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While L-3,4-dihydroxyphenylalanine (L-DOPA) remains the standard treatment for Parkinson's disease (PD),
long-term efficacy is often compromised by L-DOPA-induced dyskinesia (LID). Recent research suggests that
targeting the noradrenergic (NE) systemmay provide relief from both PD and LID, however, most PD patients
exhibit NE loss which may modify response to such strategies. Therefore this investigation aimed to charac-
terize the development and expression of LID and the anti-dyskinetic potential of the α2- and β-adrenergic
receptor antagonists idazoxan and propranolol, respectively, in rats receiving 6-OHDA lesions with (DA le-
sion) or without desipramaine protection (DA+NE lesion). Male Sprague–Dawley rats (N=110) received
unilateral 6-hydroxydopamine lesions. Fifty-three rats received desipramine to protect NE neurons (DA le-
sion) and 57 received no desipramine reducing striatal and hippocampal NE content 64% and 86% respective-
ly. In experiment 1, the development and expression of L-DOPA-induced abnormal involuntary movements
(AIMs) and rotations were examined. L-DOPA efficacy using the forepaw adjusting steps (FAS) test was
also assessed in DA- and DA+NE-lesioned rats. In experiment 2, DA- and DA+NE-lesioned rats received
pre-treatments of idazoxan or propranolol followed by L-DOPA after which the effects of these adrenergic
compounds were observed. Results demonstrated that moderate NE loss reduced the development and ex-
pression of AIMs and rotations but not L-DOPA efficacy while anti-dyskinetic efficacy of α2- and β-adrenergic
receptor blockade was maintained. These findings suggest that the NE system modulates LID and support the
continued investigation of adrenergic compounds for the improved treatment of PD.
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1. Introduction

Parkinson's disease (PD) is widely recognized by the preferential
loss of dopamine (DA) neurons located within the substantia nigra
pars compacta (SNc) leading to motor deficits typified by rigidity,
resting tremor, and akinesia (Dauer and Przedborski, 2003). DA re-
placement therapy with L-3,4-dihydroxyphenylalanine (L-DOPA) al-
leviates many of these motor impairments and has become the gold
standard treatment for PD. Unfortunately, chronic pharmacotherapy
with L-DOPA often results in side effects such as motor fluctuations
and L-DOPA-induced dyskinesia (LID; Obeso et al., 2000).

In addition to SNc DA cell loss, norepinephrine (NE) neurons of the
locus coeruleus (LC) degenerate, even preceding the death of DA neu-
rons (Fornai et al., 2007; Hornykiewicz and Kish, 1987;McMillan et al.,
2011; Zarow et al., 2003). Post-mortem estimates for NE loss in PD
brains range from 60 to 90% (Zarow et al., 2003) and a number of pre-
clinical studies suggest that NE cell death increases the vulnerability of
DA neurons (Rommelfanger and Weinshenker, 2007; Srinivasan and
Schmidt, 2003). Within the past few decades, there have been at-
tempts to reduce motor symptoms of PD by increasing NE activity.
For instance, Narabayashi and colleagues decreased akinesia with
DL-threo-3,4-dihydroxyphenylserine (L-DOPS; Droxidopa), a precur-
sor to NE that increases its activity (Narabayashi et al., 1984, 1991).
Still others have used the α2-adrenergic receptor antagonists such
as idazoxan (IDZ), atipamezole and fipamezole to modulate NE func-
tion and improve PD treatment (Domino et al., 2003; Haapalinna et
al., 2003; Johnston et al., 2010; Rascol et al., 2001; Yavich et al., 2003).

NE compounds have also been shown to modulate the expression
of LID. For example, the non-selective β-adrenergic receptor antago-
nist (±)propranolol (PRO) significantly attenuated established LID
in PD patients (Carpentier et al., 1996), an effect supported in both ro-
dents (Buck and Ferger, 2010; Dekundy et al., 2007; Lindenbach et al.,
2011) and primates (Gomez-Mancilla and Bedard, 1993). Anti-dyski-
netic properties have also been shown with α1- and α2-adrenergic
receptor antagonists (Buck and Ferger, 2010; Buck et al., 2010; Fox
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et al., 2001; Grondin et al., 2000; Rascol et al., 2001; Savola et al.,
2003) and fipamezole, an α2-adrenergic receptor antagonist, has
demonstrated therapeutic efficacy in persons suffering from LID and
is currently in the process of being brought to market. Other drugs
acting on NE transmission such as duloxetine, atomoxetine and drox-
idopa, are in various stages of development for the treatment of
symptoms of PD (clinicaltrials.gov).

Still, there is much to be learned regarding the NE system and its
role in LID. Indeed, studies investigating LID rarely consider NE cell
loss as a modulatory factor in LID development, expression, or treat-
ment or are contradictory. For example, in the abnormal involuntary
movements (AIMs) rat model of LID, the NE reuptake inhibitor desip-
ramine is often given to protect NE neurons during 6-hydroxydopa-
mine (6-OHDA) lesion surgery (Barnum et al., 2008; Putterman et
al., 2007). Other studies suggest that NE lesions either exacerbate L-
DOPA and DA agonist-induced dyskinesia (Fulceri et al., 2007; Wang
et al., 2010) or have no effect (Marin et al., 2008; Perez et al., 2009).
Currently no studies have systematically addressed the effects of NE
loss on adrenergic anti-dyskinetic efficacy. Therefore, we character-
ized the development and expression of LID and the anti-dyskinetic
potential of the α2- and β-adrenergic receptor antagonists IDZ and
PRO, respectively, in rats receiving 6-OHDA lesions with (DA lesion)
or without desipramaine protection (DA+NE lesion).

2. Materials and methods

2.1. Animals

Adult male Sprague–Dawley rats were used (225–250 g upon ar-
rival; Taconic Farms, NY, USA). Animals were housed in plastic
cages (22 cm high, 45 cm deep and 23 cm wide) and had free access
to standard lab chow (Rodent Diet 5001; Lab Diet, Brentwood, MO,
USA) and water. The colony room was maintained on a 12/12 h
light/dark cycle (lights on at 0700 h) at a temperature of 22–23 °C.
Animals were maintained in accordance with the guidelines of the In-
stitutional Animal Care and Use Committee of Binghamton University
and the “Guide for the Care and Use of Laboratory Animals” (Institute
of Laboratory Animal Resources, National Academic Press; NIH publi-
cation number 85–23, revised 1996).

2.2. 6-Hydroxydopamine lesion surgeries

One week after arrival, most rats (N=110) received unilateral 6-
hydroxydopamine (6-OHDA; Sigma, St. Louis, MO, USA) lesions of the
left medial forebrain bundle to destroy DA neurons or DA+NE neu-
rons (Barnum et al., 2008; Bishop et al., 2009; Lindenbach et al.,
2011). Fifty-three rats received DA lesions only. In these rats, desipra-
mine HCl (25 mg/kg, ip; Sigma) was given 30 min prior to 6-OHDA
injection to protect the loss of NE neurons. The remaining subjects
(n=57) did not receive desipramine prior to 6-OHDA surgery in
order to destroy both DA and NE neurons. To do this, rats were anes-
thetized with inhalant isoflurane (2–3%; Sigma) in oxygen
(2.5 L/min), and placed in a stereotaxic apparatus (David Kopf Instru-
ments, Tujunga, CA, USA). The coordinates for 6-OHDA injections
were AP: −1.8 mm, ML: +2.0 mm, DV: −8.6 mm relative to bregma
with the incisor bar positioned 3.3 mm below the interaural line
(Paxinos and Watson, 1998). Using a 10 μl Hamilton syringe attached
to a 26 gage needle, 6-OHDA (12 μg) dissolved in 0.9% NaCl+0.1%
ascorbic acid was infused through a small burr hole in the skull at a
rate of 2 μl/min for a total volume of 4 μl. The needle was withdrawn
5 min later. Following surgery, all rats were placed in clean cages on a
warming pad for recovery, after which they were returned to group-
housing (2 rats/cage). Soft chow was provided as needed to facilitate
recovery during the first week after surgery. To minimize pain, rats
were injected with buprenorphine (0.03 mg/kg) prior to surgery,
6 h after surgery, and the following morning. All rats were allowed
to recover for 3 weeks before testing commenced.
2.3. Pharmacological treatments and design

2.3.1. L-DOPA priming
Beginning 3 weeks after 6-OHDA lesion surgery, 6-OHDA-lesioned

rats were administered L-DOPA methyl ester (L-DOPA; 12 mg/kg, s.c.;
Sigma)+DL-serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochlo-
ride (benserazide; 15 mg/kg, s.c.; Sigma) once daily for 7 days to in-
duce stable and reliable LID (Barnum et al., 2008; Bishop et al.,
2009). L-DOPA and benserazide were dissolved in Vehicle (0.9%
NaCl containing 0.1% ascorbic acid) and administered at a volume of
1 mL/kg. All lesioned rats displaying cumulative axial, limb, and oro-
lingual AIMs (ALO AIMs) score of N30 on the 7th day of priming
were used in the current study (106 of 110). Experiments outlined
below continued on day 8 and testing occurred every 3rd or 4th day
until studies were completed.
2.4. Experiment 1

2.4.1. Effects of NE loss on dyskinesia development and expression LID
development in DA and DA+NE rats

The goal of the first experiment was to determine whether NE le-
sions modified the development of ALO AIMs and rotations during the
7 day priming period. To do this, DA- (n=7) and DA+NE- (n=12)
lesioned rats were injected (s.c.) with 12 mg/kg L-DOPA+15 mg/kg
Benserazide each day for 7 days and ALO AIMs and rotations were
scored (every 10 min for 3 h) on days 1, 4, and 7.
2.4.2. L-DOPA dose–response in L-DOPA-primed DA and DA+NE rats
To determine whether L-DOPA-induced ALO AIMs and rotations

varied between DA- and DA+NE-lesioned rats as a function of L-
DOPA dose, L-DOPA primed DA (n=13) and DA+NE (n=9) rats
were injected with Vehicle, 2, 3, 4, 6, and 12 mg/kg L-DOPA+
15 mg/kg benserazide using a counterbalanced within subjects de-
sign and scored every 20 min for 2 h for ALO AIMs and rotations.
2.4.3. L-DOPA efficacy in L-DOPA-primed DA and DA+NE rats
To determine whether the antiparkinsonian efficacy of L-DOPA was

compromised by NE loss, L-DOPA-primed DA- (n=10) and DA+NE-
(n=9) lesioned rats were injected with Vehicle or 4 mg/kg L-DOPA+
15mg/kg benserazide using a counterbalanced within subjects design.
L-DOPA efficacy was examined 60 min post-injection by using the fore-
paw adjusting steps test (Bishop et al., 2009; Chang et al., 1999).
2.5. Experiment 2

2.5.1. Effects of NE loss on the anti-dyskinetic efficacy of β- and α-
adrenergic antagonists PRO and IDZ

To examine the effects of NE integrity on purported anti-dyskinetic
adrenergic compounds, the β-adrenergic receptor antagonist PRO and
the α2-adrenergic antagonist IDZ were employed at doses employed
in previous rodent work (Buck and Ferger, 2010; Lindenbach et al.,
2011). A 2 (dose of L-DOPA)×3 (dose of PRO/IDZ) design was utilized
for both DA and DA+NE-lesioned rats. The expression of ALO AIMs
and rotations were examined in both DA (PRO, n=10; IDZ, n=5)
and DA+NE (PRO, n=9; IDZ, n=6) rats pretreated with PRO (0, 5
and 20 mg/kg; i.p.; Sigma; dissolved in 10% DMSO and 90% sterile sa-
line) 10 min prior to 4 and 12mg/kg L-DOPA injection or IDZ (0, 2.5,
and 10 mg/kg; i.p.; Sigma; dissolved in sterile saline) 5 min prior to 4
and 12 mg/kg L-DOPA injection. Following L-DOPA treatment, rats
were scored for ALO AIMs and rotations every 10 min for 3 h.
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2.6. Behavioral analyses

2.6.1. AIMs and rotations
Rats were monitored for AIMs using a procedure described previ-

ously (Barnum et al., 2008) and similar to that initially depicted by
Lundblad et al. (2002) with slight modifications. On test days
(0900–1400 h), rats were individually placed in plexiglass cylinders
(22.2 cm diameter, 25.4 cm height; Thermo Fisher Scientific, Roches-
ter, NY, USA) 5 min prior to pretreatments. Following L-DOPA injec-
tion, a trained observer blind to treatment condition assessed each
rat for exhibition of axial, limb, and orolingual AIMs. Each new rater
was trained for a minimum of 3 sessions and then correlated with a
well-trained instructor. A correlation of ≥90% with the instructor is
required before new raters can score AIMs. In addition, contralateral
rotations, defined as complete 360 degree turns away from the le-
sioned side of the brain, were tallied. Dystonic posturing of the neck
and torso, involving positioning of the neck and torso in a twisted
manner directed toward the side of the body contralateral to the le-
sion, were referred to as “axial” AIMs. “Forelimb” AIMs were defined
as rapid, purposeless movements of the forelimb located on the side
of the body contralateral to the lesion. “Orolingual” AIMs were com-
posed of repetitive openings and closings of the jaw and tongue pro-
trusions. The movements are considered abnormal since they occur at
times when the rats are not chewing or gnawing on food or other ob-
jects. For the L-DOPA dose response experiment, ALO AIMs and rota-
tions were recorded for 1 min, every 20th min for 2 h. For all other
experiments, AIMs and rotations were recorded for 1 min, every
10th min for 3 h. During the AIMs observation period a severity score
of 0–4was assigned for each AIMs category: 0=not present, 1=present
for less than 50% of the observation period (i.e., 1–29 s), 2=present for
more than 50% ormore of the observation period (i.e., 30–59 s), 3=pre-
sent for the entire observation period (i.e., 60 s) and interrupted by a
loud stimulus (a tap on the cylinder), or 4=present for the entire obser-
vation period but not interrupted by a loud stimulus. For each AIMs cat-
egory, the scores were summed for the entire 2 or 3 h period. Thus, the
theoretical maximum score for each type of AIM was 24 (4×6 period)
for the 2 h test and 72 (4×18 period) for the 3 h test although observed
scores were never this severe.

2.6.2. Forepaw adjusting steps
The FAS test is a measure of forelimb akinesia and rats with N80%

unilateral DA depletion performed poorly on the test with the le-
sioned side of the body (Chang et al., 1999). L-DOPA reduces this def-
icit so the test can be used to determine if an L-DOPA adjunct is
interfering with the relief of PD symptoms provided by L-DOPA
(Eskow et al., 2007). To do so, an experimenter held the rat's hin-
dlimbs and one forelimb such that the free forelimb was forced to
bear the rat's body weight. Rats were then moved laterally for
90 cm over 10 s across a marked surface while another experimenter
counted the number of steps taken in the forehand direction (defined
as movement toward the rat's midline) and backhand direction
(movement distal to the rat's midline). Each FAS test consisted of 3
backhand and 3 forehand trials with each limb, for a total of 12 trials
per rat. The score for percent intact stepping was derived by summing
the total steps with the lesioned forepaw, dividing by the number of
steps with the unlesioned forepaw, and multiplying this number by
100. Lower percent intact scores indicate greater forelimb akinesia.
Prior to FAS testing with the compounds of interest, all rats received
3 separate acclimation periods to reduce potential practice effects.

2.7. High-performance liquid chromatography

To determine monoamine and metabolite levels following DA
(n=8) and DA+NE (n=12) lesions, MFB-lesioned were killed by
rapid decapitation at least 48 h after their last L-DOPA treatment. In
order to confirm the protective effects of desipramine against 6-
OHDA-induced NE loss, a group of age and gender matched
untreated, naïve rats (n=9) was also killed by rapid decapitation.
The striata and/or hippocampi were dissected, immediately frozen
on dry ice, and stored at −80 °C. These samples were then homoge-
nized in a solution of ice-cold perchloric acid (0.1 M), 1% (v:v) etha-
nol, and 0.02% (v:v) EDTA. The homogenates were spun for 30 min
at 14,400 g with the temperature maintained at 4 °C. Aliquots of su-
pernatant were then analyzed for abundance of NE, DA, 3,4-dihydrox-
yphenylacetic acid (DOPAC), 5-HT, and 5-hydroxyindole-3-acetic acid
(5-HIAA) using reverse-phase high performance liquid chromatogra-
phy coupled to electrochemical detection according to the protocol of
Kilpatrick et al. (1986). The system employed consisted of an ESA
autoinjector (Model 542), an ESA solvent delivery system (Model
582), an ESA Guard-Pak column, a C-18 (100×4.6 mm, 5 μm packing)
column (ESA), a Coulochem III electrochemical detector (ESA) con-
nected to an analytical cell (ESA model 5011A) located immediately
after the column, an ESA Model 5020 guard cell positioned prior to
the autoinjector, and an external pulse dampener (ESA). Samples
were chromatographically separated using a mobile phase composed
of 90 mM sodium dihydrogen phosphate (monobasic, anhydrous),
0.05 mM EDTA, 1.7 mM octane sulfonic acid, 10% (v:v) acetonitrile,
and adjusted to pH 3.0 with o-phosphoric acid. The first electrode of
the analytical cell was set to a potential of −100 mV and the second
electrode to +250 mV. The guard cell had a potential of 350 mV. As
monoamines and metabolites eluted from the column and passed
through the analytical cell, they were oxidized at the second elec-
trode and a spike in current was generated. This signal was recorded
as a trace of electrode current versus time by EZChrom Elite software
via a Scientific Software, Inc. (SS420χ) module. Each compound was
detected as a peak in this trace, and the EZChrom Elite software was
used to calculate peak areas. Peak areas were converted to picograms
(pg) of compound using a standard curve made from samples of
known monoamine and metabolite concentrations (1e–6 M to 1e–
9 M), normalized to striatal and hippocampal tissue weights, and
expressed as picograms (pg) of compound per milligrams (mg) of tis-
sue (mean±standard error of the mean; S.E.M.).

2.8. Statistical analyses

All parametric data (HPLC, rotations and FAS) are expressed as
mean±standard error of the mean (S.E.M.). Non-parametric ALO
AIMs data are expressed as medians±median absolute deviation
(M.A.D.). HPLC-derived striatal monoamine and metabolite levels
were analyzed by a 2-factor (Side×Lesion) analyses of variance
(ANOVA) or independent t-tests. In experiment 1, ALO AIMs were ana-
lyzed by nonparametric Mann–Whitney tests while rotations and FAS
data were analyzed by parametric 2-factor ANOVAs. In experiment 2,
ALO AIMs were analyzed with nonparametric Friedman ANOVAs at
each time point or over the 3 h period.Where appropriate, nonparamet-
ricWilcoxonpost hoc tests or parametric LSDpost hoc comparisonswere
employed. All statistical analyses were performed with the use of Statis-
tica software version 9 (Statsoft Inc., Tulsa, OK). Alpha was set at 0.05.

3. Results

3.1. Monoamine and metabolite levels

At least 48 h following the final L-DOPA treatment, rat striata and
hippocampi were examined for NE, DA, DOPAC, 5-HT and 5-HIAA con-
tent via HPLC. A 2 (Side; Intact vs. Lesion)×2 (Lesion; DA vs. DA+NE)
ANOVA was used to analyze potential lesion-induced differences
(Table 1). In striatum, main effects of Side (Intact vs. Lesion) were ob-
served for DA, DOPAC (F1,31=652.2, pb0.0001, F1,31=43.9,
pb0.0001) and 5-HIAA (F1,31=21.1, pb0.0001) with post hocs indi-
cating toxin-induced depletion ipsilateral to the 6-OHDA lesion
(both pb0.05). There were also main effects of Lesion (DA vs. DA+



Table 1
Concentrations striatal (A) and hippocampal (B) Norepinephrine (NE), Dopamine (DA), 3,4-Dihydroxyphenylacetic acid (DOPAC), Serotonin (5-HT) and 5-Hydroxyindoleacetic
acid (5-HIAA) in naïve control rats or those receiving unilateral medial forebrain bundle (MFB) 6-hydroxydopamine (n=6–12/group) treated with Vehicle or the NE reuptake in-
hibitor desipramine (25 mg/kg, ip) 30 min prior to lesion. Values (as means±S.E.M.) are expressed as picograms monoamine or metabolite per milligram wet weight of tissue.
Differences between Side (Contralateral vs. Ipsilateral to 6-OHDA) and Lesion (Desipramine+6-OHDA vs. 6-OHDA) were determined by 2-way ANOVA and planned comparison
post-hocs. Differences between Desipramine-treated striatum contralateral to 6-OHDA vs. naïve control striata were examined with independent t-tests.

A. ASTRIATUM

Contralateral to 6-OHDA NE DA DOPAC 5-HT 5-HIAA

Desipramine-treated 33±7 10185±639 2663±463 590±141 338±45
Vehicle-treated 13±4⁎ 12605±551 4879±914 890±177 430±53

Ipsilateral to 6-OHDA
Desipramine-treated 30±10 18±10+ 31±11+ 763±217 204±11
Vehicle-treated 10±3⁎ 14±10+ 138±47+ 852±231 174±28+

Naïve Control 36±3 14715±632# 3160±307 508±59 557±55#

B. HIPPOCAMPUS

Contralateral to 6-OHDA NE DA DOPAC 5-HT 5-HIAA

Desipramine-treated 733±307 N/D 182±67 812±91 300±85
Vehicle-treated 88±23⁎ N/D 120±36 860±319 163±68

Ipsilateral to 6-OHDA
Desipramine-treated 703±212 N/D 50±19+ 583±43 311±90
Vehicle-treated 125±35⁎ N/D 56±11+ 330±184 248±92

⁎ pb0.05 vs. Desipramine-treated.
+ pb0.05 vs. Contralateral side.
# pb0.05 vs. Desipramine-treated Contralateral side.
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NE) on striatal DA, DOPAC and NE (F1,31=10.29, pb0.003, F1,31=7.35,
pb0.011, F1,31=4.36, pb0.045, respectively). Post-hoc tests revealed
more overall DA and DOPAC loss in DA-lesioned rats while conversely,
DA+NE lesions produced a 64% reduction in striatal NE content (all
pb0.05). Finally, a significant Side×Lesion interaction was found upon
analysis of DA (F1,31=7.40, pb0.01) which indicated DA depletion was
more pronounced on the side ipsilateral to DA+NE lesion (pb0.05). In
the hippocampus, a region that receives direct innervation from the LC
via the MFB (Arvin et al., 1992), main effects of Side (Intact vs. Lesion)
were observed for DOPAC only (F1,31=6.94, pb0.02) and post hoc anal-
ysis revealed a significant reduction in DOPAC ipsilateral to the lesion
(pb0.05). Importantly, a main effect of lesion (DA vs. DA+NE) was
also observed for hippocampal NE (F1,31=12.08, pb0.002). Post hoc
analysis revealed that hippocampal NE was reduced bilaterally (86%) in
DA+NE lesioned rats compared to DA lesioned rats alone (pb0.05). Col-
lectively, bilateral forebrainNE loss suggested that ascending LC efferents
affected by unilateral MFB 6-OHDA decussate. As a final control measure
to determine whether desipramine protected against 6-OHDA-induced
NE loss, monoamine levels from naïve control rats were compared to
levels in the contralateral striata of DA-lesioned rats. T-tests revealed
no differences in NE, DOPAC or 5-HT (ns) however, striatal DA content
in the contralateral striata of DA-lesioned rats was ~30% lower, perhaps
reflecting lesion procedure-induced DA compromise (Table 1; both
pb0.05).
Fig. 1. Development of ALO AIMs and rotations during L-DOPA priming in DA (n=7)
and DA+NE (n=12) lesioned rats. Rats were primed with 12 mg/kg L-DOPA+
15 mg/kg benserazide for 7 consecutive days and ALO AIMs and rotations were scored
for 1 min every 10 min for 3 h on days 1, 4, and 7. Differences in ALO AIMs between DA
and DA+NE rats were analyzed on each day using nonparametric Mann Whitney U-
test whereas a 2 (Lesion)×3 (Day) ANOVA was used to determine potential differences
in rotations. DA+NE-lesioned rats showed fewer ALO AIMs on day 1 (A) and less rota-
tions on days 1, 4, and 7 (B). ⁎Pb0.05 vs. DA+NE Lesion on same day of testing. Data
presented as median ALO AIMs±M.A.D or Rotations±S.E.M.
3.2. Experiment 1

3.2.1. NE lesions delay the development of ALO AIMS and rotations
DA- (n=7) and DA+NE- (n=12) lesioned rats were primed for

7 days with 12 mg/kg L-DOPA+15 mg/kg Benserazide and ALO AIMs
and rotations were recorded on days 1, 4, and 7. As demonstrated in
Fig. 1A, DA+NE-lesioned rats were less dyskinetic than DA-lesioned
rats on day 1 of L-DOPA-priming (U=67.5, pb0.05). However, this
difference in ALO AIMs was gone on days 4 and 7 (U=130 and
142.5, ns) and all rats met the inclusion criterion of ALO AIMs N30
by day 7 and were therefore subject to further study. Analyses of ro-
tations indicated main effects of Lesion (F1,35=32.14, pb0.001) and
Day (F2,70=16.64, pb0.001) as well as a significant Lesion x Day in-
teraction (F2,70=10.1, pb0.001; Fig. 1B) with post hoc analyses re-
vealing that DA+NE-lesioned rats rotated significantly less than
DA-lesioned rats on each successive day of L-DOPA priming (pb0.05).
3.2.2. NE lesions blunt the expression of L-DOPA-induced ALO AIMs and
rotations

L-DOPA-primed DA- (n=13) and DA+NE- (n=9) lesioned rats
were tested for ALO AIMs and rotations following 2, 3, 4, 6 or 12 mg/kg



Fig. 2. Expression of ALOAIMs and rotations following 2, 3, 4, 6, and 12 mg/kg+15mg/kg
benserazide of L-DOPA in L-DOPA-primedDA (n=13) andDA+NE (n=9) lesioned rats.
ALO AIMs and rotations were measured for 1 min every 20 min for 2 h. Nonparametric
Mann Whitney U-tests were used to analyze potential differences in ALO AIMs between
DA and DA+NE-lesioned rats for each dose of L-DOPA. Differences in rotations were an-
alyzed using a 2 (Lesion)×5 (L-DOPA dose) ANOVA. DA+NE-lesioned rats showed atten-
uated ALO AIMs following 2, 3, 4 and 6 mg/kg L-DOPA (A) and fewer rotations with each
dose of L-DOPA (B). ⁎Pb0.05 vs. DA+NE Lesion at same dose of L-DOPA. Data presented
as median ALO AIMs±M.A.D or Rotations±S.E.M.

Fig. 3. Forepaw adjusting steps test (FAS) in L-DOPA-primed DA (n=10) and DA+NE
(n=9) lesioned rats. Both lesion groups received either Vehicle or L-DOPA (4 mg/kg+
Bensarazide 15 mg/kg) 60 min prior to the FAS test in a counterbalanced design. Bars
show the effects of treatments on FAS performance expressed as mean percentages
of intact forepaw adjusting steps±S.E.M. Effects were analyzed by a 2 (Lesion)×2
(Treatment) ANOVA. In both Lesion groups, L-DOPA improved stepping vs. Vehicle.
⁎Pb0.05 vs Vehicle.
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of L-DOPA in a counterbalanced within subjects design. Mann Whitney
tests revealed reduced ALO AIMs at 2, 3, 4 and 6 mg/kg L-DOPA in DA+
NE-lesioned rats (Ub77, pb0.05 for all; Fig. 2A). L-DOPA-induced rota-
tions as shown in Fig. 2B were also significantly modified by Lesion
(F1,31=31.61, pb0.001) and Dose (F4,124=48.97, pb0.001). In addition,
a significant Lesion×Dose interaction (F4,124=8.16, pb0.001) and subse-
quent post hoc analyses revealed that DA+NE-lesioned rats rotated less
at each dose of L-DOPA (all pb0.05).

3.2.3. L-DOPA efficacy is not altered by NE lesions
L-DOPA-primed DA- (n=10) and DA+NE- (n=9) lesioned rats

were tested for L-DOPA efficacy 60 min after 4 mg/kg of L-DOPA. A 2-fac-
tor ANOVA revealed only a main effect of Treatment (F1,31=13.64,
pb0.001). As shown in Fig. 3, subsequent post hoc analyses revealed
that L-DOPA treatment improved stepping in both DA or DA+NE le-
sioned rats (both pb0.05).

3.3. Experiment 2

3.3.1. The β-adrenergic receptor antagonist PRO reduces AIMs in DA- and
DA+NE-lesioned rats

3.3.1.1. DA-lesioned rats. L-DOPA-primed DA-lesioned rats were pre-
treated with PRO (0, 5 or 20 mg/kg) 10 min before L-DOPA (4 and
12 mg/kg) to determine the effects of β-adrenergic receptor blockade
on ALO AIMs and rotations. Significant treatment effects were ob-
served for ALO AIMs over the entire 3 h period (χ2=10.9, Pb0.05;
Fig. 4A, Inset). Further time analysis found significant effects at 20–
40, and 70 min after 12 mg/kg of L-DOPA (χ2=6.0, 11.0, 6.8, and
6.4, respectively, all pb0.05; Fig. 4A). Post hoc analyses revealed
that 20 mg/kg PRO (at 20, 30, 40 and 70 min) reduced ALO AIMs com-
pared to VEH pretreatment while over the testing period, 20 mg/kg
PRO reduced ALO AIMs compared to both Vehicle and 5 mg/kg PRO
(both Pb0.05). As seen in Fig. 4B (Inset), significant treatment effects
were also demonstrated for ALO AIMs when rats received 4 mg/kg L-
DOPA (χ2=10.9, Pb0.05). Further analyses over time demonstrated
widespread effects (20–150 min, not 130 min; all χ2N6.0; all
Pb0.05). Post hoc analyses revealed dose-dependent effects of PRO
with higher doses providing greater anti-dyskinetic efficacy.

3.3.1.2. DA+NE-lesioned rats. Using the same doses and procedure as
described above, ALO AIMs were also examined in DA+NE-lesioned
rats. Significant treatment-related effects of PRO were found upon analy-
sis of ALO AIMs in rats administered 12 mg/kg L-DOPA overall (χ2=7.8,
Pb0.05; Fig. 4C, Inset) and at the 10–60 and 120 min time points
(χ2N6.0; all pb0.05; Fig. 4C). Overall, post hocs demonstrated that
20 mg/kg PRO reduced AIMs vs. both Vehicle and 5 mg/kg PRO (both
Pb0.05). According to post hoc analyses of time effects (all Pb0.05),
20 mg/kg PRO reduced ALO AIMs compared to Vehicle (10–40 min) and
5 mg/kg PRO (40–60 min). At 120 min, the high dose of PRO exacerbated
dyskinesia. In DA+NE-lesioned rats receiving 4mg/kg L-DOPA, overall
main effects of treatment (χ2=7.8, Pb0.05 Fig. 4D, Inset) were also
shown as well as specific time effects at the 60 and 70 min time points
(χ2=7.3, 6.6, respectively, both Pb0.05; Fig. 4D). Post hocs revealed
anti-dyskinetic effects of high doses of PRO (all Pb0.05).

3.3.2. The α2-adrenergic receptor antagonist IDZ reduces AIMs in both
DA- and DA+NE-lesioned rats

3.3.2.1. DA-lesioned rats. L-DOPA-primed DA-lesioned rats were pre-
treated with IDZ (0, 2.5, and 10 mg/kg) 10 min before receiving L-
DOPA (4 and 12 mg/kg) to determine the effects of α2-adrenergic re-
ceptor blockade on ALO AIMs. As seen in Fig. 5A (Inset), significant
overall treatment effects were observed on ALO AIMs in rats receiving
12 mg/kg L-DOPA (χ2N10.0; all Pb0.05; Fig. 5A). Analyses of distinct
time points revealed significant effects at 30–50, 80, 100, 110 and
140 min (All χ2N6.0; all Pb0.05). Of note, post hoc analysis indicated
that ALO AIMs were reduced in rats receiving 10 mg/kg IDZ (at 30, 40,
50, 80, 100, 110, and 140 min) compared to rats treated with Vehicle.
While no significant IDZ treatment-induced changes where observed
when ALO AIMs were summed over 3 h, significant effects were seen
at individual time points (50–100 and 130–180 min) after 4 mg/kg of
L-DOPA (χ2N6.1; all Pb0.05; Fig. 5B) with post hoc analyses
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Fig. 4. ALO AIMs in rats pretreated with 0, 5, and 20 mg/kg propranolol (PRO) in L-DOPA-primed DA (n=10) and DA+NE (n=9) lesioned rats prior to 4 and 12 mg/kg L-DOPA.
Nonparametric Friedman ANOVAs were used to analyze potential treatment differences in ALO AIMs at each time point (10–180 min). In the DA lesion group, pretreatment with
20 mg/kg PRO reduced ALO AIMs at 20–40 and 70 min following 12 mg/kg L-DOPA (A). Following 4 mg/kg L-DOPA, 20 mg/kg of PRO attenuated ALO AIMs from 20 to 120 min and
140 to 150 min, while 10 mg/kg conveyed anti-dyskinetic effected from 40 to 110 min and at 150. PRO 5 and 20 mg/kg differed from 60 to 110 min (B). In the DA+NE lesion group,
20 mg/kg PRO dose-dependently reduced ALO AIMs 10–40 and at 120 min following 12 mg/kg L-DOPA (C), while reduced ALO AIMs were observed following 20 mg/kg PRO and
4 mg/kg L-DOPA only at 60 and 70 min time points (D). ⁎Pb0.05 for Vehicle vs. PRO-5, +Pb0.05 for Vehicle vs. PRO-20 and #Pb0.05 for PRO-5 vs. PRO-20. All significant differences
were between groups at the same time point (line graphs) or total time (insets). Data presented as median ALO AIMs±M.A.D.
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demonstrating that ALO AIMs were reduced in rats receiving
10 mg/kg IDZ compared to Vehicle at 50–100 min time points
(Pb0.05). Interestingly from 130 to 180 min, ALO AIMs were higher
in rats receiving IDZ treatment (all Pb0.05).

3.3.2.2. DA+NE-lesioned rats. The impact of IDZ on ALO AIMs was also
examined in DA+NE-lesioned rats. A significant reduction in ALO
AIMs were observed in rats receiving 12 mg/kg L-DOPA overall
(χ2N6.1; all Pb0.05; Fig. 5C, Inset), and at the 40, 80, and 110 min
time points (χ2=6.2, 10.9, and 7.6 respectively; all Pb0.05;
Fig. 5C). Post hoc analyses revealed that overall both 2.5 and
10 mg/kg IDZ reduced rat ALO AIMs compared to Vehicle, but that
at individual time points only 10 mg/kg IDZ effectively reduced LID
(40, 80, and 110 min; all pb0.05). No significant changes in ALO
AIMs were observed in DA+NE rats receiving 4 mg/kg L-DOPA
(Fig. 5D).

4. Discussion

In the current series of studies, we sought to clarify the contribu-
tion of the NE system to the development and expression of LID and
determine how moderate NE loss affects the therapeutic benefits of
NE antagonists in an animal model of LID. In order to modify NE,
rats received unilateral MFB 6-OHDA lesions with or without the NE
reuptake inhibitor desipramine. HPLC analysis demonstrated that
striatal NE content in rats receiving desipramine did not differ from
naïve control NE levels. However, subjects not protected with desip-
ramine displayed 66% and 82% reductions in striatal and hippocampal
NE ipsilateral to the lesion, a range of loss comparable to what has
been reported in the human literature (Zarow et al., 2003). Interest-
ingly, these rats also displayed reduced NE within the contralateral
striatum and hippocampus, supporting evidence that LC efferents to
these regions decussate at ascending commissural points (Jones and
Moore, 1977; Kitt and Brauth, 1986; Lindvall and Bjorklund, 1974;
McBride and Sutin, 1976).

With this model, we first examined whether an impaired NE sys-
tem would modulate the development and/or expression of AIMs
and rotations since current work on this topic has been contradictory
(Fulceri et al., 2007; Perez et al., 2009). In the current study, all rats
developed maximal AIMs by day 7 of L-DOPA priming; however,
peak AIMs were slightly delayed in rats with a combined DA+NE le-
sion. In addition, fully primed DA+NE-lesioned rats displayed fewer
AIMs when treated with low to moderate doses of L-DOPA (2–
6 mg/kg). These findings corroborate the attenuated locomotor stim-
ulating effects of L-DOPA in MPTP-treated mice with NE lesions (Nishi
et al., 1991), but oppose previous work. For example, Fulceri et al.
(2007) demonstrated accelerated AIMs onset and severity in DA+
NE-lesioned Wistar rats administered 10 mg/kg L-DOPA daily for
22 days. The reasons for such opposing results are not clear, however,
strain and methodological differences likely contribute. For example,
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Fig. 5. ALO AIMs in L-DOPA-primed DA- (n=5) and DA+NE- (n=6) lesioned rats pretreated with 0, 2.5 and 10 mg/kg Idazoxan (IDZ) prior to 4 and 12 mg/kg L-DOPA. Nonpara-
metric Friedman ANOVA was used to analyze treatment differences in ALO AIMs at each time point (10–180 min). A dose-dependent reduction in ALO AIMs was observed 30, 50,
80, 100, 110 and 140 min following 12 mg/kg L-DOPA in DA-lesioned rats (A). After 4 mg/kg L-DOPA, the DA lesion group showed an early IDZ-10-induced reduction in ALO AIM
from 50 to 100 min followed by an increase in AIMs that was observed from 140 180 min. In addition IDZ-2.5 pretreatment worsened late AIMs at 130 and 160 min time points (B).
In DA+NE lesioned rats, the high dose of IDZ dose-dependently reduced ALO AIMs at 40, 80 and 110 min following 12 mg/kg L-DOPA (C). No IDZ-induced treatment changes in
ALO AIMs were observed following 4 mg/kg L-DOPA (D). ⁎Pb0.05 for Vehicle vs. PRO-5, +Pb0.05 for Vehicle vs. PRO-20 and #Pb0.05 for PRO-5 vs. PRO-20. All significant differ-
ences were between groups at the same time point (line graphs) or total time (insets). Data presented as median ALO AIMs±M.A.D.
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Wistar rats display NE hyperplasticity when subjected to stressful
stimuli (Tejani-Butt et al., 1994) that may make them more suscepti-
ble to NE lesions than Sprague Dawley rats. Furthermore, differences
in striatal NE depletion between the present study (64%) compared to
Fulceri et al. (2007; 85%) may have further contributed to the ob-
served differences. In addition, the most pronounced effects in the
present study were seen in the L-DOPA dose response study, where
a dynamic range of L-DOPA was employed for tests of AIMs expres-
sion. Such an approach may be necessary to observe discrete lesion-
induced differences. Finally, HPLC data suggest that like NE loss, DA
depletion between the present study and Fulceri et al. (2007) were
dissimilar (N95% vs. ~80%, respectively). It is also noteworthy Perez
et al. (2009), who found no effects of NE lesion on AIMs, employed
the NE neurotoxin (N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine
(DSP-4). DSP-4 is a potent but transient NE neurotoxin (Hughes and
Stanford, 1998; Szot et al., 2010) and while some evidence of LC cell
loss was demonstrated it was not clear what level of NE depletion
was achieved. Collectively these findings suggest that the extent of
DA and NE loss likely contributes to LID trajectory.

Interestingly, rotations, a conventional proxy of LID (Cenci et al.,
2002), were markedly reduced in DA+NE-lesioned rats (compared
to DA lesion rats) and did not appear to change during the develop-
ment of AIMs. Furthermore, only a high dose of L-DOPA (12 mg/kg)
elicited increased rotations. Thus, in an animal model more akin to
PD (i.e., depleted DA+NE), rotations appear to dissociate from LID.
The fact that PD patients also display NE cell loss but animal models
of dyskinesia often do not speaks more to the validity, or lack thereof,
of the widely used animal models of dyskinesia when NE cells are
protected. In fact, based on our data, we would suggest that L-
DOPA-induced rotations better align with the status of the NE system
in the DA-depleted brain.

In order to determine whether moderate NE loss also altered L-
DOPA efficacy, L-DOPA-primed DA and DA+NE-lesioned rats were
subject to the FAS test which is sensitive to both lesion induced defi-
cits and their reversal by L-DOPA (Chang et al., 1999; Eskow et al.,
2007). Interestingly, both lesion groups demonstrated stepping defi-
cits that were similarly improved by an acute low dose of L-DOPA
(4 mg/kg). These findings indicate that moderate NE loss may not sig-
nificantly impact the anti-parkinsonian effects of L-DOPA, but when
combined with other work (Nishi et al., 1991; Srinivasan and
Schmidt, 2003; Rommelfanger et al., 2007), may suggest a critical
threshold where NE loss attenuates L-DOPA efficacy.

Our next goal was to determine whether the anti-dyskinetic po-
tential of the pan β-adrenergic receptor antagonist PRO and the α2-
adrenergic receptor antagonist IDZ were differentially affected by
NE loss. Both PRO and IDZ were effective in alleviating the expression
of AIMs in DA-lesioned rats, consistent with previous experimental
studies (Gomez-Mancilla and Bedard, 1993; Henry et al., 1999; Savola
et al., 2003; Dekundy et al., 2007; Buck et al., 2010; Lindenbach et al.,
2011). Generally, both adrenergic receptor antagonists also conveyed
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anti-dyskinetic effects in DA+NE-lesioned rats. There were however,
some subtle differences in the magnitude of attenuation. For example,
at the lower dose of L-DOPA, PRO reduced AIMs to a greater extent in
DA-lesioned rats summing ALO AIMs over the course of 3 h (Fig. 4 C–
D; inset) although, a floor effect in AIMs induction in DA+NE-le-
sioned rats was likely. In regards to IDZ, AIMs summed over 3 h
looked virtually identical in both DA- and DA+NE-lesioned rats at
the higher L-DOPA (Fig. 5 A, C; inset), while IDZ co-administered
with a 4 mg/kg L-DOPA exacerbated AIMs in the DA-lesioned group.
Whether or not these subtle differences would be clinically relevant
is unknown; but these data suggest that NE and/or DA loss may
alter the expression/activity of adrenergic receptors and their ability
to modulate subsequent behavior. For example, β1 and β2 adrenergic
receptors are found in high concentrations in basal ganglia (Nicholas
et al., 1993; Rainbow et al., 1984; Waeber et al., 1991) and may upre-
gulate following SNc and/or LC lesions (Johnson et al., 1989; Lorton et
al., 1988). The putative pro-dyskinetic effects of IDZ in DA-lesioned
rats may relate to preferential antagonism at presynaptic LC autore-
ceptors (NE) or SNc heteroreceptors (DA), thereby increasing NE,
DA or both (Gobert et al., 2004; Yavich et al., 1997). These empirical
questions may have important consequences regarding the most ap-
propriate adrenergic LID treatment.

Themechanism(s) by which NE lesion, PRO and IDZ reduce LID are
unknown, although the NE transporter and/or receptor(s) may be in-
strumental. For example, it has recently been reported that L-DOPA
can be taken up by the NE transporter (Arai et al., 2008) where it
may then be converted to DA, released, and ultimately contributes
to pulsatile extracellular levels of DA believed to underlie LID (Cenci
and Lindgren, 2007). Therefore LC loss may remove the influence of
NE terminal release of L-DOPA-derived DA leading to reduced LID
(Lategan et al., 1990, 1992). However, this does not explain the effects
of IDZ on AIMs. Because most α2-adrenergic receptors are thought to
be inhibitory autoreceptors or heteroreceptors modulating NE or DA
respectively (Yavich et al., 1997; Gobert et al., 2004), antagonists
would be more likely to increase DA release and exacerbate LID, an ef-
fect only seen with lower L-DOPA doses. Moreover, Buck and Ferger
(2009) recently demonstrated that IDZ (at 9 mg/kg) reduced L-
DOPA-induced striatal DA and associated AIMs. Given that IDZ effects
may differ across lesion groups and doses, it seems as thoughmultiple
mechanisms may be contributing. More recently it has been sug-
gested that post-synaptic striatal β1- and α2-adrenergic receptors
may actually mediate striatal plasticity associated with PD and LID
(Hara et al., 2010; Holmberg et al., 1999; Meitzen et al., 2011). A sec-
ond possibility lies in the affinity of NE and adrenergic antagonists for
DA receptors. There is ample evidence that NE has affinity for DA re-
ceptors (Lanau et al., 1997; Luscombe et al., 1979; Newman-Tancredi
et al., 1997). However, how these affinities change following DA de-
nervation and subsequent LID remain unexplored. Some indirect evi-
dence might be gleaned from Buck and Ferger (2009) who show that
NE alone, when infused via microdialysis probe into the striatum, po-
tently induced AIMs. These surprising data indicate that striatal DA
receptors may become more sensitive to NE or like compounds fol-
lowing DA depletion. Future studies will be necessary to confirm
these hypotheses.

The repeated success of these NE compounds in alleviating LIDmakes
them strong candidates for human clinical trials. This is particularly true
since the drugs employed in the current work and prior preclinical and
clinical investigations either do not hinder, or may even improve L-
DOPA efficacy (Buck and Ferger, 2010; Carpentier et al., 1996; Henry et
al., 1999; Lindenbach et al., 2011) Currently, however, only the α2-ad-
renergic receptor antagonist fipamezole is in clinical trials for treatment
of LID (“Santhera licenses novel dyskinesia therapy to Biovail”, 2009). In-
terestingly, there is no indication that β-adrenergic receptor antagonists
are being considered for LID, though favorable outcomes with PRO have
beennoted in both experimental and clinical studies. Thismay, in part, be
due to potential cardiovascular complications (Prichard et al., 2001),
since PD patients are particularly susceptible to orthostatic hypotension
(Oka et al., 2007). However, in a small study lasting approximately
6 weeks, Carpentier et al. (1996) foundno adverse cardiovascular side ef-
fects, warranting a more long-term investigation. Furthermore, identify-
ing the contribution of specific β-adrenergic receptors might ultimately
yield a better mechanistic target with fewer, if any, adverse cardiovascu-
lar effects.

In summary, it is important to consider the importance of protect-
ing, or not protecting, NE neurons in animal models of PD and LID. Ac-
cumulating experimental and clinical evidence indicates that NE
neuron integrity modulates SNc DA degeneration (Bing et al., 1994;
Fornai et al., 1995; Marien et al., 1993; Mavridis et al., 1991). Like-
wise, our current findings demonstrate that the status of the NE sys-
tem also plays in integral role in the development, expression and
treatment of LID, supporting the continued investigation of adrener-
gic compounds for the improved treatment of PD.
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