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Abstract
Amantadine and dextromethorphan suppress levodopa (L-DOPA)-induced dyskinesia in Parkinson's
disease patients and abnormal involuntary movements (AIM) in the 6-hydroxydopamine (6-OHDA)
rat model. These medications have been hypothesized to exert their therapeutic effects by a
noncompetitive N-methyl-D-aspartate (NMDA) antagonist mechanism, but they also have known
serotonin (5-HT) indirect agonist effects that could suppress AIM. This raised the possibility that
NMDA antagonists lacking 5-HTergic effects would not have the antidyskinetic action predicted by
previous investigators. To test this hypothesis, we investigated MK-801, the most widely-studied
NMDA antagonist. We found that chronic low-dose MK-801 (0.1 mg/kg) had no effect on
development of AIM or contraversive rotation. In addition, in L-DOPA primed rats, low-dose
MK-801 (0.1 mg/kg) had no effect on expression of AIM, contraversive rotation, or sensorimotor
function. Conversely, higher doses of MK-801 (0.2–0.3 mg/kg) suppressed expression of AIM.
However, as we show for the first time, anti-dyskinetic doses of MK-801 also suppressed L-DOPA-
induced contralateral rotation and impaired sensorimotor function, likely due to non-specific
interference of MK-801 with L-DOPA-induced behavior. We conclude that noncompetitive NMDA
antagonists are unlikely to suppress dyskinesia clinically without worsening parkinsonism.
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Introduction
Levodopa (L-DOPA) suppresses the cardinal symptoms of Parkinson's disease, but also causes
debilitating L-DOPA-induced dyskinesia (LID) in 30–80% of patients after 5–10 years of
treatment (Bhidayasiri and Truong, 2008; Chan et al., 2008; Fabbrini et al., 2007). In the 6-
hydroxydopamine (6-OHDA) rat model of Parkinson's disease, L-DOPA evokes similar side
effects, which have been termed abnormal involuntary movements (AIMs). L-DOPA-induced
AIMs in the 6-OHDA rat have predictive validity as a model of clinical LID: amantadine,
dextromethorphan, and buspirone have been shown to suppress both AIMs (amantadine,
Blanchet et al., 1998; Lundblad et al., 2002, 2005; buspirone, Dekundy et al., 2007; Eskow et
al., 2007; Lundblad et al., 2002; dextromethorphan, Paquette et al., 2008) and LID (amantadine,
Del Dotto et al., 2001; Metman et al., 1999; Verhagen-Metman et al., 1998b,c;
dextromethorphan, Verhagen-Metman et al., 1998a,b,d; buspirone, Bonifati et al., 1994).
While direct DA receptor agonists have also been shown to induce AIMs (Delfino et al.,
2007; Dupre et al., 2007, 2008a; Jaunarajs et al., 2009; Taylor et al., 2006), the current study
focused specifically on AIMs induced by L-DOPA.

Understanding the mechanisms underlying L-DOPA-induced AIMs and LID should lead to
the development of better pharmacotherapies. Amantadine and dextromethorphan have long
been thought to suppress AIMs and LID via their known noncompetitive N-methyl-D-aspartate
(NMDA) antagonist effects (Chase et al., 2000; Del Dotto et al., 2001; Marin et al., 2000;
Verhagen-Metman, 1998a,b,c,d). However, these drugs are also thought to cause serotonin (5-
HT) overflow (Baptista et al., 1997; Gaikwad et al., 2005), which would stimulate 5-HT1A
autoreceptors, a mechanism known to suppress AIMs and LID (Bishop et al., 2009; Paquette
et al., 2009a). We therefore questioned whether selective NMDA antagonism could reduce L-
DOPA-induced AIMs at doses below those that produce competing behaviors (e.g., locomotor
stimulation or ataxia; Frantz and Van Hartesveldt, 1999; Haggerty and Brown, 1996). We also
evaluated whether higher doses would interfere with L-DOPA's therapeutic effects on
sensorimotor function, as agents that inhibit dyskinesia at the expense of blocking therapeutic
effects would be of little use clinically.

The noncompetitive NMDA antagonist MK-801 has previously been shown to suppress
expression of L-DOPA-induced AIMs at 0.3 mg/kg (Dupre et al., 2008b), but not 0.1 mg/kg
(Dupre et al., 2008b; Paquette et al., 2008). Whether the anti-dyskinesia effect of 0.3 mg/kg
MK-801 is due to a general motor suppressant effect is unknown, as conflicting data show this
dose to suppress L-DOPA-induced contraversive rotation (Spooren et al., 2000) or to have no
effect on rotation (Dupre et al., 2008b). Furthermore, no known studies have explored the effect
of MK-801 on L-DOPA-mediated sensorimotor improvement or on the development of AIM.
Therefore, we conducted a dose-response study of the effects of MK-801 (0.1, 0.2, or 0.3 mg/
kg) in L-DOPA primed rats on L-DOPA-induced expression of AIMs, contraversive rotational
behavior, and sensorimotor improvement, using the Cylinder, Vibrissae-Stimulated Forelimb
Placement (VSFP), and Grip Release tests. We also tested the effects of chronic low-dose
MK-801 (0.1 mg/kg) on the development of L-DOPA-induced AIMs.

Methods
Animals

A total of 29 male Sprague-Dawley rats (n = 9–10/group; Harlan, Indianapolis, IN, USA)
weighing 300 gm at surgery were used. Rats were housed on a 12-h light:dark cycle (lights on
at 6:00) and were given food and water ad libitum. Testing was conducted between 9:00–15:00.
Procedures were conducted in accordance with the Institutional Animal Care and Use
Committee, and the Portland VA Medical Center is certified by the Association for Assessment
and Accreditation of Laboratory Animal Care.
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6-OHDA Lesions
6-OHDA lesions were conducted as previously described (Paquette et al., 2008, 2009a).
Briefly, during stereotaxic surgery under isoflurane anesthesia, a 30 gauge infusion cannula,
attached via PE20 tubing to a 25 μl Hamilton gastight syringe and driven by a microinfusion
pump (Harvard Apparatus, Holliston, MA, USA) was used to infuse 6-OHDA hydrobromide
(22.8 μg/2 μl of 0.9% saline with 0.2% ascorbic acid, 0.5 μl/min; Sigma-Aldrich, St. Louis,
MO, USA) into each of 2 sites within the right medial forebrain bundle (AP −4.3 and −4.8,
ML ±1.2, DV −8.6 in mm relative to Bregma; Paxions and Watson, 1998) at least 30 min after
desipramine hydrochloride (25 mg/kg, i.p.; Sigma-Aldrich). After surgery, rats received one
dose of buprenorphen analgesic (0.05 mg/kg, s.c.; Reckitt Benckiser Pharmaceuticals,
Richmond, VA, USA) and supplemental soft food until regaining their pre-surgery weight.

Amphetamine-Evoked Rotational Behavior
An a priori criterion of an average of ≥ 5 turns/min over 10 consecutive min in response to
amphetamine (5 mg/kg, i.p.) was used to select rats with significant hemi-parkinsonism
(Paquette et al., 2008, 2009a). Lesion size was later confirmed by quantification of tyrosine
hydroxylase protein levels via Western blotting.

Drugs
L-DOPA methyl ester hydrochloride, benserazide hydrochloride, L-ascorbic acid, d-
amphetamine sulfate, and (+) MK-801 hydrogen maleate were obtained from Sigma-Aldrich.
All drugs were dissolved in 0.9% saline and administered i.p. at 1 ml/kg of body weight.
MK-801 was administered 30 min prior to L-DOPA. The range of MK-801 doses tested (0.1,
0.2, and 0.3 mg/kg) was selected based on previous data in the chronic L-DOPA-treated 6-
OHDA rat (Dupre et al., 2008b).

L-DOPA Treatment
At least 3 days after rotational screening, all rats received L-DOPA (7.5 mg/kg, i.p.), combined
with benserazide (15 mg/kg, i.p.) and ascorbic acid (2.6 mg/kg, i.p.), once daily for 21
consecutive days (chronic treatment) to induce AIMs development. Thereafter, L-DOPA-
experienced (or “primed”) rats received two injections/week of the L-DOPA cocktail to
maintain AIMs expression. With this treatment regimen, all animals that pass AMPH rotational
screening develop stable dyskinesias, albeit with some variability in their severity. Thus, no
animals are excluded due to failure to develop AIMs. Furthermore, dose failures due to
misplaced i.p. L-DOPA injections are exceedingly rare (~1 in 50 injections) and have only a
minor impact on variability, thus these data are not discarded.

Experimental Design
AIMs Development—Rats in the chronic MK-801 study were tested in a between-subjects
design in which they received MK-801 (0 or 0.1 mg/kg) 30 min prior to L-DOPA on days 1–
14 and 16–21. Days 0, 15, and 22 of L-DOPA treatment were L-DOPA challenge days when
all rats received vehicle + L-DOPA so that AIMs could be compared across time in the absence
of MK-801. A similar regimen of daily L-DOPA for 21 days has previously been shown to
sensitize or “prime” rats to LDOPA (Lundblad et al., 2002).

AIMs Expression in L-DOPA-primed rats—A separate cohort of rats were primed with
L-DOPA/benserazide/ascorbic acid (7.5/15/2.6 mg/kg, i.p., once daily for 21 days). After
priming, rats were tested in a within-subjects design on four doses of MK-801 (0, 0.1, 0.2, and
0.3 mg/kg), administered 30 min prior to L-DOPA with at least 72 h between test days. Doses
were tested in a randomized order to control for sensitization to repeated MK-801 (Carey et
al., 1995; Gaytan et al., 2000).
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AIMs Assessment
AIMs were assessed by an investigator blind to treatment, using an adaptation of the Abnormal
Involuntary Movement Scale described by Cenci et al. (1998). Briefly, each rat is rated on a
scale of 0 (absent) to 4 (most severe) on each of four subscales (limb dyskinesia, axial dystonia,
oral dyskinesia, and contraversive rotation) based on 1-min observations conducted every 20
min. Specifically, for limb dyskinesia, a rating of 1 indicated 1–2 bouts of abnormal
movements, 2 indicated 3 or more bouts of abnormal movements, and 3–4 indicated continuous
abnormal movements, with 4 indicating that these could not be interrupted by a loud tap on
the test cage. For axial dystonia, a rating of 1 indicated a contralateral bias in head orientation,
2 indicated a contralateral bias in head and upper body orientation, and 3–4 indicated a severe
contralateral bias in head and upper body orientation (i.e. head above the tail in a four-paw
stance), with 4 indicating loss of balance (i.e. falling). For oral dyskinesia, a rating of 1 indicated
2–3 bouts of chewing, 2 indicated more than 3 bouts of chewing, and 3–4 indicated continuous
chewing, with 4 indicating the presence tongue protrusions. For L-DOPA-induced
contraversive rotation, a rating of 1 indicated 2–3 contraversive turns, 2 indicated more than
3 contraversive turns, and 3–4 indicated continuous contraversive rotation, with a 4 indicating
that these could not be interrupted by a loud tap on the cage. When ipsiversive rotation was
observed, this was rated identically to contraversive rotation, but as a negative score. Limb +
axial + oral subscale scores were summed to create an AIMs score for each time point. Total
scores for AIMs, as well as for each subscale, were summed over the first hour after L-DOPA
and over the 3-h session. To assess sensitization in the chronic MK-801 study, difference scores
were computed for the L-DOPA challenge days (Day 15 – Day 0, Day 22 – Day 0, Day 22 –
Day 15). Rats in the chronic MK-801 study were assessed 2–3 times weekly, while primed rats
in the dose-response study were assessed on each test day.

Sensorimotor Assessment
Primed rats in the dose-response study were subjected to the sensorimotor battery at baseline
(prior to the lesion), at least two weeks after the 6-OHDA lesion, and on days on which AIMs
assessment was performed. Sensorimotor testing was completed from 10–80 min after L-
DOPA treatment, while dyskinesia was apparent. Two tests were carefully selected based on
previous research demonstrating their validity to assess parkinsonian deficits: Vibrissae-
Stimulated Forepaw Placement (VSFP; Lindner et al., 1996; Monville et al., 2005) and the
Cylinder test (Lundblad et al., 2002). A third test was also used that was recently developed
in our laboratory, the Grip Release test. As described below, our test is a simplified form of
the grip strength test described by Dunnett et al. (1998).

VSFP—In the VSFP test, rats were held around the torso with their bodies parallel to the floor,
their hindpaws supported, and one forelimb restrained, then moved downward until the
vibrissae ipsilateral to the unrestrained forelimb touched a tabletop. In an intact animal, this
elicits a placing response of the unrestrained forelimb onto the tabletop. Each forelimb was
tested for ten trials between 10–30 min after L-DOPA, and the percentage of successful
placements (“hits”) was calculated for each forelimb.

Cylinder—Rats were placed in a clear Plexiglas cylinder (19.5 cm ID × 30 cm h), and all
weight-bearing forepaw placements on the walls of the cylinder were scored as ipsilateral,
contralateral, or simultaneous placements, then the percentage of the total was calculated for
each type of placement. Each test session lasted for 1 minute from the time of the first forepaw
placement on the cylinder walls. When necessary, animals were encouraged to place forepaws
on the cylinder walls by covering the cylinder with a dark cloth. The Cylinder test was
conducted between 30–70 min after L-DOPA.
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Grip Release—To quantify rigidity in the unilateral 6-OHDA rat model, Dunnett et al. (1998)
described a grip strength test that shows increased resistance to release in the contralateral limb.
Based on our prior experience with this test (Paquette et al., 2009b), we developed a novel
apparatus that uses the rat's own body weight to encourage grip release. Rats were held by the
tail above a plastic mesh grid (15 mm openings), supported by an oval-shaped metal frame (33
× 26 mm), which results in a response to grasp the mesh with both forepaws. The frame was
then rapidly inverted so that rats hung vertically by their forepaws 30 cm above a cushioned
surface. To prevent rats from grasping the mesh with their hindpaws and climbing onto the
apparatus, rats' tails were held firmly in place, but no downward pressure was exerted to force
release. When rats released their grip with one or both paws, resulting in a fall, the release was
scored as ipsilateral, contralateral, or both, depending on which forepaw(s) initiated the release
immediately prior to the fall. Thus, when rats released their grip, but replaced the paw without
falling, the release was not scored; the trial continued until the rat initiated a grip release that
caused a fall. When animals failed to grasp the grid with either paw prior to falling, this was
scored as a failure. The percentage of grip release initiations for each limb, as well as the
percentage of failures, were calculated over six trials, which were conducted between 60–80
min after L-DOPA.

Lesion Size Quantification
The average loss of tyrosine hydroxylase protein ipsilateral to the 6-OHDA-infused side,
relative to the contralateral side, was calculated to reflect the extent of the lesion. Lesion sizes
for animals in the chronic MK-801 study (n = 20) were 90.81 ± 2.62% in neostriatum and 72.52
± 4.94% in ventral midbrain. Lesion sizes for animals in the dose-response study (n = 9) were
91.44 ± 0.87% in neostriatum and 76.11 ± 5.24% in ventral midbrain. Tyrosine hydroxylase
was assessed by Western blotting, as previously described (Paquette et al., 2008, 2009a).
Briefly, samples (15 μg) were separated on a 10% Criterion Tris-hydrochloride polyacrylamide
gel (Bio-Rad, Hercules, CA, USA; 200 V, 1 hr), transferred to polyvinylidene difluoride
membranes (30 V for 13 h or 60 V for 1 h), then blocked in 5% milk in Tris-buffered saline
with 0.05% Tween-20 for 1 h. With washes in Tris-buffered saline with Tween-20 (3 × 10
min) between steps, membranes were exposed to monoclonal primary antibody (2 h; 1:10,000
anti-tyrosine hydroxylase, catalog #22941; Immunostar, Hudson, WI, USA) and goat anti-
mouse antibody (1 h; 1:3,000; Bio-Rad) in 1% milk, visualized using ECF (15 min; Amersham,
Piscataway, NJ, USA), and quantified using the Typhoon fluorescence detection system
(Typhoon 9410 Variable Mode Imager, GE Healthcare, Piscataway, NJ, USA; Emission filter:
520 BP40, Laser: 488 Blue2).

Statistical Analysis
Data were analyzed using the Statistical Package for the Social Sciences (Chicago, IL, USA)
with p ≤ 0.05 considered significant and p < 0.10 considered to be a trend. Results with p >
0.10 were considered non-significant and are not reported. A two-way ANOVA (time ×
treatment) was used to analyze AIMs over the 21-day chronic treatment period and over each
3-h test session. Independent t-tests were used to analyze effects of treatment on behavioral
sensitization to L-DOPA across L-DOPA challenge days (i.e., change scores). One-way
ANOVAs or t-tests were used to analyze total AIMs scores in the first hour after L-DOPA and
in the full 3-h sessions, as well as to analyze sensorimotor data. When data violated
homogeneity of variance assumptions, Greenhouse-Geisser corrections or t-tests in which
equal variance was not assumed were used for repeated or between-subjects data, respectively,
yielding fractional degrees of freedom.
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Results
Abnormal Involuntary Movements (AIMs)

Development of AIMs—Rats showed increasing AIMs in response to repeated L-DOPA [F
(3.49, 683.68) = 221.73, p < 0.001], as shown in Figure 1A. The increasing scores reflect
increases in all three subscales (limb, axial, and oral, data not shown) [F's ≥ 77.93, p's < 0.001].
There were no effects of MK-801 on AIMs or the subscales. Contraversive rotation also
increased in response to repeated L-DOPA [F (2.79, 547.07) = 176.44, p < 0.001], as shown
in Figure 1B. There was no effect of MK-801 on rotation.

Difference scores were computed to assess development of sensitization across L-DOPA
challenge days in the absence of MK-801 (Days 0, 15, and 22, marked with arrows). These
scores showed no effect of MK-801 from Day 0 to Day 15 (data not shown), Day 15 to Day
22 (data not shown), or Day 0 to Day 22, as shown in Figure 1C. Thus, data were collapsed
across MK-801 doses to assess animals' responsiveness to repeated L-DOPA challenges.
Across the three challenge days, significant increases were observed in AIMs (see Figure 1A,
Days 0, 15, and 22), as well as the limb, axial, and oral subscales (data not shown) [F's (2, 36)
≥ 16.28, p's < 0.001]. L-DOPA-induced contraversive rotation also increased across the three
challenge days [F (2, 36) = 13.61, p < 0.001] (see Figure 1B, Days 0, 15, and 22). Planned
comparisons revealed that scores on all variables (i.e., AIMs, limb, axial, and oral subscales,
and contraversive rotation) increased from Day 0 to Day 15, as well as from Day 0 to Day 22
[t's (9) ≥ 4.03, p's ≤ 0.001]. However, no increases were observed in any variables from Day
15 to Day 22, indicating that it is unnecessary to continue daily L-DOPA administration beyond
Day 15 when AIMs reach their zenith.

Expression of AIMs—Within the 3-h test session, rats expressed AIMs in response to L-
DOPA [F (3.54, 113.12) = 14.85, p < 0.001], as shown in Figure 2A. There was a dose-
dependent effect of MK-801 [F (3, 32) = 3.43, p < 0.05]. During the first hour after L-DOPA,
when maximal anti-dyskinesia effects are typically observed (Paquette et al., 2008, 2009a),
0.1 mg/kg MK-801 had no effect, but 0.2–0.3 mg/kg MK-801 suppressed AIMs relative to
vehicle [t's (8) ≥ 3.80, p's < 0.01], as shown in Figure 2B. Similar effects were observed over
the full 3-h session [t's (8) ≥ 2.66, p's < 0.05] (data not shown).

Similar effects were also observed on the subscales (data not shown). Specifically, for the limb
subscale, there were significant effects of L-DOPA and MK-801 [F's ≥ 3.57, p's < 0.01].
MK-801 (0.2–0.3 mg/kg) suppressed limb AIMs relative to vehicle during the first hour and
over the 3-h test [t's (8) ≥ 2.67, p's < 0.05]. For the axial subscale, there was a significant effect
of L-DOPA [F (3.44, 110.11) = 13.03, p < 0.001] and a trend for MK-801 [F (3, 32) = 2.60, p
= 0.069]. MK-801 (0.2–0.3 mg/kg) suppressed axial AIMs relative to vehicle during the first
hour, while only the highest dose (0.3 mg/kg) suppressed axial AIMs over the 3-h test [t's (8)
≥ 2.50, p < 0.05]. For the oral subscale, the was a significant effect of L-DOPA only [F (5.31,
169.75) = 2.54, p < 0.05]. MK-801 (0.2 mg/kg) suppressed oral AIMs relative to vehicle during
the first hour and over the 3-h test [t's (8) ≥ 3.15, p ≤ 0.01].

Contralateral rotation showed significant effects of L-DOPA [F (4.08, 130.43) = 11.09, p <
0.001] and MK-801 [F (3, 32) = 10.78, p < 0.001], as shown in Figure 2C. Relative to vehicle,
0.1 mg/kg had no effect over the first hour, but increased contralateral rotation over the 3-h
test [t (8) = −2.75, p < 0.05]. Conversely, 0.2–0.3 mg/kg MK-801 decreased contralateral
rotation scores during the first hour and over the 3-h test [t's (8) ≥ 3.31, p's ≤ 0.01]. In fact,
0.2–0.3 mg/kg MK-801 caused a shift from contraversive to ipsiversive rotation, which was
especially striking during the first 40 min of the test.
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Sensorimotor Assessment
VSFP—At baseline, rats responded equally well with the contralateral and ipsilateral limbs,
as shown in Figure 3. After the 6-OHDA lesion, impairment was observed relative to baseline
as a decrease in successful contralateral placements (“hits”) relative to baseline [t (8) = 11.33,
p < 0.001] and to the ipsilateral limb [t (8) = 13.99, p < 0.001]. After L-DOPA priming + vehicle
for MK-801 (see 0 mg/kg), contralateral performance recovered to baseline levels, which
represented an improvement relative to the lesion [t (8) = −4.41, p ≤ 0.01]. However, rats
remained less successful with the contralateral relative to the ipsilateral limb [t (8) = 2.38, p <
0.05].

MK-801 had dose-dependent effects on performance. At 0.1 mg/kg MK-801, contralateral
performance remained partially improved relative to the lesion [t (8) = −3.50, p < 0.01], but
not to baseline levels [t (8) = 2.28, p ≤ 0.05], and rats were less successful with the contralateral
limb relative to the ipsilateral limb, similar to vehicle treatment (compare to 0 mg/kg) [t (8) =
2.75, p < 0.05]. At 0.2–0.3 mg/kg MK-801, both limbs were impaired [t's (8) ≥ 3.02, p's <
0.05], and at 0.3 mg/kg, contralateral use was more impaired than ipsilateral [t (8) = 2.74, p <
0.05].

Cylinder—At baseline, rats used both limbs together more often than using the ipsilatateral
or contralateral limb alone [F (2, 16) = 16.51, p < 0.001; t's (8) ≥ 5.16, p's ≤ 0.001], as shown
in Figure 4. After the 6-OHDA lesion, impairment was observed relative to baseline [t's (8) ≥
3.48, p's < 0.01] as an increase in ipsilateral limb use relative to use of the contralateral limb
or both limbs together [F (1.02, 8.13) = 61.96, p < 0.001; t's (8) ≥ 7.83, p's < 0.001]. Chronic
L-DOPA + vehicle for MK-801 (see 0 mg/kg) led to greater use of the contralateral limb relative
to the ipsilateral limb or both limbs together [F (2, 16) = 6.63, p ≤ 0.01; t's (8) ≥ 2.63, p's <
0.05]. However, it is important to note that these contralateral limb placements in dyskinetic
rats were rapid, repetitive movements that appeared to be an extension of contralateral limb
AIMs, unlike the spontaneous, purposeful placements observed at baseline or after the lesion.

MK-801 had dose-dependent effects on performance. At 0.1 mg/kg, rats continued to use the
contralateral limb more than the ipsilateral limb or both limbs together [F (1.12, 8.95) = 11.97,
p < 0.01; t's (8) ≥ 2.75, p's < 0.05]. At 0.2 mg/kg MK-801, contralateral limb use was still
increased relative to use of both limbs together [F (1.22, 8.56) = 5.00, p < 0.05; t (7) = 3.98, p
< 0.01], but animals used the ipsilateral and contralateral limbs equally. At 0.3 mg/kg, animals
used the ipsilateral limb, contralateral limb, or both limbs together with equal frequency.

Grip Release—At baseline, rats were equally likely to initiate grip release with the ipsilateral,
contralateral, or both limbs together, as shown in Figure 5. The 6-OHDA lesion caused a deficit
relative to baseline [t (8) = 2.45, p < 0.05], such that rats initiated grip release with the ipsilateral
limb more than the contralateral limb or both limbs together [F (2, 16) = 8.72, p < 0.01; t's (8)
≥ 2.82, p's < 0.05]. L-DOPA treatment + vehicle for MK-801 (see 0 mg/kg) altered behavior
relative to the lesion [t's (8) ≥ 2.71, p's ≤ 0.05], as rats initiated release with the contralateral
limb or both limbs together more than the ipsilateral limb [F (1.13, 9.01) = 6.60, p < 0.05; t's
(8) ≥ 3.36, p ≤ 0.01].

After MK-801 at any dose (0.1, 0.2, or 0.3 mg/kg), animals were equally likely to initiate grip
release with the ipsilateral, contralateral, or both limbs. At 0.1 mg/kg, rats initiated grip release
with the ipsilateral limb less frequently than at baseline or lesion, [t's (8) ≥ 2.45, p's ≤ 0.05],
similar to vehicle-treated rats (compare to 0 mg/kg). However, at 0.2–0.3 mg/kg MK-801, rats
showed fewer grip release initiations with the ipsilateral limb [t's (8) ≥ 2.50, p's < 0.01],
contralateral limb [t's (8) ≥ 3.00, p's < 0.05], and both limbs [t (8) = 2.26, p ≤ 0.05]. The dramatic
reductions in grip release after MK-801 are at least partially explained by a striking dose-
dependent impairment of grasping induced by MK-801, which we attribute to ataxia.
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Specifically, the percentage of trials on which rats failed to grasp the grid after 0.1, 0.2, and
0.3 mg/kg MK-801 was 6%, 67%, and 92%, respectively, and this profile after 0.2–0.3 mg/kg
MK-801 was significantly different than at baseline, after lesion, or after chronic L-DOPA
treatment [t's (8) ≥ 5.51, p's ≤ 0.001].

Discussion
In the current study, we show for the first time that MK-801 suppressed L-DOPA-induced
AIMs in the 6-OHDA rat model only at doses that reversed the direction of L-DOPA-induced
rotation and prevented L-DOPA's therapeutic effects. Specifically, 0.1 mg/kg MK-801 had no
effect on any of the L-DOPA-mediated behaviors studied, while 0.2–0.3 mg/kg MK-801
suppressed L-DOPA-induced AIMs, contraversive rotation, and sensorimotor improvement in
the VSFP and Grip Release tests. Based on these data, we conclude that noncompetitive NMDA
antagonism is unlikely to be a clinically effective treatment for dyskinesia and may in fact
worsen parkinsonism.

MK-801 is known to increase spontaneous and burst firing of dopaminergic neurons (0.01–
3.2 mg/kg, i.v.; Murase et al., 1993; Zhang et al., 1992), to cause dopamine release after
systemic (0.1 mg/kg; Mathe et al., 1998) or intracerebral administration (10–100 μM, i.c.;
Hondo et al., 1994), and to increase dopamine turnover (0.2 mg/kg; Reith et al., 1998). In the
6-OHDA rat, MK-801 causes ipsiversive rotation (0.05–0.25 mg/kg MK-801; Goto et al.,
1993), and reduces contraversive turning in response to an acute challenge with 25 mg/kg L-
DOPA (0.3 mg/kg MK-801; Spooren et al., 2000) or 0.05 mg/kg apomorphine (0.1 mg/kg
MK-801; Robinson et al., 2001). Our data support and extend these findings by showing for
the first time that MK-801 (0.2–0.3 mg/kg) shifts rotation from contralateral to ipsilateral in
the L-DOPA-treated 6-OHDA rat.

The current rotational data are in direct contrast to a recent study by Dupre et al. (2008), which
found no effect of 0.3 mg/kg MK-801 on L-DOPA-induced contraversive rotation. No obvious
methodological differences explain these disparate findings, though variations in 6-OHDA
delivery coordinates, amount of neurotoxin, and volume of infusion are different. However,
both the current study and Dupre et al. (2008b) report large dopaminergic lesions and use well-
established L-DOPA regimens previously been shown to induce AIMs (Bishop et al., 2006;
Eskow et al., 2007; Taylor et al., 2005; Paquette et al., 2008, 2009a). Given recent interest in
the role of serotonin in dyskinesia (c.f. Bishop et al., 2009; Dupre et al., 2008; Eskow et al.,
2007; Jaunarajs et al., 2009; Marin et al., 2009; Muñoz et al., 2008; Paquette et al., 2009a), it
is interesting to speculate whether the serotonin system was differentially affected in the current
study versus in Dupre et al. (2008b), and this question is worthy of pursuit in future studies.

Research using other models of Parkinson's disease with predictive validity, including the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine mouse and reserpine rat, suggest that low doses
of MK-801 may enhance L-DOPA's motor-activating effects, but higher doses (0.3–0.5 mg/
kg) may reduce these effects. Specifically, in the 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine mouse, amantadine augments the behavioral activating effects of L-DOPA
on locomotion and rearing (Fredriksson et al., 2001). A low doses of MK-801 (0.1 mg/kg)
partially mimics amantadine by increasing locomotion, but a high dose (0.3 mg/kg) has the
opposite effect, reducing rearing (Fredriksson et al., 2001). In the reserprine rat model, the
antidyskinesia drugs amantadine and idazoxan (Rascol et al., 2000) selectively suppress rearing
without affecting locomotion, while the D2 antagonist haloperidol causes general motor
suppressant effects on rearing and locomotion (Johnston et al., 2005). Low doses of MK-801
(0.01–0.1 mg/kg) act like amantadine in this model, while a very high dose (0.5 mg/kg) acts
like haloperidol (Johnston et al., 2005). While 0.2–0.3 mg/kg MK-801 have not been tested in
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the reserpined rat, these data support the idea that high doses of MK-801 may have general
motor suppressant effects.

In summary, the current study demonstrates that the selective noncompetitive NMDA
antagonist MK-801 suppresses AIMs only at doses that decrease L-DOPA-induced
contraversive rotation and exacerbate sensorimotor deficits. These data suggest that
noncompetitive NMDA antagonists are unlikely to be clinically useful, as any benefit would
be outweighed by the risk of worsening parkinsonism.
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Figure 1.
Effect of chronic MK-801 on development of L-DOPA-induced AIMs. Control and MK-801-
treated animals developed AIMs that worsened over repeated L-DOPA injections, as indicated
by increasing scores on limb + axial + oral AIMs (A), limb AIMs (B), axial AIMs (C), oral
AIMs (D), and contraversive rotation (E). There was no effect of MK-801 treatment on the
development of sensitized responses to L-DOPA (F). Animals were treated with 0.1 mg/kg
MK-801, i.p., 30 min prior to L-DOPA, on Days 1–14 and 16–21. Days 0, 15, and 22 (see
arrows) were L-DOPA challenge days when all animals received vehicle + L-DOPA. LAO,
limb + axial + oral AIMs.
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Figure 2.
Effect of acute MK-801 on expression of L-DOPA-induced AIM. MK-801 dose-dependently
suppressed limb + axial + oral AIMs (A), especially during the first hour after L-DOPA (B).
Effects on the limb AIMs (C), axial AIMs (D), and oral AIMs subscales (E), as well as on L-
DOPA-induced rotation (F), were similar to the summed AIMs score (compare to panel A)
and are described in detail in the text. * p < 0.05 relative to vehicle.
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Figure 3.
Intact rats show no limb use asymmetry in the VSFP test at baseline (BL). The unilateral 6-
OHDA lesion (LX) impairs contralateral performance, and this impairment is partially restored
by chronic L-DOPA + vehicle for MK-801 (see 0 mg/kg). MK-801 dose-dependently prevents
L-DOPA's therapeutic effects. * p < 0.05 relative to BL, # p < 0.05 relative to LX, + p < 0.05
relative to vehicle for MK-801 (0 mg/kg).
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Figure 4.
Intact rats show no limb use asymmetry in the Cylinder test at baseline (BL). The unilateral 6-
OHDA lesion (LX) impairs contralateral limb use. Chronic L-DOPA + vehicle for MK-801
causes a shift to contralateral limb use (see 0 mg/kg), but placements are qualitatively different
than those observed when animals are not expressing AIMs, as described in the text. MK-801
dose-dependently restores behavior toward control levels. * p < 0.05 relative to BL, # p < 0.05
relative to LX.
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Figure 5.
Intact rats show no limb use asymmetry in the Grip Release test at baseline (BL). The unilateral
6-OHDA lesion (LX) increases use of the ipsilateral limb to initiate grip release. Chronic L-
DOPA + vehicle for MK-801 causes a shift to initiating release with the contralateral limb or
both limbs together (see 0 mg/kg). MK-801 dose-dependently impairs performance by causing
inability to grasp the grid (“fail”), as described in the text. * p < 0.05 relative to BL, # p < 0.05
relative to LX, + p < 0.05 relative to vehicle for MK-801 (0 mg/kg).
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