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ABSTRACT: Accumulating evidence supports the value of 5-HT1A receptor
(5-HT1AR) agonists for dyskinesias that arise with long-term L-DOPA therapy
in Parkinson’s disease (PD). Yet, how 5-HT1AR stimulation directly influences
the dyskinetogenic D1 receptor (D1R)-expressing striatonigral pathway
remains largely unknown. To directly examine this, one cohort of
hemiparkinsonian rats received systemic injections of Vehicle + Vehicle,
Vehicle + the D1R agonist SKF81297 (0.8 mg/kg), or the 5-HT1AR agonist
±8-OH-DPAT (1.0 mg/kg) + SKF81297. Rats were examined for changes in
abnormal involuntary movements (AIMs), rotations, striatal preprodynorphin
(PPD), and glutamic acid decarboxylase (GAD; 65 and 67) mRNA via RT-
PCR. In the second experiment, hemiparkinsonian rats received intrastriatal
pretreatments of Vehicle (aCSF), ±8-OH-DPAT (7.5 mM), or ±8-OH-DPAT
+ the 5-HT1AR antagonist WAY100635 (4.6 mM), followed by systemic
Vehicle or SKF81297 after which AIMs, rotations, and extracellular striatal glutamate and nigral GABA efflux were measured by
in vivo microdialysis. Results revealed D1R agonist-induced AIMs were reduced by systemic and intrastriatal 5-HT1AR
stimulation while rotations were enhanced. Although ±8-OH-DPAT did not modify D1R agonist-induced increases in striatal
PPD mRNA, the D1R/5-HT1AR agonist combination enhanced GAD65 and GAD67 mRNA. When applied locally, ±8-OH-
DPAT alone diminished striatal glutamate levels while the agonist combination increased nigral GABA efflux. Thus, presynaptic
5-HT1AR stimulation may attenuate striatal glutamate levels, resulting in diminished D1R-mediated dyskinetic behaviors, but
maintain or enhance striatal postsynaptic factors ultimately increasing nigral GABA levels and rotational activity. The current
findings offer a novel mechanistic explanation for previous results concerning 5-HT1AR agonists for the treatment of dyskinesia.
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Chronic dopamine (DA) replacement therapy with L-3,4-
dihydroxyphenylalanine (L-DOPA) for Parkinson’s dis-

ease (PD) patients often results in debilitating, abnormal
involuntary movements known as L-DOPA-induced dyskinesia
(LID). In recent years, interest in the role of the serotonin (5-
HT) system in LID has increased. While a variety of 5-HT
receptors have been examined, the 5-HT1A receptor (5-HT1AR)
has received the most attention. Several 5-HT1AR agonists have
displayed acute and chronic antidyskinetic effects in both
animal models1−4 and in the clinic.5,6 Indeed, these compounds
can maintain/improve L-DOPA’s efficacy2,7 and exert anti-
parkinsonian effects.8,9 Unfortunately, a number of studies have
also shown that 5-HT1AR agonists may, in some cases, worsen
PD symptoms. For example, the more potent enantiomer +8-
OH-DPAT reduced LID but worsened motor disability,10

inducing a 5-HT-like syndrome.11 Clinically, high doses of the
5-HT1AR agonists tandospirone and sarizotan have been
reported to exacerbate parkinsonian features.12 Thus, under-
standing the neural mechanisms of action of 5-HT1AR agonists
in the parkinsonian brain should improve and hasten their
potential use for PD patients.

Several key mechanisms appear to be involved in the
development and expression of LID. First, substantial evidence
indicates that LID results from supraphysiological increases in
L-DOPA-derived DA within the striatum.13,14 The cause for
this aberrant and excessive release of striatal DA likely involves
the 5-HT system. 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.1 Interestingly, 5-
HT1A/1B receptor agonism has been shown to attenuate both
LID and this enhanced effect on striatal DA levels, suggesting
that one mechanism of action for 5-HT1AR agonists in the
treatment of LID includes tempering raphe-striatal DA
release.15,16
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Another mechanism of LID may involve the corticostriatal
glutamate pathway.17 Various studies have determined that
increased levels/expression of striatal extracellular glutamate,
glutamate transporters, and glutamate receptors are positively
associated with dyskinetic motor behaviors in animal models of
PD18−20 and in PD patients.21,22 Conversely, a variety of
glutamate receptor antagonists are known to reduce dyski-
nesia,23 including amantadine, which is the only compound
recommended by the American Academy of Neurology (Level
C evidence) for the treatment of dyskinesia. Recently, our
laboratory has demonstrated that stimulation of striatal 5-
HT1AR reduced local glutamate and the concurrent expression
of LID.20 These results suggest an additional mechanism of
action for the antidyskinetic effects of 5-HT1AR agonists against
L-DOPA involves the reduction of corticostriatal glutamate
release.
Lastly, LID is also due in part to supersensitive striatal DA

receptors, especially D1 receptors (D1R), and increased striatal
D1R direct pathway activity.24,25 Approximately 95% of all
striatal neurons are γ-aminobutyric-acid (GABA)ergic medium
spiny neurons that, in general, give rise to two major output
pathways commonly referred to as the “direct” and “indirect”
pathway. Striatal output neurons of the direct pathway express

chiefly D1R and produce substance P and dynorphin,26 whereas
striatal output neurons of the indirect pathway express mainly
D2 receptors (D2R) and contain enkephalin.27 While L-DOPA
treatment increases striatal preprodynorphin (PPD) mRNA in
the DA-lesioned striatum, its effects on striatal preproenkepha-
lin (PPE) mRNA are less consistent.28,29 Medium spiny
neurons also express two isoforms of the GABA-synthesizing
enzyme, glutamic acid decarboxylase (GAD) 65 and 67.30

Although the relationship between D2R and GAD65/67 is
somewhat unclear, L-DOPA or D1R agonism increases GAD65
and GAD67 mRNA in the DA-depleted striatum, particularly in
PPE-unlabeled neurons.28,31,32 As such, increases in PPD and
GAD mRNA in the DA-depleted striatum in dyskinetic states
are often associated with activation D1R and the direct
pathway. Interestingly, 5-HT1AR agonism has been shown to
attenuate L-DOPA-induced increases in striatal dynorphin/
PPD and GAD mRNA,7,32 suggesting 5-HT1AR stimulation
may reduce striatal D1R activity in LID.
In addition to the enhancement of striatal PPD and GAD

mRNA, the occurrence of LID is paralleled by surges of GABA
release in the substantia nigra pars reticulata (SNpr),33 which is
the major output of the D1R direct pathway, but not the globus
pallidus external segment,29 which is the major output of the

Figure 1. Experimental Design. Schematic outlines of the timecourses for experiments 1 and 2. 1 In Experiment 1, all rats (N = 43) received
unilateral 6-OHDA lesions of the MFB. Two weeks later, animals were tested for lesion using the forepaw adjusting steps (FAS) test. Priming
commenced 1 week later, in which rats were injected every 2−3 days for a total of 3 days with either Vehicle (VEH; 20% DMSO in 0.9% NaCl, sc)
or the D1 receptor agonist SKF81297 (SKF; 0.8 mg/kg, sc; n = 33) and rated for abnormal involuntary movements (AIMs). Median scores
(±MAD) for axial, limb, and orolingual (ALO) AIMs are displayed. At the end of priming, dyskinetic rats (n = 32) were split into three equally
dyskinetic groups based on ALO AIMs median scores. Two days later on test day, VEH-primed rats (n = 10) received Vehicle (VEH; 0.9% NaCl, sc)
+ VEH, while SKF-primed rats received one of the following: VEH + VEH (n = 10); VEH + SKF (n = 12); or the full 5-HT1AR agonist ±8-OH-
DPAT (DPAT; 1.0 mg/kg, sc) + SKF (n = 10). Priming is denoted in parentheses. ALO AIMs were rated and rotations were counted every 10 min
for 2 h immediately following injections. Following 2 h of behavioral ratings, rats were killed and striata immediately dissected and placed in
RNALater for subsequent analyses of PPD, GAD65, and GAD67 mRNA using real time RT-PCR. (B) In Experiment 2, all rats (N = 26) received
unilateral 6-OHDA lesioned of the MFB and were fitted unilaterally with microdialysis guide cannulae targeting the striatum and SNpr ipsilateral to
the lesion. Three weeks later, all rats were primed with SKF81297 (SKF; 0.8 mg/kg, sc) and split into equally dyskinetic groups, as described in
Experiment 1. At 2 to 7 days later, microdialysis testing began, which included 60 min habituation, 40 min baseline, 120 min vehicle treatment, 120
min drug treatment, and 60 min postdrug treatment sampling (dialysate collected every 20 min). Intrastriatal drug infusion included: Vehicle (VEH;
aCSF), the full 5-HT1AR agonist ±8-OH-DPAT (DPAT; 7.5 mM), or combined DPAT (7.5 mM) + the 5-HT1AR antagonist WAY100635 (WAY;
4.6 mM), followed 10 min later by systemic treatment injections of Vehicle (VEH; 20% DMSO, 0.9% NaCl) or SKF. ALO AIMs and rotations were
observed every 10 min during the 120 min drug treatment and 60 min postdrug treatment times. Approximately 3 days following microdialysis
testing for all rats, rats were killed and whole brains were taken for histological probe placements or striatal tissue was dissected for HPLC-ED
analyses of DOPAC and DA.
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striatal D2R indirect pathway. Likewise, striatal D1R but not
D2R blockade attenuated LID and coincident L-DOPA-
induced increases in nigral GABA.33 Collectively, the data
provide significant evidence for the involvement of D1R and
the direct striatonigral pathway in the generation of LID.
Furthermore, D1R agonists can independently induce
dyskinesia in experimental and clinical models of PD.34−36 In
a series of studies, we have found that 5-HT1AR agonist
administration diminishes D1R agonist-induced dyskinesia
while increasing contralateral rotations and improving forelimb
akinesia in hemiparkinsonian rats.20,36,37 While previous work
indicates that these effects may occur at the level of the

striatum,37 the specific impact of 5-HT1AR agonism on the D1R
direct striatonigral pathway has not yet been investigated.
The goal of the current research, therefore, was to determine

the effects of 5-HT1AR stimulation on D1R-mediated
striatonigral function in hemiparkinsonian rats. The D1R
agonist SKF81297 was employed to circumvent raphe-striatal
DA release mechanisms and more effectively isolate dyskineto-
genic features of the striatonigral pathway. In the first
experiment, the effects of systemic administration of the full
5-HT1AR agonist ±8-OH-DPAT on striatal PPD, GAD65, and
GAD67 mRNA were examined. In the second experiment, ±8-
OH-DPAT was striatally perfused using in vivo microdialysis to

Figure 2. Effects of 5-HT1AR stimulation on striatal factors related to D1R agonist-induced dyskinesia. Rats (N = 43) in Experiment 1 received
unilateral 6-OHDA lesions of the MFB and 3 weeks later were primed with Vehicle (VEH; 20% DMSO in 0.9% NaCl, sc) or the D1R agonist
SKF81297 (SKF; 0.8 mg/kg, sc) every 2−3 days for a total of 3 days (priming is denoted in parentheses). Two days following priming on test day,
VEH-primed rats (n = 10) received Vehicle (VEH; 0.9% NaCl, sc) + VEH. Dyskinetic SKF-primed rats (n = 32) received one of the following: VEH
+ VEH (n = 10); VEH + SKF (n = 12); or the full 5-HT1AR agonist ±8-OH-DPAT (DPAT; 1.0 mg/kg, sc) + SKF (n = 10). ALO AIMs were rated
and rotations were counted every 10 min for 2 h immediately following injections. Treatment effects for (A) ALO AIMs (expressed as medians ±
MAD) and (B) rotations (expressed as means ± SEM) were analyzed by employing nonparametric Kruskal−Wallis tests and two-way ANOVA,
respectively. Following 2 h of behavioral ratings, rats were killed and striata immediately dissected and placed in RNALater for subsequent analyses of
PPD, GAD65, and GAD67 mRNA using real time RT-PCR. Bars depict the effects of treatment on striatal (C) PPD, (D) GAD65, and (E) GAD67
mRNA in the intact and lesioned striata, graphed as percent change from ultimate control [intact striata from VEH + VEH (VEH)] ± SEM. Main
effects of treatment and lesion and treatment-by-lesion interactions were determined by two-way ANOVAs. Significant differences between
treatments were determined by Mann−Whitney post hoc comparisons for ALO AIMs and LSD post hoc tests for rotations and mRNA. *p < 0.05 vs
VEH + SKF (SKF); ×p < 0.05 vs VEH + VEH (VEH). #p < 0.05 vs VEH + VEH (SKF); +p < 0.05 vs Intact side.
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examine changes in extracellular striatal glutamate and nigral
GABA levels. The present results indicate that reductions in
striatal glutamate may be related to antidyskinetic effects of
local 5-HT1AR stimulation, while increases in striatal GAD
mRNA and nigral GABA levels may explain the enhancement
of D1R-mediated rotational activity. These findings implicate a
novel striatonigral mechanism of action for 5-HT1AR agonists
that may be important for understanding their potential
therapeutic actions in the treatment of LID.

■ RESULTS AND DISCUSSION

Experiment 1: Effects of 5-HT1AR Stimulation on D1R
Agonist-Mediated Striatal PPD and GAD65/67 mRNA.
Systemic 5-HT1AR Agonist Administration Attenuates D1R-
Induced Dyskinesia while Enhancing Rotations. Two weeks
following surgery, hemiparkinsonian rats were injected with
Vehicle (20% DMSO in 0.9% NaCl, sc) or the D1R agonist
SKF81297 (0.8 mg/kg, sc) every 2−3 days for a total of 3 days
and abnormal involuntary movements (AIMs; see description
in Methods) were rated for those that received SKF81297 (see
Figure 1A). Two days following this priming regimen, Vehicle-
primed rats received Vehicle treatment and SKF81297-primed
rats received 1 of the following: Vehicle + Vehicle, Vehicle +
SKF81297, or the full 5-HT1AR agonist ±8-OH-DPAT (1.0
mg/kg, sc) + SKF81297. Immediately following these treat-
ments, rats were rated for axial, limb, and orolingual (ALO)
AIMs and rotations every 10 min for 2 h. Vehicle-treated rats in
both the Vehicle- and SKF81297-primed groups displayed
neither ALO AIMs nor rotational activity. Pretreatment with
±8-OH-DPAT significantly reduced moderate to severe
SKF81297-induced ALO AIMs at all time points (Figure 2A),
while significantly enhancing SKF81297-induced rotations at
50−120 min postinjection (Figure 2B).
The observed reduction of ALO AIMs and increase in

contralateral rotations is in agreement with our previous
reports.36,37 While contralateral rotations have historically been
considered a reflection of a drug’s antiparkinsonian properties,
they have also been linked to dyskinesia and more generally are
thought to illustrate DA receptor sensitization. It is possible
that the present behavioral results may be a result of competing
motor behaviors, whereby the reduction in ALO AIMs leads to
an increase in rotations. However, the time course does not
entirely support this (Figure 2A,B), given that ALO AIMs were
reduced at every time point and rotations did not increase until
50 min postinjection. Furthermore, recent evidence suggests
that AIMs and rotations represent distinct motor behaviors that
should be analyzed separately.38 Indeed, it was found that
amantadine, the only recommended adjunct for LID,39 reduced
AIMs while maintaining or increasing rotations. These
collective findings suggest that AIMs and rotations may be
somewhat independent and may have distinct mechanistic
substrates. In order to help understand the neural under-
pinnings of our behavioral outcomes, changes in striatal PPD,
GAD65, and GAD67 mRNA were examined.
Systemic 5-HT1AR Agonist Administration Further Enhan-

ces D1R-Induced Increases in Striatal GAD65/67 mRNA but
Does Not Modify PPD mRNA. Immediately following 2 h post-
treatment, rats were killed by decapitation and striatal tissue
was dissected for real time RT-PCR analyses (see Figure 1A
and Methods). No main effects or an interaction were found for
the housekeeper gene, GAPDH (p > 0.05), thereby allowing for
comparison of lesion- and treatment-induced effects.

The direct striatonigral pathway in the basal ganglia expresses
chiefly DA D1R, produces substance P and dynorphin, and
expresses two isoforms of the GABA-synthesizing enzyme,
GAD65 and GAD67.26,30 Thus, PPD and GAD mRNA are
often used as markers of D1R direct striatonigral pathway
activity. In the intact striatum, D1R agonists have been shown
to increase extracellular striatal dynorphin B levels and striatal
GAD65 mRNA but not GAD67 mRNA.40−43 Likewise, in the
current experiment, administration of the D1R agonist
SKF81297 to D1R agonist-primed rats significantly enhanced
PPD and GAD65 mRNA, but not GAD67, in the intact
striatum compared to both Vehicle-treated groups (Figure 2C−
E). Pretreatment with ±8-OH-DPAT did not modify
SKF81297-induced increases in PPD or GAD65 but signifi-
cantly increased GAD67 mRNA in the intact striatum
compared to Vehicle-primed, Vehicle-treated rats (Figure 2E).
In DA-depleted striatonigral neurons, L-DOPA and D1R

agonists increase dynorphin/PPD, GAD65, and GAD67 gene
expression7,28,32,43,44 and these changes are positively correlated
with dyskinesia.7,28,32 Corroborating previous reports, treat-
ment with SKF81297 on test day induced pronounced
dyskinesia (Figure 2A) and augmented PPD, GAD65, and
GAD67 mRNA in the DA-depleted striatum compared to
vehicle treatment (Figure 2C−E). Moreover, the enhancements
of PPD and GAD67 were greater in the DA-lesioned
hemisphere, suggesting that DA loss sensitized these responses
and further implicates their involvement in dyskinetic
behaviors.28

Despite a significant reduction in D1R-induced ALO AIMs
(Figure 2A), pretreatment with ±8-OH-DPAT did not modify
SKF81297-induced enhancement of striatal PPD mRNA and
further potentiated GAD65 and GAD67 in the lesioned
hemisphere (Figure 2C−E). These novel findings are in
contrast to those demonstrating that 5-HT1AR stimulation
attenuated LID while blocking L-DOPA-induced increases in
striatal dynorphin/PPD and GAD mRNA.7,32 However, in
those studies, ±8-OH-DPAT attenuated L-DOPA-induced
rotations, whereas previously36,37 and here (Figure 2B) D1R
agonist-mediated rotations were increased. Therefore, the
increase in striatal GAD mRNA may reflect an enhancement
of the striatonigral pathway, manifesting behaviorally in an
increase in rotational activity. Unfortunately, the current
experiment did not include a group receiving only ±8-OH-
DPAT, and thus, it is not known whether the current results are
attributable to stimulation of 5-HT1AR alone or whether they
are due to a synergistic effect of concurrent 5-HT1AR and D1R
stimulation. Indeed, studies have revealed that 5-HT1AR agonist
treatment alone can increase rotational activity.8,9 Moreover, it
is unknown whether these changes in striatal gene expression
were due to a local population of 5-HT1AR or the result of
indirect effects via distal 5-HT1AR stimulation. Thus, for the
second experiment using in vivo microdialysis, striatal 5-HT1AR
were directly targeted and ±8-OH-DPAT treatment alone was
included. The goal was to determine whether combined 5-
HT1AR/D1R stimulation enhances the striatonigral pathway as
indicated by extracellular nigral GABA release.

Experiment 2: Effects of Striatal 5-HT1AR Stimulation
on D1R Agonist-Mediated Extracellular Striatal Gluta-
mate and Nigral GABA Levels. Striatal ±8-OH-DPAT
Reduces D1R-Mediated Dyskinesia while Increasing Con-
tralateral Rotations. In Experiment 2, hemiparkinsonian rats
with microdialysis guide cannulae targeting the striatum and
SNpr ipsilateral to the lesion were primed with SKF81297 (0.8
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mg/kg, sc; see Figure 1B for design and Figure 3 for
placements). Following this, microdialysis testing began,

which included intrastriatal treatments of Vehicle (aCSF),
±8-OH-DPAT (7.5 mM), or ±8-OH-DPAT (7.5 mM) +
WAY100635 (4.6 mM), followed by systemic injections of
Vehicle (20% DMSO in 0.9% NaCl, sc) or SKF81297 (0.8 mg/
kg, sc). As shown in Figure 4, intrastriatal ±8-OH-DPAT
reduced ALO AIMs compared to SKF81297 alone at every
time point and significantly increased SKF81297-induced
rotations at 50−70 min and 130−140 min post-SKF81297
injection. The 5-HT1AR antagonist WAY100635 blocked ±8-
OH-DPAT’s effects on ALO AIMs from 30 to 140 min post-
SKF81297 (Figure 4A) and at every time point for rotations
(Figure 4B). Intrastriatal ±8-OH-DPAT infusion alone did not
induce ALO AIMs but produced mild contralateral rotational
activity (Figure 4B). Importantly, the effects of striatal 5-HT1AR
stimulation alone or in combination with D1R stimulation
reflect the systemic effects displayed in Experiment 1 and are
commensurate with previous findings.8,9,20,36,37

Striatal ±8-OH-DPAT Alone and with SKF81297 Reduces
Local Glutamate Levels. Enhanced activity of the glutamater-
gic corticostriatal pathway is believed to be a contributing
mechanism of LID.17 However, whether D1R agonists directly
induce glutamate release is less studied. In agreement with our
previous work,20 despite significant dyskinesia, treatment with
the D1R agonist SKF81297 in hemiparkinsonian rats did not
modify striatal glutamate levels (Figure 5). However, striatal 5-
HT1AR stimulation alone diminished local glutamate (by
∼25%) and reduced it further (by ∼40%) when given with
the D1R agonist. Notably, like its behavioral effects, the ±8-
OH-DPAT-induced reduction of striatal glutamate was
reversed with the 5-HT1AR antagonist WAY100635 (Figure
5B). The current findings support previous work demonstrating
that systemic 5-HT1AR agonists reduce striatal glutamate levels
in intact45 and 6-OHDA-lesioned46 rats, as well as our recent

results showing that the same concentration of striatal ±8-OH-
DPAT simultaneously diminished local glutamate and LID.20

Since previous work demonstrated that systemic ±8-OH-
DPAT reduced SKF81297-induced ALO AIMs without
modifying extracellular striatal glutamate levels,20 the current
findings are more likely attributable to striatal 5-HT1AR
stimulation. However, striatal 5-HT1AR mRNA levels are very
low47 or even absent48 in the intact striatum. Moreover,
unilateral 6-OHDA-lesions in rats have not been shown to
modify 5-HT1AR mRNA levels.49 Unfortunately, those results
stem from a relatively small number of animals that
incorporated several variables, including both male and female
rats, two different placements for 6-OHDA-lesions, and
extracting tissue anywhere from 1 to 5 weeks postlesion. In
contrast, 5-HT1AR in the DA-depleted striata have been shown
to increase (∼50%) in MPTP-treated monkeys50,51 and further
enhanced (200−300%) in MPTP-treated, dyskinetic macaques
and PD patients who received L-DOPA.51,52 While future
studies are necessary in the PD rodent model, it is possible that
5-HT1AR expression in our D1R agonist-treated, dyskinetic rats
is also enhanced.
Interestingly, 5-HT neurons express vesicular glutamate

transporter 3 mRNA and protein, which is a marker of
glutamate transmission.53 Because striatal 5-HT1AR expression
is low, they are believed to be located presynaptically within the
striatum and stimulation would decrease the release of
neurotransmitters.54 Thus, striatal 5-HT1AR may be acting
presynaptically on corticostriatal glutamatergic neurons or
possibly, but less likely, via raphestriatal neurons to diminish
local glutamate. In support of this, recent evidence indicates
that L-DOPA treatment increases 5-HT1AR expression within
the middle layers of the motor cortex and parts of the
striatum.51,52 The authors have suggested that the observed
increase in striatal 5-HT1AR is the result of an enhancement of
5-HT1AR located on the terminals of corticostriatal neurons.
Indeed, by reducing corticostriatal glutamate, 5-HT1AR
stimulation may disrupt the dysfunctional glutamatergic/
dopaminergic activity occurring at corticostriatal synapses55,56

and alleviate associated dyskinetic behaviors.
Striatal ±8-OH-DPAT Alone Reduces Nigral GABA Levels

while Combined with SKF81297 Leads to an Increase in
Nigral GABA. Acute and chronic L-DOPA has been shown to
increase GABA release in the SNpr in animal models of
PD,29,33,57 while in vitro D1R stimulation increases GABA
neurotransmission in DA-depleted striatonigral neurons.58

Although L-DOPA-induced nigral GABA efflux appears to be
D1R dependent,33 direct D1R agonist treatment had not been
previously investigated in vivo in DA-depleted animals. In the
present experiment, systemic SKF81297 induced robust ALO
AIMs (Figure 4A) but did not enhance extracellular nigral
GABA levels (Figure 6).
The reasons for this lack of effect remain unclear but may

highlight a potential difference between L-DOPA and D1R
agonist-mediated dyskinesia. Given that L-DOPA is converted
into DA and can thus impact all DA receptors, it is possible that
L-DOPA’s effect is due to stimulation of multiple DA receptor
subtypes or a synergistic response of D1R/D2R activation.
However, recent work has indicated that striatal D1/5R, and
not D2/3R, antagonism attenuated LID and the concurrent
enhancement of nigral GABA.33 It also appears that striatal
D1R stimulation in particular may be responsible, as nigral D1R
antagonism did not completely abolish nigral L-DOPA-induced
GABA. Furthermore, non-DA mediated mechanisms might

Figure 3. Microdialysis Probe Placements. Schematic representations
of coronal rat brain sections taken from Paxinos and Watson (1998).
Shaded cylinders depict the distribution of (A) striatal (bregma 1.20
mm) and (B) nigral (bregma −5.30 mm) probe sites in all rats used in
Experiment 2 (N = 26). Relevant anatomical structures: Aq, aqueduct
(Sylvius); Cc, corpus callosum; Cpu, caudate putamen; LV, lateral
ventricle; SNpr, substantia nigra pars reticulata.
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contribute, including a purported increase in nigral glutamate.33

Finally, it is important to note that D1R-dependent increases in
striatal GAD mRNA found in Experiment 1 did not translate
into enhanced nigral GABA here in Experiment 2. However,
GAD67 mRNA, which is more strongly associated with LID
than GAD65,28 was not significantly different between acute
and chronic SKF81297 administration in the DA-depleted
striatum (Figure 2E). Thus, as all animals in Experiment 2
received several days of D1R agonist treatment prior to
microdialysis, nigral GABA levels may have reached a ceiling

where further increases could not be detected with SKF81297
injection alone.
The effects on striatal 5-HT1AR stimulation on nigral GABA

release were diverse. Interestingly, striatal ±8-OH-DPAT
combined with systemic SKF81297 moderately augmented
(overall ∼40%) extracellular nigral GABA levels (Figure 6B), an
effect that was reversed with local antagonist coadministration.
This increase in nigral GABA from combined 5-HT1AR/D1R
agonism coincides with the increases in striatal GAD mRNA
found in Experiment 1. Conversely, intrastriatal ±8-OH-DPAT
alone resulted in mild rotational activity and a gradual

Figure 4. Effects of striatal 5-HT1AR stimulation on D1R-mediated ALO AIMs and rotations in 6-OHDA-lesioned, SKF81297-primed rats. Rats in
Experiment 2 received unilateral 6-OHDA of the MFB and 3 weeks later were primed with the D1R agonist SKF81297 (SKF; 0.8 mg/kg, sc) every
2−3 days for a total of 3 days. Dyskinetic rats (N = 26) underwent a microdialysis procedure including 40 min baseline, 120 min vehicle treatment,
120 min drug treatment, and 60 min postdrug treatment sampling (dialysate collected every 20 min). Intrastriatal drug infusion included: Vehicle
(VEH; aCSF), the full 5-HT1AR agonist ±8-OH-DPAT (DPAT; 7.5 mM), or combined DPAT (7.5 mM) + the 5-HT1AR antagonist WAY100635
(WAY; 4.6 mM), followed 10 min later by systemic treatment injections of Vehicle (VEH; 20% DMSO, 0.9% NaCl) or SKF. ALO AIMs and
rotations were observed during this time. Treatment groups consist of n = 8−12/treatment group. Treatment effects for (A) ALO AIMs (expressed
as medians ± MAD) and (B) rotations (expressed as means ± SEM) were analyzed by employing nonparametric Kruskal−Wallis tests and two-way
ANOVAs, respectively. Significant differences between treatments were determined by Mann−Whitney post hoc comparisons for ALO AIMs and
LSD post hoc tests for rotations. *p < 0.05 for DPAT (7.5 mM) + SKF vs VEH + SKF. +p < 0.05 for DPAT (7.5 mm)+ SKF vs DPAT (7.5 mM) +
WAY (4.6 mM) + SKF.
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reduction of nigral GABA (overall ∼30%), followed by a return
to baseline when ±8-OH-DPAT was removed from the
striatum. The results appear somewhat conflicting but also
support evidence demonstrating that both agonists and
antagonists of GABA receptors into the SNpr can trigger

contralateral rotations in 6-OHDA-lesioned rats59 and that
unilateral microinjection of a GABAA receptor antagonist into
the SNpr can induce rotational behavior in monkeys.60

Therefore, a possible mechanism for the increase in rotational
activity observed with 5-HT1AR agonists alone8,9 and in

Figure 5. Effects of striatal 5-HT1AR stimulation on local glutamate in a D1R-mediated model of dyskinesia. Rats in Experiment 2 received unilateral
6-OHDA of the MFB and 3 weeks later were primed with the D1R agonist SKF81297 (SKF; 0.8 mg/kg, sc) every 2−3 days for a total of 3 days.
Dyskinetic rats (N = 26) underwent a microdialysis procedure including 40 min baseline, 120 min vehicle treatment, 120 min drug treatment, and 60
min postdrug treatment sampling (dialysate collected every 20 min). Intrastriatal drug infusion included: Vehicle (VEH; aCSF), the full 5-HT1AR
agonist ±8-OH-DPAT (DPAT; 7.5 mM), or combined DPAT (7.5 mM) + the 5-HT1AR antagonist WAY100635 (WAY; 4.6 mM), followed 10 min
later by systemic treatment injections of Vehicle (VEH; 20% DMSO, 0.9% NaCl) or SKF. ALO AIMs and rotations were observed during this time.
Treatment groups consist of n = 8−12/treatment group. (A) Lines depict the means (expressed as % baseline ± SEM) of striatal glutamate. (B) Bars
depict the means (expressed as % baseline ± SEM) of striatal glutamate during the 120 min of vehicle (VEH (aCSF) + VEH) and 120 min of drug
treatments. Effects over time were determined by two-way mixed design ANOVA, main effects for treatment collapsed across time were analyzed
with one-way ANOVAs, and LSD post hoc tests were utilized. *p < 0.05 vs VEH + SKF; +p < 0.05 vs DPAT (7.5 mM) + WAY (4.6 mM) + SKF. #p
< 0.05 vs VEH + VEH; ×p < 0.05 vs DPAT (7.5 mM) + VEH.
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combination with D1R agonism36,37 (Figures 2B and 4B)

includes the modulation of nigral GABA.
Receptor Specificity and Off-Target Effects of ±8-OH-

DPAT Administration. While it has the highest affinity for 5-

HT1AR, ± 8-OH-DPAT also exhibits moderate affinity for the

5-HT transporter, 5-HT1B/1D/2C/7 receptors, and D2R.61

Indeed, higher doses/concentrations of ±8-OH-DPAT, like
the ones utilized in the current study, can have off-target effects
on these other receptor subtypes and may also increase
extracellular levels of 5-HT and DA.62 D2R are especially

Figure 6. Effects of striatal 5-HT1AR stimulation on extracellular nigral GABA in a D1R-mediated model of dyskinesia. Rats in Experiment 2 received
unilateral 6-OHDA of the MFB and 3 weeks later were primed with the D1R agonist SKF81297 (SKF; 0.8 mg/kg, sc) every 2−3 days for a total of 3
days. Dyskinetic rats (N = 26) underwent a microdialysis procedure including 40 min baseline, 120 min vehicle treatment, 120 min drug treatment,
and 60 min postdrug treatment sampling (dialysate collected every 20 min). Intrastriatal drug infusion included: Vehicle (VEH; aCSF), the full 5-
HT1AR agonist ±8-OH-DPAT (DPAT; 7.5 mM), or combined DPAT (7.5 mM) + the 5-HT1AR antagonist WAY100635 (WAY; 4.6 mM), followed
10 min later by systemic treatment injections of Vehicle (VEH; 20% DMSO, 0.9% NaCl) or SKF. ALO AIMs and rotations were observed during
this time. Treatment groups consist of n = 5−9/treatment group. (A) Lines depict the means (expressed as % baseline ± SEM) of nigral GABA. (B)
Bars depict the means (expressed as % baseline ± SEM) of nigral GABA during the 120 min of vehicle (VEH (aCSF) + VEH) and 120 min of drug
treatments. Effects over time were determined by two-way mixed design ANOVAs, main effects for treatment collapsed across time were analyzed
with one-way ANOVAs, and LSD post hoc tests were utilized. *p < 0.05 vs VEH + SKF; +p < 0.05 vs DPAT (7.5 mM) + WAY (4.6 mM) + SKF. #p
< 0.05 vs VEH + VEH; ×p < 0.05 vs DPAT (7.5 mM) + VEH.
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important as their presence is abundant within the striatum,
D2R agonism can lead to rotations in hemiparkinsonian rats,36

and stimulation of D2R may reduce glutamatergic trans-
mission.63 Furthermore, increasing striatal DA could lead to
stimulation of both D1R and D2R, which may explain the
increases in rotations and striatal GAD65/67 mRNA found in
Experiment 1; however, it is inconsistent with the reduction of
AIMs as D1R or D2R agonism induces AIMs.35,36,64 In
addition, the same doses of ±8-OH-DPAT reduced L-DOPA-
induced striatal PPD and GAD mRNA, extracellular striatal DA
efflux, AIMs, and rotations,7,15,20,32,36 suggesting the current
results may not be due to increases in striatal DA or stimulation
of D2R and implicates the interaction between stimulation of
D1R and 5-HT1AR.
Increasing 5-HT and the possible activity at other 5-HT

receptor subtypes could account for a reduction of AIMs. For
instance, 5-HT1B receptor expression is more prevalent in the
striatum59 and stimulation of these receptors can diminish LID
and DA agonist-induced AIMs.1,16,65,66 However, the decrease
in D1R agonist-induced AIMs by 5-HT1B receptor agonism was
moderate and rotational activity was not modified.65

Importantly, in previous studies7,20,37 and the current one
(see Figures 4−6), the effects on AIMs and rotations were
reversed with coadministration of the 5-HT1AR antagonist
WAY100635, further proposing the participation of this
receptor subtype in our molecular and neurochemical effects.
Nonetheless, future studies may wish to utilize lower
concentrations of ±8-OH-DPAT in order to improve receptor
specificity. Additionally, it would be interesting to investigate
the effects of 5-HT1AR stimulation on D2R pathway activity.

■ CONCLUSIONS
Due to the prevalence of LID and the lack of effective
antidyskinetic treatments, discovering unique, safe, and effica-
cious therapies that combat dyskinesia without aggravating
parkinsonian features is a central goal in PD research. The use
of 5-HT1AR agonists to treat LID has shown much promise,
and one such compound, sarizotan, successfully reached phase
III clinical trials (Merck KGaA). However, sarizotan’s successful
translation was limited by antidyskinetic efficacy (<25% LID
reduction) and exacerbation of parkinsonian features.7 Despite
this setback, interest in 5-HT1AR agonists remains high and the
importance of discovering the underlying mechanisms that
convey their potential therapeutic profile and deleterious side
effects is thus paramount for furthering their use in the clinic.
Our laboratory was the first to show that striatal 5-HT1AR

stimulation diminishes D1R-mediated dyskinetic behaviors and
improves motor performance in hemiparkinsonian rats.37 In the
current set of experiments, we probed possible neural
mechanisms of action for these effects and consequently have
revealed important similarities and differences between the
effects of 5-HT1AR stimulation on L-DOPA versus D1R
agonism. When given with L-DOPA, 5-HT1AR agonists may
reduce LID and rotations by attenuating raphe-striatal DA
release, corticostriatal glutamate levels, and postsynaptic striatal
factors associated with LID (i.e., PPD and GAD mRNA). While
attenuating raphe-striatal DA release likely reduces LID, it may
also explain reports concerning the reduced efficacy of L-DOPA
and worsening of PD symptoms. By employing a D1R agonist,
the raphe-striatal DA release mechanism is avoided, allowing
for better investigation into the effects on striatal glutamate and
postsynaptic factors. Similar to use with L-DOPA, 5-HT1AR
agonists may reduce D1R-mediated dyskinesia in part by

diminishing corticostriatal glutamate release. In contrast, 5-
HT1AR agonists appear to increase rotations by maintaining or
enhancing striatonigral factors (i.e., striatal PPD and GAD
mRNA and nigral GABA release), which could represent a
beneficial, motor-enhancing effect of D1/5-HT1AR costimula-
tion. Additionally, by themselves 5-HT1AR agonists can reduce
striatal glutamate and nigral GABA, possibly explaining the mild
rotational activity and varied findings concerning their potential
antiparkinsonian effects. In sum, 5-HT1AR agonists for the
treatment of LID in PD can produce several behavioral
outcomes that may be explained by their multiple mechanisms
of action. Their impact on D1R signaling may prove to be an
important therapeutic action and should be considered in
future experiments that investigate the use of 5-HT1AR agonists
in the treatment of LID.

■ METHODS
Animals. Adult male Sprague−Dawley rats were used in all

experiments (225−250 g upon arrival; Taconic Farms, Hudson, NY).
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) and water. The colony room was kept on a 12 h
light/dark cycle (light on at 0700 h) 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 experiments.

6-Hydroxydopamine Lesions and Microdialysis Guide
Cannulae Implantation Surgeries. One week after arrival, all rats
(N = 69) in Experiments 1 and 2 received unilateral DA lesions of the
left medial forebrain bundle (MFB). Each rat was administered
desipramine HCl (25 mg/kg, ip; Sigma, St. Louis, MO) 30 min prior
to surgery in order to protect norepinephrine neurons. Rats were
anesthetized with inhalant isoflurane (2−3%; Sigma) in oxygen (2.5
L/min) and placed in a stereotaxic apparatus (David Kopf Instru-
ments, Tujunga, CA). 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 the
interaural line.67 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 MFB. At that point, 4 μL of 6-hydroxydopamine
hydrobromide (6-OHDA; 3 μg/μL; Sigma), dissolved in 0.9% NaCl +
0.1% ascorbic acid, was injected at a rate of 2 μL/min and the needle
was withdrawn 1 min later. Stainless steel wound clips were used to
close the surgical site for rats in Experiment 1. These animals were
pair-housed in clean cages, allowed to recover with ad libitum food and
water, and wound clips were removed 1 week postsurgery.

During the same 6-OHDA lesion surgery, rats in Experiment 2 (n =
26) were also fitted with two plastic microdialysis guide cannulae
(CMA 12 Elite; Stockholm, Sweden), where one cannula targeted the
dorsal striatum ipsilateral to the lesioned side (AP, +1.2 mm; ML, +2.5
mm; DV, −3.7 mm; relative to bregma) and the second targeted the
SNpr ipsilateral to the lesioned side (AP: −5.3 mm, ML: +2.2 mm,
DV: −7.8 mm).67 Cannulae were positioned and affixed to the skull
with screws and liquid and powder dental acrylic (Lang Dental,
Wheeling, IL). At the completion of surgery, these animals were
single-housed in clean cages, allowed to recover with ad libitum food
and water, and soft chow was provided when necessary. Rats from
both experiments were monitored and handled twice per week for 3
weeks postsurgery in order to ensure full recovery and acclimation to
experimenters.

Pharmacological Treatments and Test Day Procedures.
Experiment 1: Effects of 5-HT1AR Stimulation on D1R Agonist-
Mediated Striatal PPD and GAD65/67 mRNA. During surgery and for
both Experiments 1 and 2, dosing solutions for all drugs were prepared
at the concentrations indicated without correcting for the weight of the
salts. Two weeks following 6-OHDA lesion surgery, rats in Experiment
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1 (N = 43) were assigned to four equally lesioned groups based on the
forepaw adjusting steps test.37 One week later, three of the groups of
rats (n = 33) received the D1R agonist R(+)-SKF-81297 hydro-
bromide (SKF81297; 0.8 mg/kg, sc;) on three separate occasions 2−3
days apart, while the final group of rats (n = 10) received Vehicle (20%
DMSO in 0.9% NaCl, sc). Immediately following injections, all rats
were individually placed into cylinders in the same testing room and
remained there for 2 h. Those that received SKF81297 were rated for
axial/limb/orolingual abnormal involuntary movements (ALO AIMs)
and rotations were observed (see description below). Vehicle-treated
animals were not rated for AIMs or rotations during the priming
process. SKF81297 was chosen over SKF38393 as it has shown a
higher intrinsic activity of DA in in vitro studies, 88% compared to
45−70%.68,69 Moreover, the dose of SKF81297 and priming regimen
have been used in our lab to produce stable ALO AIMs expression that
is similar to those induced by L-DOPA treatment (12 mg/kg, +
Benserazide, 15 mg/kg, sc).20,36,37 Responding rats in the current
study, included in the final analyses, were required to have an ALO
AIMs ≥ 20 (n = 32). This criterion is consistent with our previous
reports20,36,37 and corresponds with at least 95% DA depletion upon
HPLC analysis of striatal tissue samples.
At the end of priming, adjustments to SKF81297-primed groups

were made in order to ensure three equally dyskinetic groups based on
ALO AIMs median scores (overall ALO AIMs median score = 58.5
(±4); Group I = 55.5 (±3); Group II = 56.5 (±4.5); Group III = 60.5
(±3.5); see Figure 1 for experimental design). Two days following
priming, SKF81297-primed rats received one of three treatments:
Vehicle (0.9% NaCl, sc) + Vehicle (20% DMSO, 0.9% NaCl, sc),
Vehicle (0.9% NaCl, sc) + SKF81297 (0.8 mg/kg, sc), or the full 5-
HT1AR agonist (±)-8-hydroxy-2-(dipropylamino)tetralin hydrobro-
mide (±8-OH-DPAT; 1.0 mg/kg, sc;) + SKF81297 (0.8 mg/kg, sc).
All Vehicle-primed rats received Vehicle (0.9% NaCl, sc) + Vehicle
(20% DMSO, 0.9% NaCl, sc). The second treatment was given
immediately following the first treatment injection, and doses were
chosen based on previously published work.36,37 All rats were
individually placed into cylinders in the same testing room and
observed for ALO AIMs and rotations every 10 min for 2 h
immediately following the second treatment injection. After 2 h of
behavioral ratings, rats were killed by decapitation and left (lesioned)
and right (intact) striata were dissected and placed into RNALater
(Qiagen) for real time RT-PCR (see description). The 2 h time point
was chosen based on previously published real time RT-PCR work in
our laboratory.7 During this time, ALO AIMs are reduced and
rotations are enhanced with ±8-OH-DPAT treatment prior to
SKF81297.20,36

Experiment 2: Effects of Striatal 5-HT1AR Stimulation on D1R
Agonist-Mediated Extracellular Striatal Glutamate and Nigral
GABA Levels. Three weeks following surgery, all rats (n = 26) in
Experiment 2 received SKF81297 (0.8 mg/kg, sc) on three separate
occasions 2−3 days apart, and ALO AIMs were observed immediately
after injections. At the end of SKF81297-priming, responding rats
(ALO AIMs ≥ 20; n = 26) were split into one of four equal treatment
groups (overall ALO AIMs median score = 54 (±6); Group I = 59
(±9.5); Group II = 52 (±5); Group III = 58 (±10.5); Group IV = 50
(±5); see Figure 1 for experimental design). The microdialysis
procedure was conducted similarly to methods previously described.20

On the day of testing, striatal probes (CMA 12 Elite; membrane length
= 3 mm; 20 000 Da; Stockholm, Sweden) and nigral probes (CMA 12
Elite; membrane length = 1 mm; 20 000 Da) were inserted into rats’
guide cannulae and locked into place so that the dialysis membrane
extended −3.7 to −6.7 ventral to bregma within the striatum and −7.8
to −8.8 mm ventral to bregma within the SNpr. After 60 min of probe
stabilization (2.0 μL artificial cerebral spinal fluid [aCSF]/min), striatal
and nigral dialysis samples were collected every 20 min for 40 min to
determine baseline levels of amino acids. At this point, rats in each
group received a systemic treatment injection of Vehicle (20% DMSO
in 0.9% NaCl, sc) and sample fractions were collected every 20 min for
2 h to determine any changes in amino acid levels due to systemic
injection. Following this, rats received one of three striatal treatments:
Vehicle (aCSF), ± 8-OH-DPAT (7.5 mM), or combined ±8-OH-

DPAT (7.5 mM) + the 5-HT1AR antagonist, N-[2-[4-(2-methox-
yphenyl)-1-piperazinyl]ethyl]-N-2-pyridinylcyclohexanecarboxamide
maleate salt (WAY100635, 4.6 mM). These striatal drug treatments
were administered via reverse-phase in vivo microdialysis for a total of
2 h. All reverse dialysis solutions were adjusted to pH 7.4 (±0.02)
using o-phosphoric acid and/or NaOH. Concentrations were chosen
primarily based on prior microdialysis work,20 and a pilot study
including various concentrations of ±8-OH-DPAT (3, 7.5, and 15
mM) demonstrated that 7.5 mM produced similar behavioral effects as
previous experiments.20,36,37 In addition, similar concentrations of ±8-
OH-DPAT and WAY100635 have been previously utilized in rodent
in vivo microdialysis and microiontophoresis studies.70−72

Ten minutes following the beginning of striatal reverse-phase
microdialysis (corresponding to when drug has reached the striatum),
rats received a systemic treatment injection with either Vehicle (20%
DMSO, 0.9% NaCl, sc) or SKF81297 (0.8 mg/kg, sc). Striatal and
nigral sample fractions were collected every 20 min for 2 h for analysis
of glutamate and GABA via high performance liquid chromatography
coupled to electrochemical detection (HPLC-ED; see description).
Concurrently, ALO AIMs were observed every 10 min immediately
following the systemic injection. Following 2 h of reverse-phase
microdialysis, 1 final h of collection occurred, where only aCSF was
infused, and was considered post-treatment sampling. Each rat
underwent this microdialysis procedure for 2 consecutive days as no
significant differences in behavior or neurochemistry were found
between test days (data not shown).20

Abnormal Involuntary Movements. Rats were monitored for
AIMs and rotations using a similar procedure previously described.36

Following treatment, rats were individually placed in plastic cylinders
(22.2 cm diameter, 25.4 cm height; Thermo Fisher Scientific,
Waltham, MA) and a trained observer blind to treatment condition
assessed each rat for exhibition of axial, limb, and orolingual (ALO)
AIMs (inter-rater reliability = 0.98). In addition, both contralateral
rotations (defined as complete 360° turns away from the lesioned side
of the brain) and ipsilateral rotations (defined as completed 360° turns
toward the lesioned side of the brain) were tallied and reported as the
difference between contralateral and ipsilateral rotations. “Axial” AIMs
were referred to as dystonic posturing, represented by a twisting of the
neck and torso directed toward the side of the body contralateral to
the lesion. “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 and
considered abnormal as they occur at times when the rats were not
chewing or gnawing on food or other objects. Rats were observed for
ALO AIMs and rotations for 1 min every 10th min over 120 min
(Experiment 1) or 180 min (Experiment 2). For AIMs, a severity score
of 0−4 was assigned for each category: 0, not present; 1, present for
<50% of the observation period; 2, present for >50% or more of the
observation period; 3, present for the entire observation period and
interrupted by a loud stimulus (a tap on the plastic cylinder); or 4,
present for the entire observation period but not interrupted by a loud
stimulus. Scores for axial, limb, and orolingual were combined to
create a single ALO AIMs score for data analysis. The theoretical
maximum ALO AIMs score was 12 per time period (4 × 3 AIMs
subcategories) with an overall maximum score of 144 for 120 min (12
× 12 time periods) and 216 for 180 min (12 × 18 time periods).

Real-Time Reverse-Transcription Polymerase Chain Reac-
tion (RT-PCR). Two hours after treatment, rats in Experiment 1 were
killed and left and right striata were removed and placed in RNAlater
(Qiagen, Valencia, CA) for subsequent analyses of PPD, GAD65,
GAD67, and the housekeeper gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Tissue samples were homogenized into
Trisol using TissueLyser 2 (Qiagen), extracted with RNeasy mini
protocol (Qiagen), normalized, and converted into cDNA using the
QuantiTect Reverse Transcription Kit (Qiagen), which included a
DNase treatment step.73 Probed cDNA amplification was performed
in a 10 μL reaction consisting of 5 μL of IQ SYBR Green Supermix
(Bio-Rad Laboratories, Hercules, CA), 0.5 μL of primer (final
concentration 250 nM), 0.5 μL of cDNA template, and 4 μL of
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RNase-free water run in triplicate in a 384 well plate (BioRad) and
captured in real-time using the CFX Real-Time PCR detection system
(BioRad). Relative gene expression was quantified using the 2−ΔCT

method, with expression values normalized to 100% of ultimate
control values. Gene sequences were obtained from GenBank at the
National Center for Biotechnology Information, and primer specificity
was verified by the Basic Local Alignment Search Tool (http://www.
ncbi.nlm.nih.gov/). The primer sequences used were for PPD (5′-
GGGTTCGCTGGATTCAAATA-3′/5′-TGTGTGGAGAGGGAC-
ACTCA-3′); GAD65 (5′-CAGCCTGTGAAGGAGAAAGG-3′/5′-
TACAGGGGCGATCTCATAGG-3′); GAD67 (5′-CACAAACTC-
AGCGGCATAGA-3′/5′-GACCAGGATGGCAGAACACT-3′); and
GAPDH (5′-GCCATCTCTTGCTCGAAGTC-3′/5′-ATGACTCTA-
CCCACGGCAAG-3′).
Tissue Dissection and Cryostat Sectioning. When Experiment

2 was completed, a subset of rats (n = 8) were sacrificed by
decapitation and brains were immediately removed. Anterior and
central striata from these rats were visually examined for verification of
striatal microdialysis probe placements. Posterior striata from these
rats were freshly dissected, frozen at −80 °C, and subjected to
monoamine analysis via HPLC-ED,2 which revealed 98.9% and 99.9%
reductions in striatal DOPAC and DA, respectively, in the lesioned
striata compared to intact. Striata from all other rats (n = 18) were
examined for verification of striatal microdialysis probe placements
using a cryostat. During dissection, posterior brains from the subset of
rats (n = 8) and whole brains from all other rats (n = 18) 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 perfusion sites and extent of gliosis
from cryostat-generated 20 μm coronal sections containing striatal and
nigral probe sites that were postfixed with 4% paraformaldehyde (PFA;
Fisher Scientific, Hanover Park, IL). All rats that completed
Experiment 2 were found to have probe placements within the
dorsocentral or dorsolateral aspects of the striatum (Figure 3A) and
the SNpr (Figure 3B).
High-Performance Liquid Chromatography for Glutamate

and GABA Dialysate Samples. Dialysate samples from all rats in
Experiment 2 were analyzed via HPLC-ED for extracellular glutamate
and GABA levels, according to a previously described protocol.20 The
OPA/β-ME derivatizing reagent (15 μL) reacted with striatal dialysate
samples (30 μL) and 20 μL of the derivatized sample was analyzed for
abundance of glutamate and GABA. Peak areas were oxidized at the
second electrode and eluting amino acid derivatives were analyzed by
EZChrom Elite software via a Scientific Software Inc. module
(SS420x). The oxidation current values were converted to masses
(ng of amino acid) using standard curves (2 × 10−6 − 1 × 10−8 M).
The determination of striatal probe recovery (±22%) and nigral probe
recovery (±18%) were performed in vitro by perfusing standard
solutions (2 × 10−6−1 × 10−8 M). Absolute basal striatal glutamate
and nigral GABA levels (M [±SEM]) were 1.9 × 10−6 [±2 × 10−7]
and 7.0 × 10−8 [±2 × 10−8], respectively. All values utilized for final
analyses (and ultimately expressed as % baseline) existed within the
standard curve (2 × 10−6−1 × 10−8 M). Outlier values were
considered to be 2 standard deviations above or below the mean and
were not included in final analyses.
Data Analyses. Treatment effects for ALO AIMs (expressed as

medians ± median absolute deviation [MAD]) for both experiments
were analyzed by employing nonparametric Kruskal−Wallis tests and
significant differences between treatments were determined by Mann−
Whitney post hoc comparisons. Rotations (expressed as means ±
SEM), relative mRNA (expressed as mean percent ± SEM from
control), and amino acid time course data (expressed as mean %
baseline ± SEM) were analyzed by using mixed design two-way
ANOVAs. Treatment effects (expressed as means ± SEM) for striatal
glutamate and nigral GABA (% baseline) were analyzed with between-
subjects one-way ANOVAs. Significant differences between groups
were determined by LSD post hoc tests for rotations, mRNA,
glutamate, and GABA. Analyses for both experiments were performed
with the use of Statistica software ’98 (Statsoft Inc., Tulsa, OK), and
alpha was set at p < 0.05.
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