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Summary
Convergent evidence suggests that serotonin 5-HT1A receptor (5-HT1AR) agonists reduce L-DOPA-
induced dyskinesia by auto-regulating aberrant release of L-DOPA-derived dopamine (DA) from
raphestriatal neurons. However, recent findings indicate that 5-HT1AR stimulation also modifies D1
receptor (D1R)-mediated dyskinesia and rotations implicating a previously unexplored extra-raphe
mechanism. In order to characterize the contribution of the striatum to these effects, rats with medial
forebrain bundle DA lesions were tested for abnormal involuntary movements (AIMs) and rotations
following striatal microinfusions of the 5-HT1AR agonist ±8-OH-DPAT and systemic D1R agonist
treatment with SKF81297. Additional rats with multi-site striatal DA lesions were tested for motor
disability following systemic or intrastriatal ±8-OH-DPAT with or without systemic SKF81297. In
rats with medial forebrain bundle lesions, striatal infusions of ±8-OH-DPAT dose-dependently
reduced AIMs while conversely increasing rotations. In rats with striatal lesions, ±8-OH-DPAT
alone, both systemic and intrastriatal administration, optimally reversed motor disability.
Collectively, these results support an important functional interaction between 5-HT1AR and D1R
in the striatum with implications for the improved treatment of Parkinson’s disease.
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Introduction
Chronic dopamine (DA) replacement therapy with L-3,4-dihydroxyphenylalanine (L-DOPA)
for Parkinson’s disease (PD) patients often results in abnormal and excessive movements
known as L-DOPA-induced dyskinesia (LID; Jankovic, 2005). Evidence suggests that LID is
in large part due to aberrant, extra-physiological stimulation of supersensitive striatal D1 (D1R)
and D2 (D2R) receptors following DA depletion (Pavese et al., 2006; Cenci, 2007; Westin et
al., 2007). Striatal D1R appear to be particularly important given their expression and signaling
are markedly increased in dyskinetic animals and humans (Cenci et al., 1998; Gerfen et al.,
2002; Aubert et al., 2005; Guigoni et al. 2007), and D1R agonists stimulate dyskinesia in both
experimental and clinical populations (Rascol et al., 2001; Delfino et al., 2007; Dupre et al.,
2007).
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Following DA depletion, serotonergic neurons of the raphe nuclei are thought to actively
convert exogenously administered L-DOPA into DA and release it into the striatum in an
unregulated fashion (Tanaka et al., 1999; Maeda et al., 2003; Carta et al., 2007). The ability of
serotonin 1A receptor (5-HT1AR) agonists to reduce LID in animal models (Lundblad et al.,
2005; Tomiyama et al., 2005; Ba et al., 2006; Dekundy et al., 2007; Eskow et al., 2007) and
human PD patients (Kannari et al., 2002; Bara-Jimenez et al., 2005) has been predominantly
attributed to stimulation of 5-HT1A inhibitory autoreceptors within the raphe nuclei, which
may normalize the amount of DA delivered to the striatum (Bibbiani et al., 2001; Carta et al.,
2007; Eskow et al., 2007). However, several studies suggest that extra-raphe mechanisms also
play a role in diminishing LID, including populations of 5-HT1AR within forebrain regions
like the motor cortex and striatum (Santiago et al., 1998; Mignon & Wolf, 2005). For example,
striatal 5-HT1AR binding increases following chronic 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treatment in primates (Frechilla et al., 2001), and 5-HT1AR
agonists can enhance rotational activity (Matsubara et al., 2006) and alleviate dyskinesia
(Iravani et al., 2006) induced by direct DA receptor agonists. Our lab recently demonstrated
that systemic 5-HT1AR agonist administration reduced dyskinesia induced by D1R stimulation
while dramatically enhancing contralateral rotations in DA-depleted rats (Dupre et al., 2007),
implicating a more direct interaction between 5-HT1AR and D1R within the striatum.

The aim of the current study, therefore, was to determine the effects of striatal 5-HT1AR
stimulation on D1R-mediated behaviors in hemiparkinsonian rats. Using microinfusion
techniques, the full 5-HT1AR agonist (±)-8-Hydroxy-2-(dipropylamino)tetralin hydrobromide
(±8-OH-DPAT) was administered into the striatum prior to systemic injection of the D1R
agonist SKF81297. Dyskinesia was measured using the abnormal involuntary movements
(AIMs) scale (Lundblad et al., 2002) and contralateral rotations were tallied. Motor
performance was rated in a separate group of animals using the forepaw adjusting steps (FAS)
test (Chang et al., 1999). The present results indicate that striatal 5-HT1AR stimulation reduces
D1R-mediated dyskinesia while enhancing rotations, and improves motor performance in DA-
depleted rats. These novel findings confirm an important interaction between striatal 5-
HT1AR and D1R with significant implications for the treatment of PD and LID.

Methods
Animals

Adult male Sprague-Dawley rats were used (225–250 g upon arrival; Taconic Farms, Hudson,
NY, USA). Rats were kept in plastic cages (22 cm high, 45 cm deep and 23 cm wide) and given
free access to food (Rodent Diet 5001; Lab Diet, Brentwood, MO, USA) and water. The colony
room was kept on a 12 hr light/dark cycle (light on at 0700 hr) and maintained at 22–23°C.
The guidelines of the Institutional 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 1996; NIH publication number 85–23, revised 1996) were
maintained throughout the study.

Experiment 1: Striatal 5-HT1AR stimulation on D1R-mediated dyskinesia and rotations
Medial forebrain bundle 6-hydroxydopamine lesion and cannulae implantation
surgeries—The first study sought to determine the effects of striatal 5-HT1AR stimulation
on D1R agonist-induced dyskinesia and contralateral rotations. In order to mimic more severe
DA depletion typical of late-stage PD, medial forebrain bundle (MFB) DA lesions were
utilized.

One week after arrival, rats (n=40) in this experiment received unilateral DA lesions of the left
MFB. Each rat was administered desipramine HCl (25 mg/kg, ip; Sigma, St. Louis, MO, USA)
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30 minutes prior to surgery in order to protect norepinephrine (NE) neurons. Rats were
anesthetized with inhalant isoflurane (2–3%; Sigma) in oxygen (2.5 L/min) and placed in a
stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). The following
coordinates relative to bregma were used for the site of injection: AP, −1.8 mm; ML, +2.0 mm;
DV, −8.6 mm, with the incisor bar positioned at 5.0 mm below interaural line (Paxinos &
Watson, 1998). After drilling a small hole in the skull above the site of injection, a 10 μl
Hamilton syringe attached to a 26 gauge needle was lowered into the target. At that point, 4
μl of 6-hydroxydopamine hydrobromide (6-OHDA; 3 μg/μl; Sigma), dissolved in 0.9% sodium
chloride (NaCl) + 0.1% ascorbic acid, was injected at a rate of 2 μl/min. The needle was
withdrawn 5 min later. During the same surgery, rats were chronically implanted with bilateral
chronic 22 gauge intracranial guide cannulae (C313G/SPC; Plastics One, Roanoke, VA).
Bilateral cannulation was chosen in order to control for any differences between the two
cerebral hemispheres, including variables pertaining to surgery, injection, damage, and
pharmacology. With the incisor bar located 5.0 mm below the interaural line, cannulae were
positioned above the dorsal striatum using the coordinates: AP, +0.4 mm; ML, ±2.9 mm; DV,
−3.6 mm, relative to bregma (Paxinos & Watson, 1998). Cannulae were fixed in place using
liquid and powder dental acrylic (Lang Dental, Wheeling, IL). At the completion of surgery,
guide cannulae were fitted with 28 gauge inner stylets (Plastics One) to maintain patency.
Animals were single housed, placed in clean cages and allowed to recover with ad lib food and
water. Five min pre-surgery and 1 hr and 1 day post-surgery, rats received an injection of
Buprenex (buprenorphine HCl; 0.03 mg/kg, ip; Reckitt Benckiser Pharmaceuticals Inc.,
Richmond, VA) as analgesic treatment. Fruit was also provided and rats were monitored and
handled twice per week for 3 weeks post-surgery in order to ensure full recovery and
acclimation to experimenters. During each handling time, rats were loosely towel-wrapped and
dummy cannulae were removed for 5 min to allow for habituation to the microinjection
procedure.

Pharmacological treatments—Three weeks after 6-OHDA lesions of the MFB and
bilateral striatal cannulations, rats in the first experiment received injections of the D1R agonist
R(+)-SKF-81297 hydrobromide (SKF81297; 0.8 mg/kg, sc; Sigma), dissolved in 20%
dimethyl sulfoxide (DMSO) in 0.9% NaCl, on 3 separate occasions 2–3 days apart in order to
sensitize D1R (Pollack & Yates, 1999; Dupre et al., 2007). Contralateral rotations and AIMs
were observed immediately after injections. Rats displaying an axial, limb, and orolingual
AIMs (ALO AIMs; see description below) score of ≥10 by the 3rd day of D1R priming were
retained for further study (n=36), which corresponded with at least 95% DA depletion upon
HPLC analysis of striatal tissue samples.

The pharmacological treatment regimen commenced 2 days after the last day of SKF81297
priming, and test days were separated by a period of 2–3 days. Using a randomized between-
subjects design, rats were assigned to equally dyskinetic groups and received 1 of 6 intrastriatal
pretreatments bilaterally: Vehicle (0.9% NaCl), various doses of the full 5-HT1AR agonist ±8-
OH-DPAT (5, 10, or 15 μg; Sigma), the 5-HT1AR antagonist N-[2-[4-(2-Methoxyphenyl)-1-
piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide maleate salt (WAY100635; 5 μg;
Sigma), or combined ±8-OH-DPAT (15 μg) + WAY100635 (5 μg). Preliminary test infusions
with cresyl violet dye in a separate set of rats ensured the placement and volume of the infusion
were appropriate. During infusion, rats were lightly restrained with a towel and 16 mm 30
gauge injectors (Plastics One) were slowly lowered to extend 1 mm past the end of the guide
cannulae. Once injectors were in place, drugs were infused at a rate of 0.5 μl/min for a total of
2.0 μl by a microinfusion pump (Harvard Apparatus, Boston, MA) that held two-10 μl Hamilton
syringes attached to plastic tubing (PE20 Tygon tubing; Plastics One) and the injectors.
Following infusions, injectors remained in place for 4 additional min. In order to limit damage
at the target site, infusions were limited to 3 per animal. Five min following intrastriatal
injections, rats received systemic injections of: Vehicle (20% DMSO, 0.9% NaCl, sc) or
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SKF81297 (0.8 mg/kg, sc; Dupre et al., 2007), after which rats were monitored for AIMs and
rotations. Three days after completion of all pharmacological testing (approximately 3 weeks
after the first day of priming), rats received systemic injections of SKF81297 (0.8 mg/kg, sc)
as a post-test in order to ensure stable responses of AIMs and rotational behaviors.

Experiment 2: Systemic 5-HT1AR stimulation on motor performance
Striatal 6-OHDA lesion surgeries—In order to examine the effects of 5-HT1AR
stimulation on motor performance, more moderate striatal 6-OHDA lesions were used in the
last 2 experiments. This type of lesion mimics early to moderate-stage PD and induces motor
impairment in the FAS test (see description below), while limiting the possibility of dyskinesia
development and expression that may confound results on the FAS test.

One week after arriving, rats (n=17) in the second experiment received unilateral, multi-site
6-OHDA lesions of the left striata. Each rat was administered desipramine HCl (25 mg/kg, ip)
30 min prior to surgery in order to protect NE neurons. Rats were anesthetized with inhalant
isoflurane (2–3%) in oxygen (2.5 L/min) and placed in a stereotaxic apparatus. The following
coordinates relative to bregma were obtained from Kirik et al. (1998) and used for four-site
DA terminal lesions: 1st site: AP, +1.3 mm; ML, +2.6 mm; DV, -5.0 mm; 2nd site: AP, +0.4
mm; ML, +3.0 mm; DV, −5.0 mm; 3rd site: AP, −0.4 mm; ML, +4.2 mm; DV, −5.0 mm; 4th

site: AP, −1.3 mm; ML, +4.5 mm; DV, −5.0 mm, with the incisor bar positioned at 5.0 mm
below interaural line (Paxinos & Watson, 1998). After drilling a small hole in the skull above
the site of injection, a 10 μl Hamilton syringe attached to a 26 gauge needle was lowered into
the target. At that point, 2 μl of 6-OHDA (8 μg), dissolved in 0.9% NaCl + 0.1% ascorbic acid,
was injected at a rate of 1 μl/min. The needle was withdrawn 2 min later, and the preceding
steps were repeated for each striatal site. At completion, stainless steel wound clips were used
to close the surgical site. Animals were placed in clean cages and allowed to recover with ad
lib food and water. As analgesic treatment, 5 min pre-surgery and 1 hr and 1 day post-surgery,
rats received an injection of Buprenex (0.03 mg/kg, ip). Wound clips were removed 3–4 days
post-surgery. Fruit was also provided and rats were monitored and handled twice per week for
3 weeks to ensure full recovery and acclimation to experimental procedures.

Pharmacological treatments—Two weeks after intrastriatal 6-OHDA lesions,
SKF81297-naïve rats in the second experiment were trained and tested for lesion-induced
motor disability using the FAS. One week later the pharmacological treatment regimen began.
Using a randomized within-subjects design, rats (n=17) received pretreatments of: Vehicle or
±8-OH-DPAT (0.1 or 1.0 mg/kg, sc), followed 5 min later by injections of: Vehicle or
SKF81297 (0.8 mg/kg, sc). Based on previous D1R-mediated effects (Dupre et al., 2007), the
FAS test was completed for each rat 60 min after SKF81297 treatment, and test days were
separated by 2–3 days.

Experiment 3: Striatal 5-HT1AR stimulation on motor performance
Striatal 6-OHDA lesion and cannulae implantation surgeries—One week following
arrival, rats (n=15) in the third experiment received unilateral, multi-site 6-OHDA lesions of
the left striata as explained in the second experiment. During the same surgery, rats were
chronically implanted with bilateral chronic 22 gauge intracranial guide cannulae within the
striatum, using the same coordinates and procedure described in the first experiment. Animals
were then single housed in clean cages and allowed to recover with ad lib food and water. As
analgesic treatment, rats received an injection of Buprenex (0.03 mg/kg, ip) 5 min pre-surgery
and 1 hr and 1 day post-surgery. Fruit was also provided to facilitate recovery and animals
were handled twice per week until testing commenced.
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Pharmacological treatments—Two weeks after intrastriatal 6-OHDA lesions,
SKF81297-naïve rats in the third experiment were trained and tested for lesion-induced motor
disability using the FAS. One week later, using a randomized between-subjects design and the
same microinjection procedure described in the first experiment, rats (n=15) were subjected
to bilateral intrastriatal infusions of: Vehicle or ±8-OH-DPAT (15 μg), followed 5 min later
by treatment injections of: Vehicle or SKF81297 (0.8 mg/kg, sc). The FAS test was completed
for each rat 60 min after SKF81297 treatment and test days were separated by 2–3 days.

Behavioral analyses
Abnormal Involuntary Movements—Rats were monitored for AIMs using a procedure
similarly described in Dupre et al. (2007). The AIMs model of dyskinesia utilizes distinct
behavioral measures and demonstrates face validity with known anti-dyskinetic compounds
(Lundblad et al., 2002; Taylor et al., 2005; Dekundy et al., 2007). AIMs can also be maintained
over repeated testing by separating experimental days after initial priming (Bishop et al.,
2006; Taylor et al., 2006). On test days (0900–1400 hr), rats were individually placed in plastic
trays (60 × 75 cm) 5 min prior to pretreatments. Following SKF81297 injection, a trained
observer blind to treatment condition assessed each rat for exhibition of axial, limb, and
orolingual AIMs (inter-rater reliability=0.98). In addition, contralateral rotations, defined as
complete 360° turns away from the lesioned 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 lesion, were referred to as ‘axial’ AIMs. ‘Limb’
AIMs were defined as rapid, purposeless movements of the forelimb located on the side of the
body contralateral to the lesion. ‘Orolingual’ AIMs were composed of repetitive openings and
closings of the jaw and tongue protrusions. The movements were considered abnormal as they
occurred at times when the rats were not chewing or gnawing on food or other objects. Every
10th min for 2 hr, rats were observed for 2 consecutive min. Rats were rated for AIMs during
the 1st min and rotational behavior in the 2nd min. During the AIMs observation periods
(beginning 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110 and 120 min postinjection), a severity
score of 0–4 was assigned for each AIMs category: 0, not present; 1, present for <50% of the
observation period (i.e. 1–29 s); 2, present for >50% or more of the observation period (i.e.
30–59 s); 3, present for the entire observation period (i.e. 60 s) and interrupted by a loud
stimulus (a tap on the wire cage lid), or 4, present for the entire observation period but not
interrupted by a loud stimulus. Thus, the theoretical maximum score for each type of AIM was
48 (4 × 12 periods) although observed scores were never this severe. The scores of the 3 AIMs
subcategories (axial, limb, and orolingual; ALO AIMs) were summed (with a maximum
potential of 144) and rotations were tallied for the entire 2 hr period.

Forepaw adjusting steps—The FAS test (Olsson et al., 1995; Schallert et al., 2000) has
been extensively utilized as a measure of forelimb akinesia, demonstrating sensitivity to DA
loss and reversal of deficit by DA replacement therapy, stem cell transplantation, and surgical
intervention (Chang et al., 1999; Cho et al., 2006). Using a procedure similar to that described
in Eskow et al. (2007), the number of adjusting steps taken by the forelimb in order to
compensate for lateral movement were counted to determine the effects of lesion and drug
treatment on motor performance. Rats were moved laterally across a table at a steady rate of
90 cm/10 s. The rear part of the torso and the hindlimbs were lifted from the table and 1 forepaw
was held by the experimenter so as to bear weight on the other forepaw. Each stepping test
consisted of 6 trials for each forepaw, alternating between directions both forehand (defined
as compensating movement toward the body) and backhand (defined as compensating
movement away from the body) on the table. Data was derived by summing steps (forehand
and backhand) of the lesioned forelimb and dividing them by the sum of steps (forehand and
backhand) of the intact forelimb. This calculation yields a percentage of the intact side
indicating the degree of forepaw disability.
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Histology and Neurochemical Analyses
Tissue dissection and cryostat sectioning—When experiments were completed, rats
were sacrificed by decapitation and brains were immediately removed. To determine the level
of DA depletion, posterior striata from rats in the first and third studies and whole striata from
rats in the second study were freshly dissected, frozen at −80°C and later a subset of animals
for each study were subjected to monoamine analysis using high performance liquid
chromatography with electrochemical detection (HPLC-ED). Striata from rats in the first and
third studies were also examined for verification of striatal placements. To accomplish this,
during dissection anterior and central striata were removed and rapidly frozen in methylbutane
(−30°C) and stored at −20°C. Cresyl violet (FD Neurotechnologies, Baltimore, MD) staining
was used to determine injection sites and extent of gliosis from cryostat-generated 20 mm
coronal sections containing injection sites that were postfixed with 4% paraformaldehyde
(Fisher Scientific, Hanover Park, IL). Fig. 1A contains representative sections of left and right
striata portraying the target site for drug injection. A schematic representation of coronal brain
section identifying injection sites for all rats included in the microinfusion studies is shown in
Fig. 1B. All rats that completed these studies were found to have injector placements within
the dorsocentral or dorsolateral aspects of the striatum.

High-performance liquid chromatography—Reverse-phase high performance liquid
chromatography coupled to electrochemical detection (HPLC-EC) was performed on striatal
tissue, obtained from all rats, according to protocol of Kilpatrick et al. (1986), a method for
semiautomated catecholamine and indoleamine analysis with coulometric detection. The
system included an ESA autoinjector (Model 542; Chelmsford, MA, USA), an ESA solvent
delivery system (582), an external pulse dampener (ESA), an ESA column and a MD-150X3.2
(150 × 3.2 mm, 3 μm packing) column (ESA). Samples were homogenized in ice-cold
perchloric acid (0.1 M) with 1% ethanol and 0.02% EDTA. The homogenates were spun for
30 min at 14,000 g with the temperature maintained at 4°C. Aliquots of supernatant were then
analyzed for abundance of DA, 5-HT, NE, 3,4-dihydroxyphenylacetic acid (DOPAC) and 5-
hydroxyindole-3-acetic acid (5-HIAA). Samples were separated using a mobile phase
composed of sodium phosphate (monobasic, anhydrous), 100 mM; EDTA, 0.05 mM; octane
sulphonic acid, 1.4 mM; and acetonitrile, 9% adjusted to pH 3.0 with o-phosphoric acid. A
coulometric detector configured with three electrodes (Coulochem III; ESA) measured the
content of monoamines and metabolites. An ESA model 5020 guard cell (+300 mV) was
positioned prior to the autoinjector. The analytical cell (ESA model 5011A; first electrode at
−100 mV, second electrode at +250 mV) was located immediately after the column. The second
analytical electrode emitted signals that were recorded and analyzed by EZChrom Elite
software via Scientific Software Inc. module (SS420x). The final oxidation current values were
compared to known standards 10−6–10−9, adjusted to striatal tissue weights, and expressed as
nanograms (ng) of monoamine or metabolite per milligram (mg) tissue (mean ± SEM).

Data analyses
Monoamine and metabolite levels in the striatum were analyzed using paired t-tests (comparing
intact vs. lesioned striata). The development and stability of ALO AIMs and rotations were
analyzed with repeated-measures non-parametric Friedman ANOVA and repeated-measures
parametric ANOVA, respectively. Significant differences between days were revealed with
Wilcoxon post hoc analyses for ALO AIMs and planned comparison post hoc tests for rotations.
Treatment effects (expressed as means ± SEM) for ALO AIMs and rotations were analyzed
by employing non-parametric Kruskal-Wallis tests and two-way ANOVAs, respectively.
Significant differences between treatments were determined by Mann-Whitney post hoc
comparisons for ALO AIMs, and planned comparison post hoc tests for rotations. One-way
ANOVAs and planned comparison post hoc tests were employed for analyses of FAS results.

Dupre et al. Page 6

Neuropharmacology. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Analyses were performed with the use of Statistica software ’98 (Statsoft Inc., Tulsa, OK,
USA) and alpha was set at p<0.05.

Results
Monoamine & metabolite levels

A subset of animals for each study was examined for HPLC for verification of DA depletion.
In the first experiment (n=12), unilateral 6-OHDA injection into the medial forebrain bundle
produced significant reductions in lesioned striatal DOPAC (t11=11.39; p<0.05) and DA levels
(t11=11.17; p<0.05), 93.9% and 98.8% respectively, compared to intact striatum. The
denervated side also showed an increased DOPAC/DA turnover rate (+441.4%) compared to
control (t11=4.29; p<0.05). There were no significant differences between intact and lesioned
striata for NE, 5-HIAA, 5-HT, or 5-HIAA/5-HT turnover rate in the first experiment.

For animals in the last 2 experiments (n=12), unilateral 6-OHDA injections into the striatum
produced moderate but significant reductions in lesioned striatal DOPAC (t11=3.63; p<0.05)
and DA levels (t11=6.11; p<0.05), 35.5% and 54.6% respectively, compared to intact striatum.
There were also increases in lesioned striatal 5-HIAA (t11=2.42; p<0.05), +13.3%, and
DOPAC/DA turnover (t11=2.613; p<0.05), +57.7%, compared to control. Finally, there were
no significant differences between intact and lesioned striata for any other monoamine
measure.

Development and stability of dyskinesia and rotations upon D1R agonist treatment
In order to address the development and stability of ALO AIMs and contralateral rotations
upon D1R agonist treatment with SKF81297 (0.8 mg/kg) for rats in the first experiment, ALO
AIMs and rotations were recorded during the 3 days of priming and a post-test with SKF81297
treatment was included following completion all pharmacological manipulations. Repeated-
measures ANOVAs revealed main effects of time for both ALO AIMs (χ2 (3)=50.99, p<0.001)
and contralateral rotations (F(3,105)=61.91; p<0.001). As demonstrated in Fig. 2, post hoc
analyses revealed that both ALO AIMs and rotations significantly increased over the 3 days
of priming, where the 2nd day of priming was significantly different from the 1st day, and the
3rd day was significantly different from the first 2 days (all p<0.05). Importantly, behaviors
were stable based on post-test ALO AIMs and rotation scores that were not significantly
different from the 3rd day of priming (both p<0.05).

Experiment 1: Striatal ±8-OH-DPAT reduces D1R-mediated dyskinesia while increasing
contralateral rotations

In order to determine the effects of striatal 5-HT1AR stimulation on D1R-mediated behaviors,
various doses of the 5-HT1AR agonist ±8-OH-DPAT were infused bilaterally within the
striatum, followed by systemic injections of the D1R agonist SKF81297 (0.8 mg/kg, sc), and
AIMs and contralateral rotations were monitored. Main effects of ±8-OH-DPAT on
SKF81297-induced ALO AIMs were found at the 10th (H3=16.40; p<0.01), 20th (H3=17.22;
p<0.01), 30th (H3=12.03; p<0.01), 60th (H3=8.76; p<0.04) and 90th min (H3=8.52; p<0.04).
As shown in Fig. 3A, post hoc analyses of revealed that the 10 μg dose of ±8-OH-DPAT
significantly reduced ALO AIMs compared to Vehicle at the 10th and 20th min, while the 15
μg dose significantly attenuated ALO AIMs compared to Vehicle at the 10th, 20th, 30th, 60th,
and 90th min (all p<0.05).

The effects of ±8-OH-DPAT on D1R agonist-induced contralateral rotations revealed a
significant main effect of treatment (F(3,34)=5.24; p<0.01) and a main effect of time
(F(11,374)=43.47; p<0.001). More importantly, a significant interaction between treatment and
time was found (F(33,374)=1.62; p<0.05). Subsequent post hoc analysis demonstrated that the
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low dose of ±8-OH-DPAT (5 μg) significantly enhanced SKF81297-induced rotations
compared to Vehicle at the 30th min, while the 10 μg dose significantly increased rotations
from the 20th–60th min when compared to Vehicle (Fig. 3B; all p<0.05). Finally, the 15 μg
dose of ±8-OH-DPAT significantly enhanced rotations from the 30th–60th and 90th–100th min
when compared to Vehicle (all p<0.05).

Co-administration of the 5-HT1AR antagonist WAY100635 reverses ±8-OH-DPAT’s effects on
D1R-mediated behaviors

In order to ensure the receptor specificity of the aforementioned findings, the 5-HT1AR
antagonist WAY100635 (5 μg) was co-infused intrastriatally with ±8-OH-DPAT (15 μg) prior
to SKF81297 injections, after which ALO AIMs and rotations were observed. Analysis
revealed main effects of treatment at the 10th (H3=16.94; p<0.01), 20th (H3=18.50; p<0.01),
30th (H3=15.21; p<0.01), 40th (H3=9.94; p<0.05), 50th (H3=11.70; p<0.01), 60th (H3=11.47;
p<0.01), 70th (H3=8.80; p<0.05), 80th (H3=9.66; p<0.05), and 90th (H3=8.04; p<0.05) min. As
shown in Fig. 4A, post hoc analyses revealed that, in support of previous findings, ±8-OH-
DPAT treatment significantly reduced SKF81297-induced ALO AIMs compared to Vehicle
from min 10–90 (all p<0.05). More importantly, co-administration of WAY100625 reversed
the anti-dyskinetic effects of ±8-OH-DPAT during this time (all p<0.05).

The effects of ±8-OH-DPAT on D1R agonist-induced contralateral rotations revealed a
significant main effect of treatment (F(3,31)=3.63; p<0.05) and a main effect of time
(F(11,341)=26.57; p<0.001). A significant interaction between treatment and time was also
found (F(33,341)=1.85; p<0.01). Post hoc analysis confirmed that ±8-OH-DPAT (15 μg)
significantly enhanced SKF81297-induced rotations during the 30th-60th and 90th min when
compared to Vehicle (Fig. 4B; all p<0.05). Moreover, in corroboration of a 5-HT1AR specific
effect, co-infusion of WAY100635 reversed the ±8-OH-DPAT-induced increase in rotations
at the 30th and 50th min (both p<0.05).

Experiment 2: Systemic ±8-OH-DPAT enhances motor performance in hemiparkinsonian rats
In order to address pro-rotational and thus possible anti-parkinsonian actions of ±8-OH-DPAT
administration, striatally DA-lesioned, SKF81297-naïve rats were tested for motor
performance using the FAS test (Table 1 and Fig. 5). Analysis of stepping indicated a significant
effect of treatment (F(5,80)=7.17; p<0.05). Post hoc analyses revealed that while Vehicle +
SKF81297 (0.8 mg/kg, sc) was not significantly different from Vehicle treatment alone, ±8-
OH-DPAT (0.1 and 1.0 mg/kg, sc) + Vehicle and ±8-OH-DPAT (0.1 and 1.0 mg/kg, sc) +
SKF81297 (0.8 mg/kg, sc) all improved stepping in the lesioned forepaw when compared to
Vehicle or SKF81297 treatment alone (all p<0.05).

Experiment 3: Striatal ±8-OH-DPAT improves movement in hemiparkinsonian rats
In order to ascribe the systemic anti-parkinsonian effects of ±8-OH-DPAT to the striatum,
SKF81297-naïve rats with striatal DA lesions and bilateral striatal cannulations were tested
for motor performance using the FAS test (Table 1). Upon analysis, a significant effect of
treatment was found (F(3,25)=3.61; p<0.05). As shown in Fig. 6, post hoc analysis demonstrated
that ±8-OH-DPAT (15 μg) + Vehicle and ±8-OH-DPAT (15 μg) + SKF81297 (0.8 mg/kg, sc)
improved stepping in the lesioned forepaw when compared to Vehicle treatment alone (both
p<0.05).

Discussion
The ability of 5-HT1AR agonists to reduce LID has been predominantly attributed to a
tempering of the release of L-DOPA-derived DA from raphestriatal neurons. The current study
clearly demonstrates an additional mechanism, revealing for the first time that the striatum is
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a central neuroanatomical site for both anti-dyskinetic and anti-parkinsonian actions of 5-
HT1AR agonists. Direct striatal stimulation with the full 5-HT1AR agonist ±8-OH-DPAT
reduced dyskinesia induced by the D1R agonist SKF81297, while increasing rotations and
improving forepaw akinesia in DA-depleted rats. These novel findings support an important
functional role between striatal 5-HT1AR and D1R in DA-depleted rats that could be exploited
for the treatment of PD and LID.

Following DA depletion, the emergence of supersensitive striatal DA receptors largely
contributes to the development and expression of LID (Pavese et al., 2006; Cenci, 2007; Westin
et al., 2007). For example, in DA-lesioned animals, repeated exposure of DA receptor agonists
increases striatal signal transduction, gene expression and DA-mediated behaviors to an extent
not portrayed in controls (Cai et al., 2002; Bishop & Walker, 2003). Moreover, both D1R and
D2R agonists produce dyskinesia (Rascol et al., 2001; Iravani et al., 2006; Taylor et al.,
2006; Dupre et al., 2007), while D1R and D2R antagonists have been shown to block LID at
the expense of L-DOPA’s efficacy (Monville et al., 2005; Taylor et al., 2005). Although both
receptor subtypes appear to be involved in LID, striatal D1R are particularly important (Cenci
et al., 1998; Gerfen et al., 2002; Guigoni et al., 2007; Westin et al., 2007). For example, striatal
preprodynorphin (PPD) mRNA associated with the D1R-expressing direct pathway (Anderson
& Reiner, 1990) is increased in dyskinetic rats and primates and reduced by a number of anti-
LID treatments (Cenci et al., 1998; Queiroz et al., 2002; Mela et al., 2007). Furthermore,
coadministration of a D1R antagonist with L-DOPA has recently been shown to completely
block the development of L-DOPA-induced dyskinesia and associated molecular abnormalities
in a rodent model of LID (Westin et al., 2007).

In addition to supersensitive striatal DA receptors, there is evidence for the involvement of the
5-HT system in LID. Following DA depletion, serotonergic raphe neurons are thought to
compensate for the loss of DA neurons by converting L-DOPA into DA and releasing it into
the striatum. However, this process is unregulated, leading to fluctuating stimulation of
supersensitive striatal DA neurons associated with LID (Tanaka et al., 1999; Maeda et al.,
2003; Carta et al., 2007). Several studies show that 5-HT1AR agonists reduce L-DOPA-induced
motor complications (Tomiyama et al, 2005; Ba et al., 2006; Eskow et al., 2007) and attribute
these effects to a raphestriatal-mediated mechanism whereby 5-HT1AR within the raphe nuclei
attenuate the release of DA into the striatum (Bibbiani et al., 2001; Carta et al., 2007; Eskow
et al., 2007).

Although this raphe-mediated 5-HT1AR mechanism has been supported, extra-raphe
influences involving striatal 5-HT1AR have also been proposed (Santiago et al., 1998; Mignon
& Wolf, 2005). 5-HT1AR populations exist in the striata of rat, primate, and human (Albert et
al., 1990; Marazziti et al., 1994; Bezard et al., 2006) and in primates, striatal 5-HT1AR binding
increases following chronic MPTP-treatment (Frechilla et al., 2001). The functionality of this
population has been supported by findings that 5-HT1AR agonists can enhance rotations but
alleviate dyskinesia induced by direct DA receptor agonists (Iravani et al., 2006; Matsubara et
al., 2006). We recently found that systemic administration of the 5-HT1AR agonist ±8-OH-
DPAT reduced D1R agonist-induced dyskinesia while enhancing rotations, implicating an
important functional role between 5-HT1AR and D1R (Dupre et al., 2007). In line with these
effects, 5-HT1AR stimulation has been shown to reduce overactive striatal D1R-mediated
signaling and D1R-mediated behaviors associated with the expression of LID (Queiroz et al.,
2002; Tomiyama et al., 2005).

Because of the potential interaction between striatal 5-HT1AR and D1R, the current study
investigated the effects of intrastriatal administration of the 5-HT1AR agonist ±8-OH-DPAT
on D1R-mediated behaviors. As shown in Fig. 3A, ±8-OH-DPAT infused locally into the
striatum produced a dose-dependent decrease in ALO AIMs induced by the D1R agonist
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SKF81297, which was blocked by co-administration with the 5-HT1AR antagonist
WAY100635 (Fig. 4A). None of the doses of ±8-OH-DPAT or WAY100635 when given
without SKF81297 induced ALO AIMs (data not shown), indicating the observed effects were
dependent on stimulation of both 5-HT1AR and D1R. Moreover, in corroboration with previous
systemic findings (Dupre et al., 2007), contralateral rotations were dose-dependently enhanced
by intrastriatal administration of ±8-OH-DPAT plus systemic SKF81279 when compared to
SKF81297 alone (Fig. 3B). These rotational effects were blocked by co-administration of
WAY100635 (Fig. 4B), and neither ±8-OH-DPAT nor WAY100635 induced rotations without
SKF81297. Unlike previous studies using L-DOPA (Tomiyama et al, 2005;Ba et al.,
2006;Carta et al., 2007;Eskow et al., 2007), apomorphine (Matsubara et al., 2006), the D2/3
receptor agonist pramipexole (Iravani et al., 2006), and the partial 5-HT1AR agonists buspirone
(Eskow et al., 2007) and tandospirone (Kannari et al., 2002), the current study utilized the
specific D1R agonist SKF81297 and the full 5-HT1AR agonist ±8-OH-DPAT, making these
anti-dyskinetic and pro-rotational effects unique to the D1R and 5-HT1AR and representing a
functional interaction between these two receptor subtypes at the level of the striatum.

In support of previous research suggesting anti-parkinsonian actions of 5-HT1AR agonists
(Mignon & Wolf, 2005; Matsubara et al., 2006; Mignon & Wolf, 2007), the augmentation of
D1R-mediated rotations produced by ±8-OH-DPAT in the current study may represent a
beneficial, motor-enhancing effect. However, since the interpretation of rotational behavior is
somewhat controversial (Lane et al., 2005) and the current findings may represent competing
motor behaviors, the FAS test was utilized to examine the implied anti-parkinsonian effects.
In order to mimic moderate-stage PD and prevent dyskinetic movements from confounding
our results, more moderate striatal 6-OHDA lesions similar to previous reports (Kirik et al.,
1998) were used. Rats with striatal lesions (approximately 55% DA-depletion) showed
significant forepaw disability in the FAS test. In contrast with previous findings (Olsson et al.,
1995), motor disability was not reversed using SKF81297 (0.8 mg/kg, sc; Fig. 5 and 6). This
discrepancy may be due to differences in type of lesion (intra-striatal lesions in the current
study versus medial forebrain bundle lesions) and consequent DA depletion (55% versus over
98%), or the type and dose of D1R agonist (SKF81297 (0.8 mg/kg) used in the current study
versus SKF38393 (2.0 mg/kg). Surprisingly, in the current study, disability was almost
completely eliminated upon treatment with systemic ±8-OH-DPAT alone regardless of dose
(Fig. 5). Systemic ±8-OH-DPAT in combination with SKF81297 did not differ from ±8-OH-
DPAT alone, likely reflecting a ceiling effect. Interestingly, similar motor-enhancing effects
were observed upon intrastriatal administration of ±8-OH-DPAT (15 μg) alone and together
with SKF81297 (0.8 mg/kg, sc) administration (Fig. 6). In these experiments, ±8-OH-DPAT
administration augmented stepping in both the lesioned and intact forepaw (Table 1),
corroborating previous research showing an increase in movement from 5-HT1AR stimulation
(Matsubara et al., 2006; Mignon & Wolf, 2007). The current study’s unique findings are the
first to show that 5-HT1AR stimulation can reverse motor impairments associated with PD as
demonstrated by the FAS test and suggest an important role for the striatum in these effects.

The current study is not the first to describe extra-raphe, forebrain regions involved in the
beneficial effects of 5-HT1AR agonists. Multiple lines of research report that the motor cortex
is an integral site for the expression of LID (Antonelli et al., 2005; Mignon & Wolf, 2005;
Delfino et al., 2007). As such, the anti-parkinsonian and anti-dyskinetic effects of 5-HT1AR
have been attributed in part to post-synaptic 5-HT1AR in the cortex whose stimulation blunts
corticostriatal glutamate release (Mignon & Wolf, 2005; Saigal et al., 2006; Mignon & Wolf,
2007). The present study, by employing site-specific microinfusions, bypassed this purported
cortical mechanism, supporting a unique role for the striatum in the anti-parkinsonian and anti-
dyskinetic effects of 5-HT1AR agonists. While the functional implications of striatal 5-
HT1AR stimulation are presently demonstrated, how this influences D1R-mediated behaviors
and improves motor disability remains an important question. Based on mRNA expression,
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binding studies, and protein levels, striatal 5-HT1AR appear to act as presynaptic
heteroreceptors on glutamatergic corticostriatal terminals (Pasqualetti et al., 1996; Frechilla et
al., 2001; Bezard et al., 2006). As such, intrinsic 5-HT1AR stimulation may act to normalize
excessive glutamate levels. Because interactions between striatal glutamate, DA, and their
respective N-methyl D-aspartate receptors (NMDAR) and D1R play a central role in synaptic
plasticity (Calabresi et al., 2000), 5-HT1AR stimulation may correct the aberrant motor learning
that portends PD symptoms and LID (Chase & Oh, 2000; Kreipke & Walker, 2004; Cenci,
2007). In recent support of this, we found that coincident 5-HT1AR stimulation and NMDAR
blockade produces synergistic anti-dyskinetic and pro-rotational effects on L-DOPA-induced
behaviors (Dupre et al., 2008). While it is also possible that striatal 5-HT1AR may also influence
the formation and function of D1R-NMDAR complexes, which would significantly impact the
trafficking, signaling, and desensitization of both receptors (Fiorentini et al., 2003), additional
research is required to support this hypothesis.

In conclusion, the current study revealed that direct striatal 5-HT1AR stimulation diminished
D1R-mediated dyskinesia and alleviated motor disability in DA-depleted rats. These results
indicate a novel interaction between striatal 5-HT1AR and D1R that could be utilized to advance
the understanding and treatment of PD and LID. By extension, these findings also support the
use of 5-HT1AR agonists as adjuncts to DA agonist monotherapy by improving efficacy,
decreasing dyskinetic liability, and delaying L-DOPA therapy.
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Abbreviations
AIMs  

Abnormal Involuntary Movements

ALO  
Axial, Llimb and Orolingual

Benserazide  
DL-Serine 2-(2,3,4-trihydroxybenzyl) hydrazide hydrochloride

D1R  
D1 receptor

D2R  
D2 receptor

DA  
Dopamine

DMSO  
Dimethyl Sulfoxide

DOPAC  
3,4-dihydroxyphenylacetic acid

FAS  
Forepaw Adjusting Steps

HPLC-EC  
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high performance liquid chromatography coupled to electrochemical detection

±8-OH-DPAT 
(±)-8-Hydroxy-2-(dipropylamino)tetralin hydrobromide

6-OHDA  
6-hydroxydopamine hydrobromide

5-HIAA  
5-hydroxyindole-3-acetic acid

PPD  
preprodynorphin

5-HT  
Serotonin

5-HT1AR  
Serotonin 1A receptor

L-DOPA  
L-3,4-dihydroxyphenylalanine methyl ester

LID  
L-DOPA-induced dyskinesia

MPTP  
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

NE  
Norepinephrine

PD  
Parkinson’s disease

SKF81297  
R(+)-SKF-81297 hydrobromide

VEH  
Vehicle

WAY100635 
N-[2-[4-(2-Methoxyphenyl)-1-piperazinyl]ethyl]-N-2-
pyridinylcyclohexanecarboxamide maleate salt
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Figure 1. Striatal Injector Placements
(A) Representative cresyl violet-stained striatal sections portraying injector typical placement.
(B) Schematic representation of coronal rat brain section taken from Paxinos and Watson
(1998). Shaded ovals depict the distribution of striatal microinfusion sites in all rats used in
the current study (n=51). Relevant anatomical structures: Cc corpus callosum; Cpu caudate
putamen; LV lateral ventricle.
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Figure 2. Development and stability of dyskinesia and contralateral rotations upon D1R agonist
treatment
Rats (n=36) in the first experiment received treatment injections of the D1R agonist SKF81297
(0.8 mg/kg, sc) on 3 separate occasions 2–3 days apart in order to sensitize D1R. ALO AIMs
and contralateral rotations were observed immediately after injections and summed over 2 hr.
In order to determine stability of these behaviors, a post-test with SKF81297 was included
following completion of pharmacological treatments. Lines depict mean scores ± SEM of ALO
AIMs and contralateral rotations. Effects over time were determined by repeated-measures
non-parametric Friedman ANOVA for ALO AIMs and repeated-measures parametric
ANOVA for rotations. Post hoc analyses denote significant differences between exposure
times. * p < 0.05 vs Priming 1; + p < 0.05 vs Priming 2
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Figure 3. Striatal ±8-OH-DPAT reduces D1R-mediated dyskinesia while increasing contralateral
rotations
Five min after intrastriatal, bilateral microinfusions of vehicle (VEH) or the 5-HT1AR agonist
±8-OH-DPAT (D; 5, 10, 15 μg/side), rats (n=9–10/treatment group) received treatment with
the D1R agonist SKF81297 (0.8 mg/kg, sc). Lines depict the treatment means for (A) ALO
AIMs ± SEM and (B) contralateral rotations ± SEM for medial forebrain bundle 6-OHDA-
lesioned rats every 10 min for 2 hr. Main effects were determined by Kruskal-Wallis tests for
ALO AIMs and two-way ANOVAs for rotations. Post hoc comparisons denote significant
differences between treatments at the time points indicated.
* p < 0.05 for D-15 vs VEH; + p < 0.05 for D-10 vs. VEH; ×p < 0.05 for D-5 vs. VEH
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Figure 4. Co-administration of the 5-HT1AR antagonist WAY100635 reverses ±8-OH-DPAT’s
effects on D1R-mediated behaviors
Rats (n=8–10/treatment group) received intrastriatal, bilateral microinfusions of vehicle
(VEH), the 5-HT1AR antagonist WAY100635 (WAY; 5 μg/side), the 5-HT1AR agonist ±8-
OH-DPAT (D; 15 μg/side), or ±8-OH-DPAT (15 μg/side) + WAY100635 (5 μg/side), followed
5 min later by treatment with the D1R agonist SKF81297 (0.8 mg/kg, sc). Lines indicate the
treatment means for (A) ALO AIMs ± SEM and (B) contralateral rotations ± SEM for medial
forebrain bundle 6-OHDA-lesioned rats every 10 min for 2 hr. Main effects were determined
by Kruskal-Wallis tests and two-way ANOVAs for ALO AIMs and rotations, respectively.
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Post hoc comparisons indicate significant differences between treatments at the time points
indicated.
* p < 0.05 for D-15 vs all; + p < 0.05 for D-15 vs. VEH and D-15+WAY; ×p < 0.05 for D-15
vs VEH only
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Figure 5. Systemic ±8-OH-DPAT enhances motor performance in hemiparkinsonian rats
Five min after pretreatments with vehicle (VEH) or the 5-HT1AR agonist ±8-OH-DPAT (D;
0.1 or 1.0 mg/kg, sc), unilateral striatal 6-OHDA-lesioned rats (n=17) received treatments of
VEH or the D1R agonist SKF81297 (SKF; 0.8 mg/kg, sc). Rats were tested for forepaw
adjusting steps 1 hr later. Bars show the effects of treatment on motor performance in the FAS
test expressed as a mean percentage of lesion vs. intact forepaw adjusting steps ± SEM. Effects
of treatment were determined by one-way ANOVA and significant differences were
established by post hoc planned comparisons.
* p < 0.05 vs VEH+VEH; + p < 0.05 vs. VEH+SKF
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Figure 6. Striatal ±8-OH-DPAT improves movement in hemiparkinsonian rats
Unilateral striatal 6-OHDA-lesioned rats (n=6–8/treatment group) received intrastriatal,
bilateral microinfusions of vehicle (VEH) or the 5-HT1AR agonist ±8-OH-DPAT (D; 15 μg/
side), followed 5 min later by treatments with VEH or the D1R agonist SKF81297 (SKF; 0.8
mg/kg, sc). Rats were tested for forepaw adjusting steps 1 hr later. Bars depict the effects of
treatment on motor performance in the FAS test expressed as a mean percentage of lesion vs.
intact forepaw adjusting steps ± SEM. Treatment effects were determined by one-way ANOVA
and post hoc planned comparisons established significant differences between treatment
groups.
* p < 0.05 vs VEH+VEH
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