
Neurobiology of Disease

The Role of Primary Motor Cortex (M1) Glutamate and
GABA Signaling in L-DOPA-Induced Dyskinesia in
Parkinsonian Rats
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Mitchell Melikhov-Sosin, Emily E. Nuss, and X Christopher Bishop
Behavioral Neuroscience Program, Department of Psychology, Binghamton University, State University of New York, Binghamton, New York 13901

Long-term treatment of Parkinson’s disease with L-DOPA almost always leads to the development of involuntary movements termed
L-DOPA-induced dyskinesia. Whereas hyperdopaminergic signaling in the basal ganglia is thought to cause dyskinesia, alterations in
primary motor cortex (M1) activity are also prominent during dyskinesia, suggesting that the cortex may represent a therapeutic target.
The present study used the rat unilateral 6-hydroxydopamine lesion model of Parkinson’s disease to characterize in vivo changes in GABA
and glutamate neurotransmission within M1 and determine their contribution to behavioral output. 6-Hydroxydopamine lesion led to
parkinsonian motor impairment that was partially reversed by L-DOPA. Among sham-lesioned rats, L-DOPA did not change glutamate or
GABA efflux. Likewise, 6-hydroxydopamine lesion did not impact GABA or glutamate among rats chronically treated with saline.
However, we observed an interaction of lesion and treatment whereby, among lesioned rats, L-DOPA given acutely (1 d) or chronically
(14 –16 d) reduced glutamate efflux and enhanced GABA efflux. Site-specific microinjections into M1 demonstrated that L-DOPA-
induced dyskinesia was reduced by M1 infusion of a D1 antagonist, an AMPA antagonist, or a GABAA agonist. Overall, the present study
demonstrates that L-DOPA-induced dyskinesia is associated with increased M1 inhibition and that exogenously enhancing M1 inhibition
may attenuate dyskinesia, findings that are in agreement with functional imaging and transcranial magnetic stimulation studies in
human Parkinson’s disease patients. Together, our study suggests that increasing M1 inhibitory tone is an endogenous compensatory
response designed to limit dyskinesia severity and that potentiating this response is a viable therapeutic strategy.
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Introduction
Treatment of Parkinson’s disease (PD) with the dopamine (DA)
precursor L-DOPA is the most effective symptomatic therapy to

restore movement, but long-term use typically results in the
gradual development of hyperkinetic involuntary movem-
ents termed L-DOPA-induced dyskinesia (LID) (Ahlskog and
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Significance Statement

Most Parkinson’s disease patients will receive L-DOPA and eventually develop hyperkinetic involuntary movements termed
dyskinesia. Such symptoms can be as debilitating as the disease itself. Although dyskinesia is associated with dynamic changes in
primary motor cortex physiology, to date, there are no published studies investigating in vivo neurotransmitter release in M1
during dyskinesia. In parkinsonian rats, L-DOPA administration reduced M1 glutamate efflux and enhanced GABA efflux, coin-
cident with the emergence of dyskinetic behaviors. Dyskinesia could be reduced by local M1 modulation of D1 , AMPA, and GABAA

receptors, providing preclinical support for the notion that exogenously blunting M1 signaling (pharmacologically or with cortical
stimulation) is a therapeutic approach to the treatment of debilitating dyskinesias.
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Muenter, 2001; Cenci et al., 2011). Although striatal DA pathol-
ogy is considered the primary cause of disease symptoms, the
importance of cortical dysfunction in PD and LID has been in-
creasingly recognized in recent years (for review, see Lefaucheur,
2005; Lindenbach and Bishop, 2013). Indeed, directly targeting
the primary motor cortex (M1) with transcranial magnetic stim-
ulation has shown promise in treating symptoms of PD and po-
tentially LID (Fregni et al., 2005; Wagle-Shukla et al., 2007; Wu et
al., 2008; Lefaucheur, 2009).

Although it has not been well characterized, PD patients ap-
pear to show significant catecholamine pathology in M1, with
one study showing 25%–75% loss of DA fibers that was most
extensive in the superficial cortical layers (Gaspar et al., 1991).
Using the medial forebrain bundle 6-hydroxydopamine (6-
OHDA) rat model of PD, our laboratory recently reported that
6-OHDA reduced DA fiber innervation of M1 by 75% (Linden-
bach et al., 2015).

Numerous neuroimaging studies have been conducted in PD
patients, demonstrating that, relative to healthy controls, M1
blood oxygenation is increased when off-treatment while
L-DOPA reduces M1 blood oxygen levels and glucose metabo-
lism (Haslinger et al., 2001; Asanuma et al., 2006; Yu et al., 2007;
Lindenbach and Bishop, 2013). A similar reduction in M1 blood
flow was found in patients with LID susceptibility that were given
a subthreshold dose of L-DOPA, suggesting that L-DOPA reduces
hyperactivity in M1 (Hershey et al., 1998). The lone study on this
topic in parkinsonian rats reported ambiguous results, finding
that L-DOPA increased M1 blood flow while decreasing M1 glu-
cose metabolism (Ohlin et al., 2012). Studies using rat models of
LID consistently show that LID is associated with increased ac-
tivity of immediate-early genes in M1, suggesting that at least
some cell populations are hyperactive during LID (Ostock et al.,
2011; Halje et al., 2012; Bastide et al., 2014; Lindenbach et al.,
2015).

Analyses of gross physiological measurements, such as blood
flow or immediate-early genes, may be difficult to interpret be-
cause animal models of PD consistently show abnormal firing
patterns of both excitatory (glutamatergic) and inhibitory
(GABAergic) cells in M1 (Parr-Brownlie and Hyland, 2005; Pas-
quereau and Turner, 2011; Brazhnik et al., 2012; Halje et al.,
2012). In humans, patients actively displaying LID have greater
M1 NMDA receptor activation than stable L-DOPA responders
(Ahmed et al., 2011). Transcranial magnetic stimulation studies
suggest that intracortical inhibition mediated by M1 GABAA and
GABAB receptors is reduced in PD patients off-treatment and
restored by L-DOPA (Ridding et al., 1995; Lefaucheur, 2005).
Because dyskinesia can be modified by local delivery of a 5-HT1A

agonist or a D1 antagonist, it appears that neurotransmitter sig-
naling in M1 can causally contribute to the expression of LID
behavior, and targeting such signaling may be therapeutically
valuable (Ostock et al., 2011; Halje et al., 2012).

Despite accumulating circumstantial evidence that M1 amino
acid signaling is involved in PD and LID symptoms, this has not
been directly tested. At present, it is unclear how M1 glutamate
and GABA efflux are involved in, or contribute to, the behavioral
response to L-DOPA. For the first time, the present study used in
vivo microdialysis in awake-behaving animals to examine endog-
enous changes in M1 glutamate and GABA after L-DOPA was
administered to sham or 6-OHDA-lesioned rats. This approach
was complemented with M1 microinjections to causally impli-
cate specific M1 receptors in the pathophysiology of LID and the
pro-motor effects of L-DOPA.

Materials and Methods
Animals
All experiments used male Sprague Dawley rats (Taconic Farms; RRID:
RGD_5508397) that were 9 –11 weeks old at the start of the experiment
(N � 118). Rats were kept in plastic cages and given free access to water
and standard laboratory rat food. The colony room was maintained at
22°C-23°C on a 12 h light/dark cycle (lights on 0700 to 1900) with exper-
iments performed during the light cycle. Throughout the study, rats were
cared for in full accordance with the guidelines of the Institutional Ani-
mal Care and Use Committee of Binghamton University and the most
current National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Surgeries
Sham and active lesions were created by infusing vehicle and 6-OHDA,
respectively, into the medial forebrain bundle. Rats received either bilat-
eral sham lesions (“Sham”; Experiment 1 only) or a unilateral 6-OHDA
lesion and a unilateral sham lesion (“Lesion”; Experiments 1 and 2). For
analgesic purposes, rats were given buprenorphine (0.03 mg/kg) imme-
diately before surgery and 24 h after surgery. Rats were anesthetized with
isoflurane (1%–3% for 75–120 min) mixed with oxygen (1.0 L/min). The
following coordinates relative to bregma were used to target the medial
forebrain bundle according to the rat brain atlas of Paxinos and Watson
(1998): anteroposterior �1.8 mm, mediolateral �2.0 mm, dorsoventral
�8.6, with the skull surface set to flat. A syringe with 26 gauge needle
(Hamilton) was lowered into the target site and 6-OHDA (12 �g) or
vehicle was injected at a constant flow rate of 2 �l/min for 2 min. The
needle was withdrawn 5 min later.

In Experiment 1, rats were fitted with bilateral microdialysis guide
cannulae (Synaptech) in M1 at the following coordinates relative to breg-
ma: anteroposterior 1.6 mm, mediolateral �2.3 mm, dorsoventral �0.6
mm. In Experiment 2, bilateral microinjection guide cannulae (22 gauge,
Plastics One) were placed in M1 (relative to bregma): anteroposterior 1.6
mm, mediolateral �2.6 mm, dorsoventral �0.8 mm. To stabilize cannu-
lae, four jeweler’s screws were placed in the skull and fixed with dental
acrylic.

Drugs
All drugs given systemically were delivered at a volume of 1 ml/kg and
injected intraperitoneally, except for L-DOPA, which was given subcuta-
neously. Buprenorphine hydrochloride (Hospira) was dissolved in sa-
line. 6-OHDA hydrobromide (Sigma-Aldrich) and L-DOPA methyl ester
hydrochloride (Sigma-Aldrich) were dissolved in saline with 0.1% ascor-
bic acid. Two doses of L-DOPA were used (4 and 6 mg/kg), but the
peripheral decarboxylase inhibitor benserazide hydrochloride (Sigma-
Aldrich) was always coadministered at a constant dose of 15 mg/kg.

Abnormal involuntary movements (AIMs) test
The AIMs test is a metric of dyskinesia. Rats were monitored for AIMs
using a procedure modified from Cenci and Lundblad (2007) and de-
scribed in detail by Lindenbach et al. (2011). Rats were observed in clear-
plastic cylinders and were rated by a trained observer (�95% reliability),
every 10 min for 180 min. During each rating period, individual dyski-
nesia severity scores ranging from 0 (not present) to 4 (severe and not
interruptible) were given for axial, limb, and orolingual dyskinesias. The
threes AIMs subtypes were summed to create a single AIMs score for data
analysis.

Forepaw adjusting steps (FAS) test
The FAS test is a measure of akinesia, a cardinal symptom of PD (Jank-
ovic, 2008). Rats with �80% unilateral DA depletion perform poorly on
the test with the lesioned side of the body (Chang et al., 1999). L-DOPA
reduces this deficit so the test can be used to determine whether any
additional adjunct treatment is impacting the efficacy of L-DOPA (Eskow
et al., 2007). To perform the test, an experimenter blind to treatment
condition held the rat’s hindlimbs and one forelimb such that the free
forelimb was forced to bear the rat’s body weight. Rats were moved
laterally for 90 cm over 10 s while another experimenter counted the
number of steps taken in each direction (toward or away from a rat’s
midline). Each FAS test consisted of three trials in each direction, for a
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total of six trials per limb and 12 trials per rat. To verify parkinsonian
behavioral status and reversal of deficit by L-DOPA, we also analyzed
“percent intact” stepping: this score is derived by dividing the total steps
with the lesioned forelimb by steps with the nonlesioned forelimb. Fewer
steps or a lower percent intact indicate a more severe parkinsonian
impairment.

Experiment 1: lesion and L-DOPA-induced changes in M1
glutamate and GABA efflux
Procedure. The effects of acute and chronic L-DOPA administration on
M1 amino acid efflux were examined in separate cohorts of rats (n � 47;
Fig. 1A). During surgery, rats received sham or DA lesions to the medial
forebrain bundle and bilateral M1 microdialysis cannulae were im-
planted. Testing began 3 weeks after lesion (�2 d) when we measured
off-drug motor impairment with FAS. Rats with a 6-OHDA lesion were
only probed for microdialysis if they manifested significant parkinsonian

symptoms, defined as displaying �60% intact stepping (inclusion rate:
95% of rats). Beginning the next day (day 1), rats were given 2 weeks of
daily injections with vehicle (for rats in the acute L-DOPA condition) or
6 mg/kg L-DOPA (for rats in the chronic L-DOPA condition). During this
period, dyskinesia development was monitored on day 1 and day 8 with
the AIMs scale (for 180 min). Lesion-induced impairment was assessed
with the FAS test on day 1 and day 10 at 60 – 65 min after injection (FAS
data on day 1 include only 34 of 47 rats).

Microdialysis probes were implanted bilaterally the evening before
testing. In 11 of 47 rats, one probe membrane failed before/during test-
ing, meaning that only one hemisphere could be analyzed. We used
Synaptech probes with 2 mm shaft, 360 �m outer diameter, and 20 kDa
pore permeability. Microdialysis was performed on days 15 and 16 with
rats receiving one treatment each day during microdialysis (L-DOPA 6
mg/kg and vehicle; within-subjects, order counterbalanced). To main-

Figure 1. Schematic illustrating the experimental timeline. A, All rats received bilateral motor cortex microdialysis guide cannulae and underwent 6-OHDA lesion or sham surgery. After recovery,
rats were treated with daily L-DOPA or vehicle (Veh), during which time motor impairment was scored using the FAS test and dyskinesia was rated with the AIMs scale. Microdialysis for glutamate
and GABA was performed over 2 d. Long-term changes in basal glutamate and GABA efflux were measured on the first day of dialysis before drug injection. Rapid changes due to drug treatment were
measured after L-DOPA or Veh injection on both days of dialysis. B, All rats received bilateral microinjection guide cannulae and a 6-OHDA lesion. After recovery, rats were treated with daily L-DOPA
and behaviorally examined for motor impairment and dyskinesia. Later, rats received M1 microinjections (on 3 d over a 5 d period) immediately before L-DOPA treatment and were subsequently
rated for FAS and AIMs.
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tain “daily” L-DOPA treatment, rats treated with chronic L-DOPA (days
1–14) that received vehicle on day 15 during microdialysis were given
L-DOPA 6 mg/kg immediately after microdialysis.

Microdialysis sessions took place during the light cycle, with samples
collected every 20 min for 5 h between 1000 and 1700 h. Probes were
connected to a syringe pump (model 400, CMA Microdialysis) set at a 2
�l/min flow rate. The flow was turned on, and rats were habituated to the
microdialysis chamber for 2–3 h before samples were collected. Baseline
samples were collected at least 20 h after last injection with L-DOPA or
vehicle. Six pretreatment samples were taken every 20 min for 120 min,
but in most cases only the final three baselines were used for data analysis.
If the final three samples were not all within 50% of their collective mean,
we substituted in earlier baselines; overall, baseline substitution was per-
formed for 4% of glutamate samples and 6% of GABA samples. If two
substitutions could not stabilize baselines, the entire microdialysis run
was discarded (4% of glutamate runs, and 7% of GABA runs).

After baseline samples were collected, rats were injected with L-DOPA
(6 mg/kg) or vehicle, and samples were taken every 20 min for 180 min
after treatment. Rats were monitored for AIMs every 10 min after drug
injection. Differences in basal amino acid efflux resulting from DA lesion
and/or chronic L-DOPA were determined by comparing raw dialysate
concentrations during baseline on the first day of microdialysis. The
effects of L-DOPA on M1 amino acid efflux were assessed by dividing
treatments samples by the mean of the baseline samples (from that day),
yielding “percent baseline.”

After testing on day 16, rats were returned to their home cages and left
untreated for 3– 6 d as a drug washout period. The FAS test was per-
formed again and immediately afterward, rats were decapitated and the
brains removed. The posterior striata was dissected for high performance
liquid chromatography (HPLC) analysis of DA content to verify lesion
severity. The anterior forebrain was flash-frozen in 2-methylbutane and
cut into 20 �m slices on a cryostat. Sections were stained with 0.1% cresyl
violet acetate (Sigma-Aldrich), and light microscopy was used to exam-
ine cannula placements (see Fig. 3 A, B).

Chromatography of M1 dialysate. HPLC for amino acids was executed
based on a protocol by Rowley et al. (1995) using methods optimized for
our laboratory and equipment (Dupre et al., 2011, 2013). Dialysate sam-
ples were analyzed for extracellular glutamate and GABA levels. aCSF was
prepared as follows (in mM): 128.0 NaCl, 2.5 KCl, 1.3 CaCl2, 2.1 MgCl2,
0.9 NaH2PO4, 2.0 Na2HPO4, and 1.0 glucose, brought to a pH of 7.4 with
�-phosphoric acid. To make the amino acids electrochemically detect-
able, 27 �l of sample was combined with 10 �l of a �-phthaldialdehyde/
�-mercaptoethanol mixture; the resulting mixture was injected into the
column by an autosampler. The mobile phase consisted of 100 mM

Na2HPO4 with 22% methanol and 3.5% acetonitrile, filtered through 0.2
�m nylon membrane filter, and adjusted to a pH of 6.75 with NaOH.

As working standards, we used 10 �5 to 10 �8
M standards for gluta-

mate. Because cortical concentrations of GABA are lower than gluta-
mate, the GABA regression line was created using the 10 �6 to 10 �9

M

standards and also incorporated aCSF (0 M). In vitro recovery was per-
formed on a subset of probes before and after implantation for microdi-
alysis: values appeared stable for glutamate (15.5% before, 14.6% after)
and GABA (10.3% before, 10.2% after). Further analysis showed that
sample concentrations were highly consistent between probes and sam-
ples (Average r 2 � 0.9993, when X � concentration of standard in which
probe was embedded and Y � sample concentration as determined by
HPLC).

Examining our ultimate control rats (sham-lesioned, vehicle-treated),
glutamate concentration averaged 484 pg/�l (corrected for in vitro probe
recovery: 3134 pg/�l), whereas GABA averaged 1.4 pg/�l (corrected for
in vitro probe recovery: 13.2 pg/�l). These values are similar to published
reports where microdialysis was performed in M1 of healthy Sprague
Dawley rats (La Bella et al., 2000; Mabrouk et al., 2014).

Experiment 2: contribution of M1 receptor signaling to behavioral
output after systemic L-DOPA
Procedure. This experiment analyzed the effects of M1 pharmacological
intervention on the behavioral manifestation of LID and L-DOPA effi-
cacy (n � 71; Fig. 1B). During surgery, all rats received a unilateral

6-OHDA lesion to the medial forebrain bundle and bilateral M1 micro-
injection cannulae.

Testing began 3 weeks after surgery (�2 d). Rats were given daily
L-DOPA (6 mg/kg) injections for 14 d to prime them for maximal LID
severity. On three occasions, rats were habituated to the microinjection
procedure, including light restraint with a towel and head cap manipu-
lation, mimicking microinjector insertion. On days 15 and 16, rats were
given the test dose of L-DOPA (4 mg/kg). Before L-DOPA injection on
day 16, rats were tested with FAS to determine lesion-induced motor
impairment. For rats with a 6-OHDA lesion, inclusion was based on
manifesting significant parkinsonian symptoms, defined as displaying
�60% intact stepping (inclusion rate: 93% of rats). After L-DOPA 4
mg/kg injection, rats were monitored for AIMs; and only those that
displayed �15 total AIMs over 180 min were included in AIMs testing
(inclusion rate: 78% of rats). A lower dose of L-DOPA (4 mg/kg) was
chosen for this experiment so that it would be possible to detect increases
or decreases in LID severity with the AIMs scale (Ostock et al., 2015).

After day 16 behavioral testing, rats were left untreated for 2 d. Micro-
injections were performed on days 18, 20, and 22. A 28 gauge microin-
jector (Plastics One) was cut such that the injector tip would extend 1
mm ventral from the guide shaft. Drugs were dissolved in saline or dH2O,
and an injector was used to infuse 1 �l of fluid at a flow rate of 0.25
�l/min. The injector remained in place for 5 min after flow cessation. We
estimated the spread of fluid within M1 with rats from the experiment
that did not meet behavioral criteria. Rats were microinjected with cresyl
violet (1 �g in 1 �l dH2O) using the same procedures as above and killed
15–75 min later. Upon histological examination, no cresyl violet was
observed outside of M1 as defined by Paxinos and Watson (1998).

All rats received microinfusions of one the following compounds (0, 3,
or 18 nmol) immediately before L-DOPA (4 mg/kg): the D1 antagonist
SCH23390 (Sigma-Aldrich), the NMDA antagonist MK-801 (Sigma-
Aldrich), the AMPA antagonist NBQX (Enzo Life Sciences), the GABAA

agonist muscimol (Enzo Life Sciences), or the GABAB agonist baclofen
(Enzo Life Sciences). All drugs were dissolved in saline, except NBQX,
which was dissolved in dH2O. Each rat received three total microinfu-
sions consisting of the same drug with doses given in a counterbalanced
order. Doses of 3 and 18 nmol were selected based on amounts required
to deliver to M1 to elicit behavioral changes (Martin, 1991; St-Pierre and
Bédard, 1994; Carlezon et al., 1996; Kawaguchi and Simon, 1997; Sorg et
al., 2001). After L-DOPA, AIMs was monitored every 10 min for the next
180 min; the FAS test was performed 65 min after L-DOPA.

Rats were left untreated for 2–3 d after the last microinjection before
being decapitated for neurochemical and histological analyses. The pos-
terior striata was dissected for HPLC assay of DA content. The anterior
forebrain was flash frozen, cut on a cryostat, and stained with cresyl violet
to examine the microinjection tract.

Postmortem chromatography of striatal tissue. To verify DA lesion,
HPLC coupled to electrochemical detection was performed on striatal
tissue according to a protocol for monoamine analysis by Kilpatrick et al.
(1986) and described by Dupre et al. (2011). Tissue was 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 analyzed for abundance
of DA. Samples were separated using a mobile phase composed of 90 mM

NaH2PO4, 50 �M EDTA, 1.7 mM octane sulfonic acid, and 10% acetoni-
trile, adjusted to pH 3.0 with �-phosphoric acid. Standards were run
across a range of 10 �6 to 10 �9

M, and the corresponding regression line
was used to estimate DA content in striatal samples. Values were
adjusted to wet tissue weights and reported as pg (of DA) per milli-
grams (of tissue).

Statistical analyses
Statistical analysis was performed with SPSS version 20 (IBM; RRID:
SCR_002865) using � � 0.05. Effect sizes for F tests are reported as
partial � squared (�p

2), which measures the fraction of variance indepen-
dently predicted by a single effect (range 0 –1). Because the AIMs scale
has ordinal intervals, nonparametric analyses were used.

Experiment 1: statistical tests. Motor performance data from the FAS
test were analyzed with a 2 � 2 � 4 mixed-model ANOVA: Lesion
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(6-OHDA or Sham) � Treatment (L-DOPA or vehicle) � Day (Baseline,
Day 1, Day 10, Post). Dyskinesia scores (AIMs) were analyzed with three
nonparametric tests: Mann–Whitney U (for between-subjects contrasts),
the Friedman test (for within-subjects omnibus tests), and the Wilcoxon
signed-rank test (for within-subjects contrasts). To examine basal amino
acid efflux before treatment, we used a 2 � 3 ANOVA: Priming (L-DOPA
Naive or Chronic L-DOPA) � Lesion (Sham, Ipsilateral or Contralateral
[to Lesion]). Subsequent to treatment, changes in glutamate and GABA
were analyzed with a 2 � 3 � 2 � 9 mixed-model ANOVA: Priming
(Acute or Chronic L-DOPA) � Lesion (Sham, Ipsilateral or Contralateral
[to Lesion]) � Treatment (L-DOPA or vehicle) � Time (9 samples). Last,
Pearson correlations determined whether changes in M1 GABA or glu-
tamate efflux predicted dyskinesia expression.

Experiment 2: statistical tests. Effects of microinjection on motor per-
formance were analyzed with a 2 � 3 repeated-measures ANOVA: Hemi-
sphere (Lesion or Intact) � Treatment (vehicle, 3 and 18 nmol of drug).
Changes in dyskinesia scores as a function of M1 microinjection were
analyzed with the Friedman test and followed up with Wilcoxon-signed
rank contrasts if appropriate.

If significant heteroschedasticity was demonstrated with Mauchley’s
test of sphericity (for ANOVAs) or Levene’s test for inequality of variance
(for t tests), degrees of freedom were adjusted with Huyhn–Feldt correc-
tions or Welch’s t test, respectively, and are reported as fractions. If a
given analysis was between-subjects and analyzed with parametric statis-
tics, data �2.5 SDs from the group mean were considered outliers and
discarded.

Results
Experiment 1: lesion and L-DOPA-induced changes in M1
glutamate and GABA efflux
Effect of lesion on striatal monoamine content
Dopamine lesion was confirmed in striatal tissue via HPLC. Rats
with a 6-OHDA lesion had 99% less striatal DA ipsilateral to
lesion as contralateral to lesion (48 vs 6491 pg/mg; t(23) � 11.76,
p � 0.001). There was no difference in striatal DA between sham
rats and 6-OHDA-lesioned rats contralateral to lesion (t(41) �
1.31, p � 0.198), verifying the unilateral nature of the lesion. DA
content was equivalent between rats assigned to receive acute or
chronic L-DOPA (t(22) � 1.05, p � 0.307).

Motor performance
To verify parkinsonian motor deficits and their reversal by L-DOPA,
the FAS test was performed before, during, and after daily treat-
ments. Importantly for our planned comparisons, there was a signif-
icant Lesion � Treatment � Day interaction (F(3,129) � 7.90, p �
0.001, �p

2 � 0.155). 6-OHDA-lesioned rats treated with vehicle
showed equivalent stepping on all days (Fig. 2A). Compared with
baseline, lesioned rats given chronic L-DOPA (6 mg/kg) showed in-
creased stepping on day 1 and day 10 of treatment (both p � 0.001);
as is sometimes the case after chronic L-DOPA treatment (Zhuang et
al., 2013), these rats maintained a degree of motor improvement
when tested after microdialysis after L-DOPA had been withdrawn
for 3–6 d (p � 0.001).

LID development and expression
Among rats given chronic L-DOPA, AIMs increased from day 1 to
day 8 of L-DOPA, demonstrating that rats developed dyskinesia
of increasing severity over time (Fig. 2B; Z � 3.23, p � 0.001). For
the same rats, during microdialysis (day 15 or 16 of L-DOPA),
there was a reduction in AIMs during microdialysis compared
with day 8 of L-DOPA (Z � 2.16, p � 0.031). Although not
directly tested in this experiment, we have observed that a change
in context can affect AIMs scores (i.e., testing in the microdialysis
room vs the standard AIMs rating room).

Next, we verified that there was no significant different in
AIMs scores on the first exposure to L-DOPA between rats as-

signed to the chronic L-DOPA group and rats assigned to the
acute L-DOPA group (Z � 1.18, p � 0.238). As expected, during
microdialysis, rats treated with chronic L-DOPA showed greater
dyskinesia than rats given acute L-DOPA (see Fig. 2C; Z � 3.23,
p � 0.001). Analyzing the time course, AIMs was greater for
chronic versus acute L-DOPA from 30 to 110 min after treatment
(all p � 0.011).

Basal amino acid efflux
We examined changes in basal (off drug) glutamate and GABA
efflux to determine whether 6-OHDA lesion and/or L-DOPA
priming were inducing protracted changes in M1 GABA and glu-
tamate levels.

Omnibus ANOVA for basal glutamate efflux revealed that the
Priming � Lesion interaction was on the cusp of the significance
threshold (F(2,75) � 3.09, p � 0.052, �p

2 � 0.076). Glutamate levels
were decreased ipsilateral to lesion for rats given chronic L-DOPA
(Fig. 3C), with significant reductions compared with contralat-
eral to lesion (t(13.5) � 3.10, p � 0.008) and compared with
L-DOPA naive rats ipsilateral to lesion (t(15.1) � 2.38, p � 0.031).

Analyzing basal GABA efflux, ANOVA revealed a significant
Priming � Lesion interaction (F(2,69) � 4.95, p � 0.010, �p

2 �
0.125). As seen in Figure 3D, ipsilateral to 6-OHDA lesion, rats
given chronic L-DOPA showed increased GABA efflux relative to
acute L-DOPA (t(13.0) � 2.22, p � 0.044) and relative to chronic
L-DOPA in sham rats (t(11.7) � 2.41, p � 0.033). Increased GABA
was also seen after chronic L-DOPA contralateral to lesion, com-
pared with both L-DOPA naive rats contralateral to lesion
(t(13.3) � 3.32, p � 0.005) and compared with sham rats given
chronic L-DOPA (t(12.2) � 3.31, p � 0.006).

Glutamate release after L-DOPA
Next, we analyzed the effects of L-DOPA on glutamate efflux
for 3 h after drug administration because this is the duration of
the behavioral response to L-DOPA 6 mg/kg. Results of 2 �
3 � 2 � 9 ANOVA revealed that two of the four possible
third-order effects were significant: Lesion � Treatment �
Time (F(16,1120) � 3.08, p � 0.001, �p

2 � 0.042) and Priming �
Lesion � Time (F(16,1120) � 2.09, p � 0.007, �p

2 � 0.029). The
four-way interaction (Priming � Lesion � Treatment �
Time) was near the threshold of significance (F(16,1120) � 1.57,
p � 0.069, �p

2 � 0.022).
Based on these interactions, we performed a time series anal-

ysis. Among sham rats, L-DOPA did not impact glutamate efflux
(Fig. 4A). Ipsilateral to lesion, acute administration of L-DOPA
decreased glutamate efflux, with a statistically significant reduc-
tion in glutamate at the 20, 80, and 120 –180 time points (Fig. 4B;
all p � 0.043). Among rats chronically exposed to L-DOPA, in-
jection with L-DOPA during microdialysis did not alter gluta-
mate levels ipsilateral to lesion but did cause an increase in
glutamate contralateral to lesion at the 40 and 80 min time points
(Fig. 4C; both p � 0.034).

Next, we performed a correlation to determine the extent to
which AIMs scores (in Fig. 2C) were associated with changes in
glutamate efflux. Because two AIMs scores were taken for every
one microdialysis sample, the average of two AIMs ratings was
correlated with a single dialysis sample. Ipsilateral to lesion, for
rats given acute L-DOPA, we found a marginally significant pos-
itive correlation between percent baseline glutamate efflux and
AIMs scores (Fig. 5A; r 2 � 0.039, p � 0.034). Surprisingly, AIMs
scores showed a stronger positive correlation with M1 glutamate
efflux contralateral to lesion (Fig. 5B; r 2 � 0.167, p � 0.001).
There was no correlation between AIMs scores and glutamate
efflux for rats given chronic L-DOPA (Fig. 5C,D).
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As another means of visualizing the correlation between a
change in glutamate efflux and AIMs scores among rats given
acute L-DOPA, we performed a median split, grouping rats by
high/low dyskinesia severity (Fig. 5E). Inferential statistics were
not performed on this dataset because of the reduced sample size.
Examining Figure 5F, changes in M1 glutamate after L-DOPA
appeared to depend on behavioral output. Rats in the low AIMs
group showed a precipitous decline in glutamate ipsilateral to
lesion. Conversely, rats in the high AIMs group showed less of a
decline in glutamate ipsilateral to lesion but did show a consistent
increase in glutamate contralateral to lesion.

GABA release after L-DOPA
Next, we examined changes in GABA efflux caused by L-DOPA.
GABA levels in the neocortex are relatively low and can be diffi-
cult to measure via HPLC due to the long retention time of GABA
in the chromatography column (Rowley et al., 1995; Rea et al.,

2005). Whereas all GABA baselines were above our threshold of
detection (threshold � 0.043 pg/�l; minimum observed � 0.079
pg/�l), runs near our threshold of detection often showed highly
variable changes in percent baseline. To obviate this issue, we
only analyzed percent baseline changes in GABA for rats that had
an average GABA baseline of at least 0.250 pg/�l (93% of all
runs).

GABA efflux was evaluated first with an omnibus ANOVA,
which revealed a significant interaction of Time � Treatment
(F(8,880) � 1.98, p � 0.046, �p

2 � 0.018) as well as Time � Treat-
ment � Lesion (F(16,880) � 1.95, p � 0.014, �p

2 � 0.034). Time
point comparisons were performed based on these interactions.
Among sham rats, treatment with L-DOPA (6 mg/kg) did not
affect GABA efflux (Fig. 6A). Ipsilateral to lesion, acute L-DOPA
caused a small and transitory decrease in GABA in the first 20 min
after injection (Fig. 6B; p � 0.003). Chronic L-DOPA caused a

Figure 2. Effects of lesion and L-DOPA on motor performance and the development of dyskinesia for rats in Experiment 1 (n � 8 –15 per group). Rats were treated for 14 d with daily L-DOPA 6
mg/kg (“Chronic”) or vehicle (Veh; “Acute”). On each of the next 2 d, microdialysis was performed. Importantly, rats in the “acute” condition only received one injection of L-DOPA (on day 15 and 16
during microdialysis). A, Parkinsonian motor impairment was assessed by analyzing the number of steps taken with the lesioned forepaw before drug treatment (baseline), on days 1 and 10 of
treatment, and after treatment had concluded (post). B, Dyskinesia was quantified using the AIMs scale on days 1 and 8 of daily treatments as well as during microdialysis on days 15 and 16.
Horizontal bars represent median scores for each group. C, Dyskinesia during microdialysis for lesioned rats given L-DOPA. AIMs data are displayed as medians with median absolute deviation (MAD)
as the error term. *p � 0.05. **p � 0.01. ***p � 0.001.
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protracted increase in GABA that was statistically significant at
140 min (p � 0.010). In M1 contralateral to lesion, acute
L-DOPA did not affect GABA, but chronic L-DOPA caused an
increase in GABA that was statistically significant at 100 min (Fig.
6C; p � 0.036). Notably, L-DOPA-induced increases in GABA
appeared to be temporally aligned between ipsilateral and con-
tralateral to lesion (compare Fig. 6B,C).

Next, we correlated LID behavior with changes in M1 GABA
efflux. There was a large positive correlation between GABA ef-
flux and AIMs after acute L-DOPA; this correlation was stronger
ipsilateral to lesion (Fig. 7A: r 2 � 0.273, p � 0.001) than con-
tralateral to lesion (Fig. 7B; r 2 � 0.082, p � 0.010). There was no
correlation between AIMs and GABA efflux for rats given chronic
L-DOPA (Fig. 7C,D).

Because GABA efflux correlated with LID behavior after acute
L-DOPA, we performed a median split on the data splitting the
rats into high and low AIMs groups (Fig. 7E). As with glutamate,
no inferential statistics were performed. Comparing these
groups, GABA levels increased above baseline for rats that ex-
pressed high AIMs, whereas GABA levels declined below baseline
levels for rats that had low AIMs (Fig. 7F).

Experiment 2: contribution of M1 receptor signaling to
behavioral output after systemic L-DOPA
Striatal tissue analysis
Striatal tissue was analyzed for monoamine content to verify
6-OHDA-induced DA depletion. As expected, there was more
than a 99% depletion of striatal DA in the lesioned hemisphere
compared with the intact hemisphere (19 vs 5141 pg/mg DA;
t(70) � 16.85, p � 0.001).

Effect of intra-M1 D1 antagonism on PD and LID symptoms
Analysis with the Friedman test revealed that microinjection of
the D1 antagonist SCH23390 reduced dyskinesia scores (n � 12;
	 2 � 12.17, p � 0.002). SCH23390 18 nmol was the only dose to
significantly reduce AIMs compared with vehicle (Fig. 8A, inset;
Z � 2.90, p � 0.004), reducing AIMs scores at 80 and 110 –120
min after L-DOPA (Fig. 8A; all p � 0.043).

To determine whether M1 manipulations were broadly af-
fecting motor function or specifically impacting LID behav-
iors, the FAS test was used (n � 15). First, we verified L-DOPA
efficacy: percent intact stepping increased from 41% off-drug
(before microinjections) to 61% on L-DOPA 4 mg/kg (after

Figure 3. Effect of lesion and L-DOPA on basal (off-drug) efflux of glutamate and GABA in the primary motor cortex (M1; n � 11–16 per group). A, Cresyl violet histology showing successful probe
placement in M1. B, Schematic depicting all successful probe placements in M1. Also labeled are the adjacent medial cortices (supplementary motor: M2) and lateral cortices (primary somatosensory:
S1). C, Average glutamate efflux among three baseline samples. D, Average GABA efflux among three baseline samples. *p � 0.05. **p � 0.01.
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microinjection of vehicle; t(14) � 2.70,
p � 0.017). Next, omnibus analyses of
FAS scores after microinjection revealed
a significant treatment effect (F(2,28) �
4.08, p � 0.028, �p

2 � 0.225). Planned
comparisons revealed that SCH23390
18 nmol only reduced stepping com-
pared with vehicle with the lesioned
forelimb (Fig. 8B; t(14) � 3.12, p �
0.007), suggesting a reduction in
L-DOPA efficacy by SCH23390.

Effect of intra-M1 NMDA antagonism on
PD and LID symptoms
Intra-M1 delivery of the NMDA antago-
nist MK-801 did not impact AIMs caused
by L-DOPA 4 mg/kg (Fig. 9A; n � 12;
	 2 � 4.87, p � 0.088). As above, we veri-
fied L-DOPA efficacy by comparing per-
cent intact stepping at baseline (34%) to
L-DOPA 4 mg/kg (62%), which was a sig-
nificant change (t(13) � 6.35, p � 0.001).
Analysis of FAS scores showed no effects
of treatment, suggesting that MK-801
treatment did not modify motor perfor-
mance (Fig. 9B).

Effect of intra-M1 AMPA blockade on LID
Blocking activity of AMPA glutamate re-
ceptors using NBQX significantly reduced
AIMs scores (n � 13; 	 2 � 6.62, p �
0.037). NBQX 18 nmol reduced LID com-
pared with vehicle (Fig. 9C, inset; Z �
2.34, p � 0.019), but a significant reduc-
tion in LID was only observed at 100 min
after L-DOPA (Fig. 9C; p � 0.049).

We attempted to verify L-DOPA effi-
cacy by comparing percent intact stepping
off-drug (37%) to percent intact on
L-DOPA 4 mg/kg (55%), but this dif-
ference was not statistically significant
(t(12) � 1.73, p � 0.110). Examining FAS
scores after microinjection, there was no
effect of treatment, demonstrating that
intra-M1 NBQX did not modify motor
performance (Fig. 9D).

Effect of intra-M1 GABAA activation on
PD and LID
In this cohort, we potentiated GABAA re-
ceptor activity using the selective agonist
muscimol before L-DOPA 4 mg/kg, re-
sulting in a reduction of AIMs scores (n �
13; 	 2 � 11.69, p � 0.003). Overall, mus-
cimol 18 nmol reduced AIMs compared
with vehicle (Fig. 10A, inset; Z � 2.98, p � 0.003), with significant
reductions lasting from 50 to 100 min after L-DOPA (Fig. 10A; all
p � 0.041).

An increase in percent intact stepping between baseline (39%)
and L-DOPA 4 mg/kg (66%) was taken as a validation of L-DOPA
efficacy (t(12) � 2.57, p � 0.025). ANOVA analyses of FAS scores
after muscimol showed an effect of treatment with muscimol
(F(2,24) � 18.01, p � 0.001, �p

2 � 0.600) and a Treatment �
Hemisphere interaction (F(2,24) � 10.92, p � 0.001, �p

2 � 0.462).

Muscimol did not affect stepping with the lesioned paw (Fig.
10B). However, on the intact side, compared with vehicle, step-
ping was reduced by muscimol 18 nmol (t(12) � 6.87, p � 0.001)
and 3 nmol (t(12) � 2.28, p � 0.041).

Effect of intra-M1 GABAB activation on PD and LID
Given GABAA modulation of LID, we next examined the other
major GABA receptor in the cortex, GABAB, for effects on PD
and LID behavior. Analysis of total AIMs using the Friedman

Figure 4. Change in primary motor cortex glutamate efflux as a result of acute or chronic L-DOPA treatment in sham and
lesioned rats (n � 10 –16 per group). A, Glutamate efflux in sham rats. B, Glutamate efflux ipsilateral to lesion. C, Glutamate efflux
contralateral to lesion. *p � 0.05.
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test revealed no effect of baclofen on dyskinesia (Fig. 10C; n �
12; 	 2 � 0.17, p � 0.920).

L-DOPA efficacy was verified in this cohort of rats by com-
paring percent intact stepping at baseline (28%) and after
L-DOPA 4 mg/kg (59%; t(13) � 5.76, p � 0.001). Analyses of
FAS scores after baclofen revealed that baclofen reduced step-
ping overall (F(2,26) � 19.28, p � 0.001, �p

2 � 0.597) and there
was a Hemisphere � Treatment interaction (F(2,26) � 4.17,
p � 0.027, �p

2 � 0.243). Baclofen 18 nmol reduced stepping
compared with vehicle with the intact forepaw (Fig. 10D;
t(13) � 4.46, p � 0.001), and a similar trend for reduced step-
ping was observed with the lesioned forepaw (t(13) � 2.15,
p � 0.051).

Discussion
This is the first experiment to provide evidence for changes in M1
amino acid release in an animal model of PD and LID (for a
summary of results, see Tables 1-3). In nonlesioned rats, L-DOPA
did not alter glutamate or GABA concentrations (Figs. 3C,D, 6A).
In lesioned rats, M1 glutamate levels declined after acute
L-DOPA, whereas chronic L-DOPA led to a long-term suppres-
sion of glutamate that was insensitive to further modulation
(Figs. 3C, 4B). Notably, chronic L-DOPA preferentially enhanced
GABA signaling (Figs. 3D, 6B). Dyskinesia was reduced by M1
delivery of a D1 antagonist, an AMPA antagonist, or a GABAA

agonist, suggesting that DA, glutamate, and GABA signaling in
M1 all contribute to dyskinesia expression (Figs. 8A, 9C, 10A).

Figure 5. Relationship between change in primary motor cortex glutamate efflux and dyskinesia scores. A–D, Correlations between dyskinesia (assessed with the AIMs scale) and percentage
baseline glutamate efflux. E, Median split of rats given acute L-DOPA into “high AIMs” and “low AIMs” groups. F, Glutamate efflux when acute L-DOPA-treated rats are split into high and low AIMs.
Some rats have only one M1 probe (n � 4 – 6 per group).
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Role of M1 glutamate in PD and LID
For �25 years, canonical models of PD
and LID have postulated that pathologi-
cally decreased M1 glutamate promotes
PD symptoms whereas pathologically
increased M1 glutamate promotes LID
symptoms (Alexander et al., 1990; Cenci,
2007). Thus, it is surprising that 6-OHDA
lesion alone did not reduce M1 glutamate
efflux (Fig. 3C). Ipsilateral to lesion, the
first exposure to L-DOPA caused gluta-
mate levels to fall slowly but relatively
continuously, declining to less than half of
baseline levels after 3 h (Fig. 4B). Daily
treatment with L-DOPA for 14 d reduced
basal (off-drug) glutamate efflux, after
which each L-DOPA injection no longer
produced a change in glutamate. Thus,
we provide convergent evidence that
L-DOPA reduces M1 glutamate efflux, but
it may do so in a protracted manner rela-
tive to brain levels of L-DOPA. Because
there was no correlation between AIMs
and glutamate efflux in rats given chronic
L-DOPA (and no immediate change in
glutamate efflux), we found no evidence
for the involvement of glutamate in LID
expression (Fig. 5C). Thus, our results fail
to support the classical model of LID
physiology wherein excessive M1 gluta-
mate release is a key endogenous mediator
of LID behavior (Obeso et al., 2000; Cenci,
2007).

At the same time, we provide evidence
that M1 glutamate can function as a modu-
lator of LID. Local M1 delivery of the AMPA
antagonist NBQX was able to reduce dyski-
nesia, demonstrating that blunting M1 glu-
tamate signaling can reduce LID (Fig. 9C).
Although an NMDA antagonist alone did
not significantly reduce LID (Fig. 9A), there
is evidence that combined AMPA and
NMDA antagonism produces more power-
ful LID suppression than can be achieved
with blockade of either receptor alone (Bib-
biani et al., 2005). Thus, our data do support
the notion that targeting M1 glutamate sig-
naling is a potential means to reduce LID.

One hypothesis is that long-term
L-DOPA-induced reductions in M1 gluta-
mate are important for the beneficial (pro-
motor) effects of L-DOPA rather than in
preventing LID. Indeed, long-term plastic-
ity caused by L-DOPA is critical for thera-
peutic efficacy (Zhuang et al., 2013). Even after the benefits of
L-DOPA were first reported, many clinicians remained skeptical
about its utility because immediate effects are not evident in many
patients (Cotzias et al., 1967; Fahn, 2015). In our experiment, the
first dose of L-DOPA improved movement and reduced M1 gluta-
mate efflux (Figs. 2A, 4B). After chronic L-DOPA was withdrawn
(for �20 h), rats showed improved movement indicative of L-DO-
PA-induced plasticity (Fig. 2A) (Zhuang et al., 2013) and had de-
pressed basal M1 glutamate efflux (Fig. 3C), suggesting that the two

phenotypes might be causally linked. Together, our results support
the general proposition that reducing glutamatergic activity in par-
kinsonian motor circuits is beneficial for relieving both PD and LID
symptoms (Huot et al., 2013).

Role of M1 GABA in PD and LID
M1 GABA signaling has been implicated in PD pathophysiology
because untreated PD patients often show deficient M1 GABAe-
rgic inhibition that is reversible by L-DOPA (Strafella et al., 2000;
Chen et al., 2001; Lefaucheur, 2005). In the present experiment,

Figure 6. Change in primary motor cortex GABA efflux as a result of acute or chronic L-DOPA treatment in sham and lesioned rats
(n � 8 –12 per group). A, GABA efflux in sham rats. B, GABA efflux ipsilateral to lesion. C, GABA efflux contralateral to lesion.
*p � 0.05. **p � 0.01.
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as a singular manipulation, neither lesion nor chronic L-DOPA
impacted basal GABA efflux (Figs. 3D, 6A). Instead, we observed
an interaction between lesion and treatment: chronic L-DOPA
increased basal GABA efflux bilaterally among unilaterally DA-
lesioned rats (Fig. 3D). Subsequent L-DOPA administration to
these rats led to a further potentiation GABA efflux bilaterally,
peaking numerically in both hemispheres 100 min after treat-
ment (Fig. 6B,C). Thus, it appears that chronic L-DOPA in-
creases GABA efflux in M1 across both short and long time scales.

In lesioned rats, changes in GABA efflux after L-DOPA admin-
istration were strongly correlated (r 2 � 0.273) with LID behavior
after acute, but not chronic, L-DOPA, suggesting that GABA may
be involved in LID development (Fig. 7A,C). Overall, acute
L-DOPA did not change GABA (Fig. 6B), but this was seemingly

due to bidirectional modulation of GABA depending on LID
status (Fig. 7F). Rats with relatively high AIMs after acute
L-DOPA showed a temporal enhancement of GABA. By contrast,
rats with low AIMs showed a slight decrease in GABA efflux after
acute L-DOPA. Furthermore, the time course and magnitude of
the increase in GABA among acutely L-DOPA-treated rats that
expressed high AIMs (Fig. 7F) mirror the increase in GABA seen
in chronically L-DOPA-treated rats (Fig. 6B), rats that also dis-
played similarly high AIMs (compare Figs. 2B, 7E). These results
provide convergent evidence that a rise in M1 GABA portends the
expression of dyskinesia.

Because the increase in GABA after chronic L-DOPA occurred
while LID was subsiding, M1 GABA induction after L-DOPA may
ostensibly reduce LID (Figs. 2C, 6B). In support of this notion,

Figure 7. Relationship between change in primary motor cortex GABA efflux and dyskinesia scores. A–D, Correlations between dyskinesia (assessed with the AIMs scale) and percentage baseline
GABA efflux. E, Median split of rats given acute L-DOPA into “high AIMs” and “low AIMs” groups. F, GABA efflux when acute L-DOPA-treated rats are split into high and low AIMs. Some rats have only
one M1 probe (n � 3–5 per group).
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potentiating GABA signaling via microinjection of the GABAA

agonist muscimol into M1 caused a consistent suppression of
LID from 50 to 100 min after L-DOPA (Fig. 10A). This suggests
that increasing inhibitory GABAA tone in M1 is a powerful means
of controlling LID. This proposition is reinforced by clinical re-

search showing that inhibitory (low-frequency) M1 transcranial
magnetic stimulation significantly reduces LID (Wagle-Shukla et
al., 2007; Filipović et al., 2009).

We found no evidence for a causal link between the pro-
motor effects of L-DOPA and increased M1 GABA signaling.

Figure 8. Changes in the behavioral response to L-DOPA after microinjection of a D1 receptor antagonist into the primary motor cortex. A, Dyskinesia assessed with the AIMs scale (n � 12). AIMs
data are displayed as medians with median absolute deviation (MAD) as the error term. B, Motor performance assessed with the FAS test (n � 15). *p � 0.05. **p � 0.01.

Figure 9. Changes in the behavioral response to L-DOPA after microinjection of an AMPA or NMDA receptor antagonist into the primary motor cortex. A, Dyskinesia assessed with the AIMs scale
(n � 12) after NMDA blockade. B, Motor performance assessed with the FAS test (n � 15) after NMDA blockade (C) Dyskinesia assessed with the AIMs scale after AMPA blockade (n � 12). D, Motor
performance assessed with the FAS test after AMPA blockade (n � 15). AIMs data are displayed as medians with median absolute deviation (MAD) as the error term. *p � 0.05.
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Both muscimol and baclofen reduced motor performance with
the intact, but not lesioned, forelimb (Fig. 10B,D). This leads to
the novel conclusion that healthy motor systems require an intact
M1 GABA system to facilitate rapid forelimb movement. Like-
wise, it appears that forelimb movement in a parkinsonian motor
system is less sensitive to perturbations in M1 GABA signaling,
although we cannot rule out the possibility that a floor effect on
the behavioral scale led to the perception of a null effect. When
given acute L-DOPA, M1 GABA levels only rose for a subset of
rats with high AIMs, but (in different rats) L-DOPA provided the
same degree of pro-motor benefit on day 1 as on day 10 (compare
Figs. 2A, 7F). Because the GABA system sensitized to chronic
L-DOPA but the pro-motor benefit did not, our work does not
provide clear evidence for their causal association.

Involvement of D1 receptors in M1
Microinjection of the D1 antagonist SCH23390 reduced dyskine-
sia evoked by systemic L-DOPA (Fig. 8A), in agreement with
similar findings by Halje et al. (2012). In combination with sys-
temic L-DOPA, SCH23390 reduced motor performance with the
lesioned, but not intact, forelimb, suggesting that D1 receptors in
M1 contribute to the pro-motor effects of L-DOPA, in addition to
modulating dyskinetic behavior (Fig. 8B). Previous research has
implicated M1 D1 receptors in motor learning (Molina-Luna et
al., 2009), but we are the first to show that they are also involved

Figure 10. Changes in the behavioral response to L-DOPA after microinjection of a GABAA or GABAB agonist into the primary motor cortex. A, Dyskinesia assessed with the AIMs scale after GABAA

activation (n � 13). B, Motor performance assessed with the FAS test after GABAA activation (n � 14). C, Dyskinesia assessed with the AIMs scale after GABAB activation (n � 12). D, Motor
performance assessed with the FAS test after GABAB activation (n � 15). AIMs data are displayed as medians with median absolute deviation (MAD) as the error term. *p � 0.05. **p � 0.01.
***p � 0.001.

Table 1. Long-term changes in basal M1 glutamate and GABA efflux caused by
chronic L-DOPAa

Lesion status Glutamate GABA

Sham — —
Ipsilateral to lesion 2 1
Contralateral to lesion — 1
aChanges in basal amino acid efflux (pg of glutamate or GABA/�l of dialysate) as a result of chronic L-DOPA were
dependent on the presence of a 6-hydroxydopamine lesion.1, increase in neurotransmitter concentration versus
treatment-naive subjects;2, decrease in neurotransmitter concentration versus treatment-naive subjects.

Table 2. Short-term changes in M1 glutamate and GABA efflux immediately after
L-DOPAa

Lesion status Treatment Glutamate GABA

Sham Acute L-DOPA — —
Ipsilateral to lesion Acute L-DOPA 2 2 orb1
Contralateral to lesion Acute L-DOPA 2 orb1 —
Sham Chronic L-DOPA — —
Ipsilateral to lesion Chronic L-DOPA — 1
Contralateral to lesion Chronic L-DOPA 1 1
aChanges in amino acids (as percentage of baseline) observed over a 3 h period immediately after L-DOPA adminis-
tration.
bModulation appeared to depend upon the severity of dyskinesia displayed by the rat (see Figs. 5F, 7F ).

Lindenbach et al. • Motor Cortex Glutamate and GABA during Dyskinesia J. Neurosci., September 21, 2016 • 36(38):9873–9887 • 9885



in motor performance, specifically in the ability to rapidly initiate
and terminate movement, as measured by the FAS test. This find-
ing parallels research in the striatum showing that D1 receptor
activation contributes to both the positive and negative effects of
L-DOPA (Jenner, 2008; Huot et al., 2013).

Involvement of M1 contralateral to 6-OHDA lesion
Glutamate and GABA efflux were dynamically altered by
L-DOPA in M1 contralateral to 6-OHDA lesion, even though
sham-lesioned rats showed no such changes. This is surprising
given that our laboratory recently reported that M1 monoamine
tissue concentrations are equivalent between shams and con-
tralateral to lesion (Lindenbach et al., 2015). In the present inves-
tigation, we observed that L-DOPA increased both glutamate and
GABA efflux contralateral to 6-OHDA lesion (albeit on different
time scales) after chronic L-DOPA as well as after acute L-DOPA
among rats with relatively high dyskinesia (Figs. 4C, 5F, 6C, 7F).
Because these alterations were exclusively observed in rats
that expressed motor symptoms of LID, movement-associated
changes may account for the observed differences in M1 signal-
ing. A second possibility is that M1 ipsilateral to lesion is disrupt-
ing amino acid signaling contralateral to lesion via transcollosal
fibers in layer II/III. Indeed, there is evidence for bilateral changes
in corticostriatal activity among unilaterally lesioned rats, and
these changes may be relevant for translational medicine because
PD patients manifest symptoms unilaterally during early disease
stages (Jankovic, 2008; Massie et al., 2010; Lieu and Subrama-
nian, 2012). Changes occurring in the nonsymptomatic brain
hemisphere of PD patients may serve to mask motor symptoms
and thus merit further investigation.

In conclusion, our results demonstrate that L-DOPA increases
inhibitory tone in M1 regardless of LID status. In this respect, the
observed reductions in glutamate and increases in GABA suggest
a neurochemical basis for the consistent, but surprising, observa-
tion that L-DOPA reduces global M1 activation in PD patients
with or without LID (Hershey et al., 1998; Haslinger et al., 2001;
Asanuma et al., 2006). While local GABAergic interneurons pro-
vide the principle source of GABA to M1, the source of alterations
in glutamate remains elusive because the 2 mm dialysis probe
used in the present experiment ostensibly sampled from all 2.4
mm of rat cortex (Paxinos and Watson, 1998). Although it is
tempting to speculate that basal ganglia modulation of thalamo-
cortical activity reduces M1 glutamate release, M1 also receives
corticocortical glutamate projections from the sensory cortices,
supplementary motor regions, prefrontal areas, and the con-
tralateral M1 (Lindenbach and Bishop, 2013). Future studies will
need to dissect the cortical loci of alterations in glutamate and
GABA signaling.

Perhaps the most important question raised by the present
work is whether the endogenous changes in M1 signaling occur-
ring during LID act to promote or inhibit the expression of LID.
In the present experiment, L-DOPA increased measurements of

M1 inhibitory tone, by either suppressing glutamate release (after
acute L-DOPA: Fig. 4B) or by enhancing GABA release (after
chronic L-DOPA: Fig. 6B). Furthermore, we were able to reduce
LID with an M1 microinjection of three compounds that, by their
actions, should reduce neuron firing rates: an AMPA antagonist,
a D1 antagonist, and a GABAA agonist (Figs. 8A, 9C, 10A).

The present data are generally consistent with the notion that
the magnitude of excitatory signaling in M1 tracks positively with
LID severity (Tables 1–3). The sole exception is that increases in
GABA efflux were positively correlated with dyskinesia severity
after acute L-DOPA (Fig. 7A). However, even these data are con-
sistent with the notion that increases in endogenous M1 inhibi-
tion observed during LID may be a means of compensating for
basal ganglia dysfunction. Exogenously reducing M1 activity
likely reduces LID by potentiating the endogenous response to
L-DOPA. To this end, we provide further support for the emerg-
ing notion that low-frequency (inhibitory) transcranial magnetic
stimulation is a valid therapeutic strategy for reducing LID
(Wagle-Shukla et al., 2007; Filipović et al., 2009).

References
Ahlskog JE, Muenter MD (2001) Frequency of levodopa-related dyskinesias

and motor fluctuations as estimated from the cumulative literature. Mov
Disord 16:448 – 458. CrossRef Medline

Ahmed I, Bose SK, Pavese N, Ramlackhansingh A, Turkheimer F, Hotton G,
Hammers A, Brooks DJ (2011) Glutamate NMDA receptor dysregula-
tion in Parkinson’s disease with dyskinesias. Brain 134:979 –986. CrossRef
Medline

Alexander GE, Crutcher MD, DeLong MR (1990) Basal ganglia-tha-
lamocortical circuits: parallel substrates for motor, oculomotor, “pre-
frontal” and “limbic” functions. Prog Brain Res 85:119 –146. Medline

Asanuma K, Tang C, Ma Y, Dhawan V, Mattis P, Edwards C, Kaplitt MG,
Feigin A, Eidelberg D (2006) Network modulation in the treatment of
Parkinson’s disease. Brain 129:2667–2678. CrossRef Medline

Bastide MF, Dovero S, Charron G, Porras G, Gross CE, Fernagut PO, Bézard
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