relieved. n = 8 for each
group. D, Average latency to fall each training day during D2R antagonism during acquisition phase training and recovery when dopamine
blockade has been relieved. n = 10 for each group. Shaded rectangles indicate dopamine receptor antagonism. Data are shown as

means = SEM. *p << 0.05, **p << 0.01, ***p < 0.001.
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the persistent performance impairment
associated with D2R blockade suggests
that cNIC mitigates aberrant learning me-
diated by the indirect pathway.

cNIC acts during acquisition, but not
recovery, to reduce aberrant

motor learning

To determine whether ¢NIC protected
against acquisition of aberrant learning
under dopamine blockade condition or
facilitated recovery after aberrant learn-
ing, two groups of mice were treated with
cNIC at different points in the experiment
(Fig. 2a). cNIC was initiated in Group 1 at
2 weeks before acquisition phase training
and mice were maintained on this regi-
men for the remainder of the experiment
(cNIC-acquisition). Group 2 was sub-
jected to acquisition phase rotarod train-
ing under dopamine blockade in the
absence of cNIC. After the 5 d of acquisi-
tion phase training, cNIC treatment was
initiated and maintained for the remain-
der of the experiment (cNIC-recovery).
Because our previous research has shown
that the acquisition of aberrant learning
is experience dependent and does not
dissipate with prolonged intervals in the
home cage (Beeler et al., 2010, 2012) and
because we wanted to expose the sec-
ond group to nicotine for 2 weeks (i.e.,
chronic), all mice had a 14 d rather than a
72 h break between the acquisition and
recovery phases.

As shown above, cNIC had no effect on
rotarod performance during acquisition
phase training when mice were trained
with the DIR/D2R antagonist mixture.
During the recovery phase, performance
was significantly better in the cNIC-
acquisition mice (treatment main effect,
Fuios = 7.381, p = 0.0187; Fig. 2a).
However, cNIC-recovery mice that began
cNIC treatment after acquisition phase
training but before the recovery phase
showed no performance improvement
compared with mixture-treated control
mice (treatment main effect, F 105y =
0.1127, p = 0.7380; Fig. 2a). These results
suggest that ¢NIC blocks the acquisition
of aberrant learning, but cannot rescue
performance once aberrant learning has
been established.

To control for direct nicotine effects
on motor learning and performance inde-
pendent of protection against dopamine
blockade, we used a corresponding nico-
tine group that began cNIC treatment ei-
ther before acquisition phase training or
during the 14 d break and received saline
instead of the DIR/D2R antagonist mix-
ture. cNIC did not alter initial acquisition
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Figure 2.

NIC, but not aNIC, blocks the initial acquisition of aberrant motor learning. A, Top, Behavioral timeline showing cNIC regimen according to training phase. Bottom, Average

latency to fall from rotarod in mice differentially treated with cNIC during dopamine blockade or during recovery after aberrant motor learning has been induced. n = 8 for each group.
B, Top, Behavioral timeline showing cNIC regimen according to training phase. Bottom, cNIC effects on average latency to fall from the rotarod in dopamine antagonist naive mice. €, Top,
Experimental timeline. Bottom, Effects of aNICinjections either during mixture administration or during recovery when dopamine blockade is no longer present. Arrows represent acute
intraperitoneal injections of nicotine (0.5 mg/kg). n = 8 for each group. Shaded rectangles indicate dopamine receptor antagonism. Data are shown as means = SEM. n = 8.

*p < 0.05.

of the rotarod task (treatment main effect, F, 45, = 2.151, p =
0.1682; Fig. 2b, cNIC-acquisition vs H,O; treatment main effect,
F 108y = 0.2187, p = 0.6484; Fig. 2b, cNIC-recovery vs H,O).
This suggests that cNIC exposure does not enhance or hamper
motor performance when dopamine signaling is intact.

Acute nicotine does not prevent the acquisition of aberrant
learning and worsens recovery

We next tested whether acute nicotine (aNIC) could protect
against aberrant motor learning. Although the nicotine half-
life in mice is ~6—7 min (Matta et al., 2007), the physiological
effects of a single nicotine injection (e.g., increase in dopamine
release and altered locomotor activity) can persist for at least
1 h (Picciotto et al., 1998, 2008). To assess the effects of aNIC
on aberrant motor learning, WT mice were coadministered
nicotine (0.5 mg/kg, i.p.) with the DIR/D2R antagonist mix-
ture during each day of acquisition phase training (aNIC-
acquisition). Seventy-two hours later, the mice were retested
on the rotarod under drug-free conditions (no nicotine or

dopamine blockade) during the recovery phase. Mice coad-
ministered aNIC showed no difference in rotarod perfor-
mance during mixture treatment (treatment main effect,
F 55y = 1.377,p = 0.2744; Fig. 2c), nor was there a significant
difference in performance during the drug-free recovery phase
(treatment main effect, F(; 1,4 = 0.4300, p = 0.5226).

To assess whether aNIC could facilitate performance during
the recovery phase, another group of mice was first trained on the
rotarod under dopamine receptor blockade but with no nicotine.
During recovery, this group was injected with 0.5 mg/kg nicotine
30 min before each session (aNIC-recovery). aNIC administered
during the recovery phase worsened performance compared with
control mice (treatment main effect, F(; ;54 = 3.620, p = 0.0779;
Fig. 2¢). Together, these results suggest that aNIC cannot mitigate
aberrant learning, but can impair recovery. These results suggest
that neuroadaptations that accompany long-term nicotine
exposure rather than the direct actions of nicotine at nAChRs
may underlie nicotine’s protective effect against aberrant motor
learning.
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Conventional deletion of 32 nAChR subunits protects against D2R-mediated aberrant motor learning. A, Average latency to fall in 32K0 mice treated with saline. n = 8. B, Average
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Deletion of the 32 nAChR subunit protects against D2R -
mediated aberrant motor learning

cNIC exposure is well known to upregulate high-affinity B2
nicotinic-binding sites. To determine whether [B2-containing
nAChRs mediate cNIC’s ability to diminish aberrant motor
learning, we trained mice lacking the 32 subunit (82KO) on the
rotarod as described above. Deletion of 82 subunits did not affect
rotarod performance in saline-injected mice (genotype main ef-
fect, F(, 55y = 1.909, p = 0.1904; Fig. 3a). As seen with cNIC, 32
deletion had no effect on rotarod performance during acquisition
phase training when mice were trained with the DIR/D2R antag-
onist mixture (genotype main effect, F, 55, = 1.241, p = 0.2841;
Fig. 3b). However, deletion of 82 increased performance during
the recovery phase (genotype main effect, F; 1,5y = 11.83, p =
0.0040; Fig. 3¢).

B2 deletion did not rescue rotarod performance during
acquisition phase training when mice were independently
trained with either a D1Rantagonist (genotype main effect,
F.56) = 0.0014, p = 0.9702; Fig. 3¢) or D2R antagonist (ge-
notype main effect, F, 55 = 4.163, p > 0.05; Fig. 3d). Drug-
free recovery was similar in B2KO and WT mice previously
administered a DIR antagonist during acquisition phase
training (genotype main effect, F;, ,5 = 0.1609, p = 0.6944;
Fig. 3¢). In contrast, 32 deletion improved performance dur-
ing the recovery phase in mice previously administered a D2R
antagonist during acquisition phase training (genotype main
effect, F 1,6y = 22.02, p = 0.003; Fig. 3d).

We also tested whether deletion of a4 nicotinic subunits
(a4KO) could mitigate aberrant motor learning. There was no
effect of a4 deletion during either acquisition phase training (ge-
notype main effect, F(; 55y = 3.207, p = 0.0950; Fig. 3e) or the

recovery phase (genotype main effect, F(; 156 = 2.2253, p =
0.1556; Fig. 3e). This result suggests that a6(non-a4)p2*
nAChRs mediate protection against aberrant motor learning.
However, several studies have suggested that a6 nicotinic sub-
units may be incorporated into functional 82* nAChRs in place
of a4 subunits and vice versa (Champtiaux et al., 2003; Marubio
etal., 2003). Therefore, the lack of effect on aberrant motor learn-
ing in «4KO mice may be indicative of a6 subunit substitution.
More studies are warranted to determine the specific subpopula-
tion of B2-containing nAChRs that mediate protection against
aberrant motor learning.

In short, B2 deletion mitigates D2R blockade-induced aber-
rant motor learning, recapitulating the pattern observed with
cNIC. Because 32 deletion can protect against aberrant motor
learning, these results suggest that a functional downregulation
of B2*nAChR expression and/or activity may protect against the
acquisition of aberrant motor learning.

cNIC and 2 deletion both reduce the sensitization of
haloperidol-induced catalepsy

In humans, chronic D2R antagonist treatment (e.g., haloperidol
treatment in schizophrenia) can lead to parkinsonism, including
rigidity of movement and increasingly severe cataleptic events
(Arnt, 2008; Gao et al., 2008). Previous research has suggested
that inappropriate learning mechanisms (i.e., LTP) in the D2R
indirect pathway underlie the sensitization of haloperidol-
induced catalepsy (Centonze et al., 2004; Wiecki et al., 2009;
Wiecki and Frank, 2010). Therefore, to determine whether
cNIC’s protective effect against aberrant motor learning was spe-
cific to the rotarod task or if it generalized to other D2R-mediated
motor learning tasks, we investigated whether cNIC exposure
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cNICand B2 subunit deletion reduces the sensitization of haloperidol-induced catalepsy. Mice were tested for sensitization of catalepsy in response to repeated injections of haloperidol

(0.5mg/kg) in either Context A or Context B. A, Experimental design. B, Haloperidol-induced cataleptic response in control mice (CON), cNIC- treated mice (cNIC), and mice receiving aNICinjections
just before behavioral testing (aNIC). ¢, Haloperidol-induced response in mice lacking the 32 nAChR (32K0) subunit and WT littermates. Control, n = 8; cNIC,n = 8,aNIC,n = 5;WT,n = 8; B2K0,

n = 8. Data are shown as means == SEM. ***p < 0.01, ***p << 0.001.

could mitigate the sensitization of haloperidol-induced cata-
lepsy. Mice treated with cNIC (100 pg/ml) or vehicle for 2 weeks
before and throughout were injected with 0.5 mg/kg haloperidol
1 h before catalepsy testing. The forepaws of the mice were placed
on an elevated bar and the latency to first overt movement was
recorded. Both control and ¢cNIC mice showed sensitization of
haloperidol-induced catalepsy that was context dependent—that
is mice showed increasing freezing time when injected with hal-
operidol in Context A (see Materials and Methods) over several
days. However, when animals were given the same haloperidol
dose in a different context (Context B, see Materials and Meth-
ods), there was no evidence of catalepsy consistent with prior
studies showing that contextual stimuli become associated with
learned catalepsy (Centonze et al., 2004; Wiecki et al., 2009;
Wiecki and Frank, 2010). Although both control and ¢NIC mice
showed sensitization of haloperidol-induced catalepsy, there was
less sensitization in ¢NIC mice compared with control mice
(treatment main effect, F(, g4y = 12.59, p < 0.0001; Fig. 4a). We
also tested the effect of aNIC on the sensitization of haloperidol-
induced catalepsy. In this cohort of mice, haloperidol was in-
jected 1 h before testing and a second injection containing
nicotine (0.5 mg/kg, i.p.) was administered 5 min before testing.
Although cNIC reduced the expression of haloperidol-induced
catalepsy, aNIC enhanced this behavior compared with control
mice (treatment main effect, F(, o, = 29.34, p = 0.0001; Fig. 4b).
These results mirror those from the rotarod studies in which
cNIC mitigated D2R-mediated aberrant motor learning, whereas
aNIC had no effect or worsened performance.

We also tested the effect of B2 deletion on the sensitization of
haloperidol-induced catalepsy. Similar to ¢cNIC, deletion of the
B2 nAChR subunit reduced the expression of catalepsy (genotype
main effect, F(; o5y = 12.07, p = 0.0037; Fig. 4c). Together, results
from the rotarod and catalepsy studies suggest that cNIC, likely
through downregulation of 82-containing nAChR function or
expression, provides protection against maladaptive D2R
antagonist-induced impairments in motor learning

Selective 32 nAChR subunit deletion in dopamine cells is
sufficient to prevent aberrant learning

The principal role of striatal B2*nAChRs is the regulation of do-
pamine release (Zhou et al., 2001; Rice and Cragg, 2004; Salmi-
nen et al., 2004; Zhang and Sulzer, 2004; Cachope et al., 2012;
Threlfell et al., 2012; Koranda et al., 2014) However, 2*nAChRs
are also expressed in GABAergic interneurons and may be ex-
pressed on other cell types such as cholinergic interneurons. To
rule out a possible contribution to aberrant learning of 32 dele-
tion in other cells, we specifically deleted 82 nAChR subunits in
dopamine neurons by crossing a floxed 82 line (f82; Burbridge et
al., 2014) with transgenic mice expressing Cre recombinase un-
der control of the dopamine transporter (DAT) promoter
(Zhuang et al., 2005). Mice lacking the 82 subunit in dopamine
neurons were trained on the rotarod as described above. During
acquisition phase training under DIR/D2R antagonist mixture,
there was no difference in performance of mice lacking the 32
subunit in dopamine neurons (f/f; DAT-cre) compared with con-
trols (WT mice, f/f mice, and DAT-cre mice) (genotype main
effect, 5 106) = 1.715, p = 0.1761; Fig. 5a). During the recovery
phase, deletion of dopamine neuron-specific 32 subunits im-
proved motor performance compared with control groups (ge-
notype main effect, F; 44,) = 4.413, p = 0.0080; Fig. 5a). These
results suggest that deletion of 82 subunits in dopamine neurons
is sufficient to mitigate aberrant motor learning.

Dopamine neuron-specific 32 nAChR deletion diminishes
stimulated dopamine release

To confirm B2 deletion in dopamine neurons, we measured
evoked dopamine release in vivo using fast-scan cyclic voltamme-
try in anesthetized mice lacking the B2 subunit specifically in
dopamine neurons. Our previous study found that constitutive
B2KO mice showed diminished stimulated dopamine release in
the striatum at nearly every stimulation intensity tested, with the
greatest differences at high frequency and pulse number (Ko-
randa et al., 2014). Based on this, we used strong stimulation
parameters to test the impact of 82 deletion in dopamine neurons
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on evoked striatal dopamine release (24 pulses at 60 Hz). As
observed in the B2KO animals, evoked dopamine release was
significantly decreased in dorsal striatum when 32 was selectively
eliminated from dopamine neurons compared with control
groups (genotype main effect, F(5,,) = 9.314, p = 0.0004; Fig.
5b). We also noted that significantly more dopamine was released
by DAT-Cre mice. This is not surprising because the DAT-Cre
line loses one copy of DAT (Zhuang et al., 2005), which will
reduce dopamine reuptake rate. Nevertheless, the combination
of DAT-Cre and dopamine neuron deletion of 82 still reduced
dopamine release and, behaviorally, this is the only group pro-
tected from aberrant motor learning (Fig. 5a). In a subset of mice,
we stimulated dopamine release by administering 5 stimulation
pulses at frequencies ranging from 5 to 60 Hz. Specific deletion of
B2 subunits in dopamine neurons decreased dopamine release at
all measured frequencies (genotype main effect, F; 5oy = 16.38,
p = 0.0009; Fig. 5¢), which is consistent with previous results
using B2KO mice and cNIC treatment (Zhang et al., 2009; Exley
et al., 2013; Perez et al., 2013; Koranda et al., 2014; Perez et al.,
2015) and confirms the significant contribution of f2*nAChRs
in dopamine neurons. Given the key role of dopamine in corti-
costriatal plasticity, these results suggest that inhibiting 2
nAChHR function in dopamine neurons can modify a key aspect of
motor learning.

cNIC blunts D2R antagonist-induced phosphorylation

of ERK

The above voltammetry results, combined with previous studies,
suggests that cNIC and 2 nAChR deletion reduce dopamine
release (Exley et al., 2013; Perez et al., 2013; Koranda et al., 2014;
Perez et al.,, 2015). Therefore, we next investigated whether these
mice develop changes in postsynaptic signaling in the striatopal-
lidal pathway. Although several studies have implicated the im-
portance of AC5 and cAMP signaling in corticostriatal plasticity
and striatal learning (Kheirbek et al., 2009; Augustin et al., 2014),
a previous study indicated that 82 nAChR subunit deletion did
not alter either AC5 or cAMP activity (Picciotto et al., 1998).
Extracellular signal-regulated kinase (ERK) regulates the intrin-
sic excitability of medium spiny neurons (Adams et al., 2000;
Schrader et al., 2006; Johnston and Narayanan, 2008), has been
implicated in sensorimotor learning (Bureau et al., 2010; Shiflett
et al., 2010; Shiflett and Balleine, 2011), and contributes to corti-
costriatal LTP (Calabresi et al., 2000; Mazzucchelli et al., 2002;
Flajolet et al., 2008; Shiflett and Balleine, 2011). Although aNIC
reportedly induces phosphorylation of ERK (pERK) through ac-
tivation of a7 (Dajas-Bailador et al., 2004; Dickinson et al., 2008)
and a4B2* nAChRs (Nakayama et al., 2001) and cNIC can either
increase or decrease pERK dependent upon the brain region ex-
amined (Brunzell et al., 2003), there are no reports examining the
effects of D2R antagonist-induced pERK expression (Welsh et al.,
1998; Wang et al., 2005; Bertran-Gonzalez et al., 2008) after cNIC
treatment or (32 deletion. Therefore, we investigated whether
cNIC treatment alters pERK expression in response to repeated
D2R antagonism paired with rotarod training. Mice were injected
with 0.16 mg/kg eticlopride 20 min before rotarod training for 5
consecutive days. Immediately after rotarod training on day 5,
mice were perfused and brains removed and prepared for fluo-
rescent immunohistochemistry (Fig. 6a). cNIC and 2 subunit
deletion significantly decreased pERK expression to 44.3 * 6.3%
and 26.3 * 4.8%, respectively, compared with WT and nicotine-
naive counterparts (treatment main effect, F, ,5, = 9.246, p =
0.0010; Fig. 6¢). Decreased D2R antagonist-induced pERK in
cNIC and B2KO mice suggests that corticostriatal synapses in the
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cNICand 32 nAChR subunit deletion reduce D2R antagonist-induced phosphorylation of ERK. A, Behavioral timeline. B, Representative images showing pERK fluorescence using 20 X

magpnification. C, Left, Quantification of fluorescent cell count. Individual points represent cell count from an individual mouse. Black horizontal bar represents mean cell count. Right, Percentage
change in pERK cell count relative to WT average. Data are shown as means = SEM.n = 9-10. ***p < 0.001.

indirect pathway in these animals will show less plasticity under
conditions of suppressed dopamine signaling after either dopa-
mine antagonist treatment or dopamine neuron loss. Further-
more, these results suggest that cNIC, acting via 32-containing
nAChRs, chronically decreases striatal dopamine release, leading
to alterations in postsynaptic signaling in the indirect pathway.
Such changes may protect the animal from aberrant motor
learning.

Discussion

Dopamine has been implicated in the acquisition of new motor
skills and maintenance of established motor skills (Yin et al,,
2009; Jin and Costa, 2010; Beeler et al., 2012). Although low
dopamine conditions lead to acute motor impairments, we dem-
onstrated previously that dopamine blockade paired with a mo-
tor task induces a D2R- and experience-dependent learned
motor impairment in mice that likely arises from inappropriate
LTP in the indirect pathway (Beeler et al., 2010, 2012). We sug-
gested this aberrant motor learning (i.e., plasticity) contributes to
degradation of motor function in PD. In support of this aberrant
motor hypothesis, motor skills in PD patients worsen progres-
sively if practiced in the absence of dopamine replacement ther-
apy (Kang et al., 2012; Anderson et al., 2014). Here, we expand
upon our earlier work and show that nicotine administered
chronically, but not acutely, diminishes D2R-dependent aber-
rant motor learning in mice. Importantly, when aberrant motor

learning was established before nicotine treatment, cNIC could
not rescue motor performance.

Mechanistically, our data suggest that cNIC’s protection
against aberrant motor learning is mediated by changes in pre-
synaptic dopamine release. Specific deletion of 32 nAChR sub-
units in dopamine neurons both protected against aberrant
motor learning and reduced stimulated striatal dopamine release
invivo. These results suggest that chronic decreases in function or
downregulation of a subpopulation of 32-containing nAChRs in
dopamine neurons mediate protection against aberrant motor
learning. Although several studies suggest that cNIC upregulates
a432 nAChR-binding sites (Marks et al., 1985; McCallum et al.,
2006a; Marks et al., 2011), others suggest that cNIC downregu-
lates a6(non-a4)B2*nAChRs (McCallum et al., 2006a; Walsh et
al., 2008; Exley et al., 2013; Perez et al., 2013) and a6(non-
a4)B2*nAChRs are more sensitive than a432*nAChRs to regu-
lation by ¢NIC (Marks et al., 2014). Here, we found that a4
deletion could not mitigate aberrant motor learning, suggesting
that a6(non-a4)B2*nAChRs play a key role in protection against
aberrant motor learning. Regardless of the specific subpopula-
tion of B2-containing nAChRS involved, the current results
strongly suggest that cNIC protects against aberrant motor learn-
ing by chronically reducing striatal dopamine release.

Postsynaptically, a ctNIC-induced reduction of striatal dopa-
mine release may lead to signaling alterations that ultimately pro-
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tect the striatal network from aberrant plasticity when dopamine
levels are lowered. We found that cNIC treatment or 82 nAChR
subunit deletion reduced striatal levels of ERK phosphorylation
induced by the combination of D2R antagonism and rotarod
training. Although we did not examine differential D2R-induced
PERK expression in striatopallidal neurons versus acetylcholine
interneurons, these results suggest that cNIC exposure alters cor-
ticostriatal plasticity. Because increased pERK induces corticos-
triatal LTP (Mazzucchelli et al., 2002; Flajolet et al., 2008) and we
have hypothesized that LTP at striatopallidal synapses induced
under dopamine loss or blockade mediates aberrant learning
(Beeler et al., 2010; Beeler, 2011; Beeler et al., 2012, 2013; Zhuang
et al., 2013), it is possible that ctNIC mitigates aberrant motor
learning by reducing the propensity for induction of corticostria-
tal LTP at striatopallidal synapses.

Increasingly aberrant plasticity is recognized as contributing
to motor symptoms in PD patients (Kang et al., 2012; Anderson
etal., 2014). Moreover, several studies have reported that manip-
ulations that block or diminish abnormal LTP or those that re-
store normal corticostriatal plasticity are also associated with
reduced parkinsonian-like symptoms in rodents (Kreitzer and
Malenka, 2007; Shen et al., 2008; Peterson et al., 2012; Thiele et
al., 2014). Interestingly, Quik et al. (2006) showed that cNIC
protected corticostriatal LTD induction in MPTP-treated non-
human primates. This latter finding is intriguing given the well
documented protective effect of smoking against PD risk (Chen
etal., 2010; van der Mark et al., 2014). Together, these data sug-
gest a link between PD protection and stronger corticostriatal
LTD or a shift in plasticity away from LTP. Future investigations
into plasticity mechanisms underlying aberrant motor learning
may provide novel PD treatments independent of dopamine
replacement.

Along with its protective effect against PD risk, several clinical
studies have investigated the efficacy of nicotine and nicotinic
agents to ameliorate PD symptoms. Although some studies re-
port modest improvements in motor symptoms (Moll, 1926;
Ishikawa and Miyatake, 1993; Fagerstrom et al., 1994; Kelton et
al., 2000; Mitsuoka et al., 2002), others report no change (Clem-
ens et al., 1995; Vieregge et al., 2001; Lemay et al., 2004; Parkin-
son’s Study Group, 2006) or a worsening of motor symptoms
(Ebersbach et al., 1999). Discrepancies in study design likely con-
tribute to the conflicting results, including route of drug admin-
istration, drug dose, length of administration, smoking history,
whether nicotinic therapy was coadministered with dopamine
replacement therapy, and whether testing occurred on or off of
dopamine replacement therapy.

Our findings suggest an alternative strategy for the clinical use
of nicotinic agents in PD. Our data show that cNIC did not alter
rotarod performance with intact dopamine signaling, suggesting
that nicotinic therapy may not modify motor responses during
peaks of dopamine replacement therapy. During medication
troughs, when motor performance deteriorates, however, nico-
tine may lessen these symptoms by protecting against aberrant
motor learning. We suggested previously that reduction of aber-
rant motor learning may underlie the clinically important LDR to
L-DOPA (Beeler et al., 2010; Beeler, 2011; Beeler et al., 2012;
Zhuang et al., 2013). Therefore, cNIC-induced reduction of ab-
errant motor learning may act synergistically with L-DOPA and
augment the LDR, potentially allowing lower doses of L-DOPA.
Because nicotinic receptors mediating reduced aberrant learning
are located on dopamine neuron terminals that are largely lost in
advanced PD, the effective therapeutic window would likely be
during earlier stages of the disease to slow functional deteriora-
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tion. Future studies are warranted to determine whether cNIC
can augment the LDR and preserve motor skills in PD patients.

In addition to providing a therapeutic effect in PD patients,
our results suggest that cNIC treatment may also have beneficial
effects in patients prescribed D2R antagonists. Most commonly
prescribed to treat psychosis, chronic D2R antagonism can lead
to parkinsonism, including rigidity of movement and increas-
ingly severe cataleptic events (Arnt, 2008; Gao et al., 2008). This
dysfunction likely arises from inappropriate corticostriatal LTP
in the indirect pathway (Centonze et al., 2004; Wiecki et al., 2009;
Wiecki and Frank, 2010). In the current study, we found that
cNIC and B2 deletion, but not aNIC, reduced the sensitization of
haloperidol-induced catalepsy, similar to the effect of ctNIC on
aberrant motor learning in the rotarod task. Given that haloper-
idol treatment reportedly increases pERK expression in striato-
pallidal neurons (Bertran-Gonzalez et al., 2008) and because we
found that cNIC treatment and (2 deletion attenuated D2R
antagonist-induced increases in pERK, cNIC-induced reduction
in the sensitization of haloperidol-induced catalepsy likely re-
flects decreased corticostriatal LTP at striatopallidal synapses.
The results of the present study suggest a novel therapeutic strat-
egy that consists of maintenance of normal synaptic plasticity and
prevention or reversal of aberrant plasticity for a variety of neu-
rological disorders.

It is important to point out that the present studies do not
address mechanisms of dopamine neuron degeneration or its
protection. Although we suggest that protection against aberrant
motor learning may contribute to the inverse correlation be-
tween PD incidence and smoking, our data do not preclude pos-
sible protective effects of nicotine against dopamine cell death.
For example, nicotine can diminish oxidative stress and neuro-
inflammation (Gahring et al., 2003; Parain et al., 2003; Fujii et al.,
2007; Park et al., 2007; Hosur and Loring, 2011), inhibit endo-
plasmic reticulum stress responses (Kuryatov et al., 2005; Sallette
et al., 2005; Srinivasan et al., 2012, 2014), and stimulate prosur-
vival signaling factors (Kawamata and Shimohama, 2011). How-
ever, the extent to which these observations extend to whole
animals and PD patients has not been demonstrated.

Alternatively, several studies suggest that nicotine-induced
alterations in synaptic transmission might protect against do-
pamine cell death. After dopamine denervation, surviving do-
pamine terminals release more dopamine than sham controls
(Bergstrom and Garris, 2003; McCallum et al., 2006b; Perez et
al., 2008). Dopamine itself can be toxic through the produc-
tion of free radicals (Chen et al., 2008; Segura-Aguilar et al.,
2014). Therefore, a compensatory upregulation of dopamine
release during dopamine neuron degeneration could contrib-
ute to cell death. By desensitizing presynaptic nAChRs on sur-
viving dopamine terminals, ¢cNIC treatment may protect
against cell death by reducing stimulated dopamine release
(Exley et al., 2013; Perez et al., 2013; Koranda et al., 2014).
Furthermore, a study by Montine et al. (2010) found that
lifetime cigarette smoking correlates with reduced Lewy-
related pathology (LRP). This suggests that smoking may mit-
igate LRP-associated disruptions in neuronal signaling, which
often precede frank dopamine neuron death. Therefore, be-
cause multiple studies show that cNIC exposure can both pro-
tect against dopamine cell death and mitigate disruptions in
dopamine signaling, we propose that the reduced PD risk as-
sociated with smoking may reflect a convergence of neuropro-
tection against dopamine cell loss and protection against
aberrant plasticity that arises from distorted dopamine
signaling.
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Finally, although the present study focuses on the role of cNIC
in protection against aberrant motor learning and plasticity, it is
important to note that an earlier study showed that the xanthine
theophylline, a nonselective adenosine receptor antagonist simi-
lar to caffeine, reduces D2R antagonist-induced corticostriatal
LTP at striatopallidal synapses and mitigates aberrant motor
learning in mice (Beeler et al., 2012), similar to our observations
here with cNIC. Heavy caffeine consumption, like smoking, re-
duces PD incidence (Qi and Li, 2014; van der Mark et al., 2014).
Therefore, it is an interesting observation that two lifestyle fac-
tors, caffeine consumption and smoking, that are associated
with decreased PD risk also protect against the acquisition of
aberrant motor learning and plasticity. It is intriguing to spec-
ulate that the prevention of aberrant plasticity is an important
deterrent to the progression of motor symptoms in movement
disorders such as PD.
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