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Abstract
Adenosine A2A receptor antagonism provides a promising approach to developing
nondopaminergic therapy for Parkinson’s disease (PD). Clinical trials of A2A antagonists have
targeted PD patients with L-3,4-dihydroxyphenylalanine (L-DOPA)-induced dyskinesia (LID) in
an effort to improve parkinsonian symptoms. The role of adenosine in the development of LID is
little known, especially regarding its actions via A1 receptors. We aimed to examine the effects of
genetic deletion and pharmacological blockade of A1 and/or A2A receptors on the development of
LID, on the induction of molecular markers of LID including striatal preprodynorphin and
preproenkephalin (PPE), and on the integrity of dopaminergic nigrostriatal neurons in
hemiparkinsonian mice. Following a unilateral 6-hydroxydopamine lesion A1, A2A and double
A1-A2A knockout (KO) and wild-type littermate mice, and mice pretreated with caffeine (an
antagonist of both A1 and A2A receptors) or saline were treated daily for 18–21 days with a low
dose of L-DOPA. Total abnormal involuntary movements (AIMs, a measure of LID) were
significantly attenuated (p<0.05) in A1 and A2A KOs, but not in A1-A2A KOs and caffeine-
pretreated mice. An elevation of PPE mRNA ipsilateral to the lesion in WT mice was reduced in
all KO mice. In addition, neuronal integrity assessed by striatal dopamine content was similar in
all KOs and caffeine-pretreated mice following 6-hydroxydopamine lesioning. Our findings raise
the possibility that A1 or A2A receptors blockade might also confer a disease-modifying benefit of
reduced risk of disabling LID, whereas the effect of their combined inactivation is less clear.
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1. Introduction
Blockade of adenosine A2A receptors is being pursued as a non-dopaminergic alternative or
adjunctive treatment of Parkinson’s disease (PD). Several studies have investigated the
usefulness of A2A receptor antagonism to treat L-DOPA-induced dyskinesia (LID), a
complication from current PD therapy, in both animal models and clinical trials (Chen,
2003; Morelli, et al., 2007). The use of A2A antagonists for symptomatic benefit with
reduced risk of adverse effects in PD and LID is based inter alia on the discrete CNS
distribution of the A2A receptor and its colocalization with D2 receptors in the ‘indirect’
pathway of the basal ganglia motor circuitry (Ferre, et al., 1997; Kase, 2001; Fredholm, et
al., 2003). Elimination or blockade of A2A receptors expressed by forebrain neurons
attenuates LID and related behaviors in hemiparkinsonian rodents or parkinsonian non-
human primates (Bibbiani, et al., 2003; Xiao, et al., 2006).

Adenosine also activates the adenosine A1 receptor, which – in contrast to discretely
expressed A2A receptor – is widely distributed throughout the CNS including the
hippocampus and cortex as well as on the striatal neurons of the ‘direct’ and ‘indirect’
pathways of the basal ganglia (Fastbom, et al., 1987; Ferre, et al., 1996; Johansson, et al.,
1997; Tohyama, 1998) making a selective action difficult to deduce. It has been proposed
that blocking A1 receptors on striatonigral neurons of the direct pathway may facilitate
motor activity by disinhibiting the motor stimulant actions of colocalized dopamine D1
receptors on these neurons, whereas blocking A2A receptors on striatopallidal neurons of the
indirect pathway may produce a parallel behavioral activation by mimicking the motor
stimulant actions of colocalized D2 receptors on these neurons (Ferre et al., 1997). By
contrast, presynaptic A1 and A2A receptors (e.g., those colocalized on corticostriatal nerve
terminals) can inhibit and activate, respectively, adenylyl cyclase and thus transmitter
release (van Calker, et al., 1979; Olah and Stiles, 1995; Dunwiddie and Masino, 2001;
Fredholm, et al., 2005; Ciruela, et al., 2006).

Thus adenosine may modulate LID through cooperative or opposing actions on two of its
receptors in the CNS. To explore the roles of these receptors alone and in combination in a
mouse model of LID in PD, we characterized single A1 and A2A knockout (KO), as well as
double A1-A2A receptor KO phenotypes in (6-hydroxydopamine-lesioned)
hemiparkinsonian mice treated daily with L-DOPA for three weeks. To avoid genetic
background confounds mice were generated from double heterozygote crosses in a congenic
C57Bl/6 background. In addition to this genetic approach to addressing adenosine receptor
involvement in LID, we investigated the effect of pharmacological blockade of adenosine
receptors using the widely consumed non-specific adenosine antagonist caffeine. The
investigation of caffeine was prompted by preliminary clinical data that raised the possibility
of a link between higher levels of caffeine consumption among PD patients and a reduced
risk of subsequent dyskinesia development (Schwarzschild, et al., 2003). We chose both a
dose of caffeine, which elicits hyperlocomotion (15 mg/kg), and a lower dose of caffeine (3
mg/kg), which is capable of modifying neuroplasticity (as in that of conditioning preference)
without necessarily producing a motor stimulant effect (Fredholm, et al., 1999).

2. Results
2.1. Effect of adenosine receptor knockout on 6-OHDA-induced neurotoxicity

Previous studies showed that inactivation of A2A receptors by either genetic depletion or
pharmacological blockade (caffeine and more specific A2A antagonists, but not a specific A1
receptor antagonist) can protect against brain dopaminergic neurotoxicity induced by 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Chen, et al., 2001). Accordingly, we
first determined whether the dopaminergic lesion induced by 6-OHDA differs between
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control mice and KO or caffeine pre-treated mice. We found that genotype (Table 1) or
pharmacological (Table 2) blockade did not affect levels of dopamine and its metabolite
DOPAC in the 6-OHDA-lesioned and contralateral (non-lesioned) striata.

2.2. Effect of adenosine receptor knockout on behavioral sensitization
Following daily L-DOPA treatment, the hemiparkinsonian mice developed behavioral
sensitization, as recorded by contralateral rotations and dyskinesia, quantified by an
abnormal involuntary movements (AIMs) scale (Fig. 1). Acutely (on day 1), responses to L-
DOPA were indistinguishable between adenosine receptor genotypes. Chronically,
rotational sensitization on the plateau phase (day 11–21) in A1 KO, A2A KO or A1-A2A
double KO mice showed a trend of attenuation over the 21 days, but the difference was not
statistically significant (p=0.12, repeated measures model) in comparison to WT (Fig. 1A).
Total AIMs in A1 KO, or A2A KO were attenuated significantly in comparison to WT
(p=0.0003 for A1 KO and p=0.014 for A2A KO, pairwise comparison with Bonferroni
correction), but not in A1-A2A double KO mice (p=0.091, pairwise comparison without
correction) (Fig. 1B). The attenuation appeared incomplete in all KO genotypes, with
responses in KO mice during the plateau phase still significantly increased compared to their
initial (day 1) response (p<0.05, Fig. 1). Importantly, the effects of A1 and A2A deletion on
total AIMs were non-additive. In fact, for total AIMs, the A1-A2A double KO mice appeared
to have higher levels than either the A1 KO or A2A KO mice at time points of days 11 and
14.

2.3. Effect of caffeine on L-DOPA-induced behavioral sensitization
Given the possible link between caffeine consumption among PD patients and a reduced risk
of dyskinesia development (Schwarzschild et al., 2003), we tested the effect of caffeine on
LID. In an initial experiment a low dose of caffeine (3 mg/kg, ip) significantly attenuated
total AIMs (Fig. 2). By contrast, a higher caffeine dose (15 mg/kg, ip) did not significantly
reduce the extent of AIMs that developed, though its chronic effects may have been
confounded by its acute (day 1) stimulation of AIMs (as well as contralateral rotations) (Fig.
2A–B) The attenuation observed with low dose caffeine warranted efforts at replication and
comparison to saline pretreatment. Despite the initial observation the pooled results of all
three experiments with low dose of caffeine (Fig. 2C–D) showed no significant effect on
AIMs that developed in response to repeated L-DOPA administration (p>0.05, repeated
measures model), and similarly no effect on sensitized rotational responses (p>0.05,
repeated measures model, Fig. 2C–D). The basis for this variability is not clear. However, an
initial motor stimulant or potentiating effect, which was particularly prominent at the higher
dose of 15 mg/kg caffeine, may confound any attenuating effect of caffeine on chronic
contralateral rotations. On day 1, contralateral rotations in the caffeine group (17 ±6.0 per
hour) were in fact significantly higher than that in saline group (0.4 ±0.2 per hour, Student’s
t-test, p=0.017; Fig. 2A). Not surprisingly and consistent with our previous finding (Yu, et
al., 2006), the higher dose of caffeine (15 mg/kg) produced an even greater contralateral
rotation on day 1 (221 ±70 per hour) versus control (0.4 ±0.3 per hour; p=0.019), and did not
significantly attenuate either L-DOPA-induced rotations or AIMs (p>0.05, Fig. 2).

2.4. Modulation of striatal gene expression
In WT mice striatal preproenkephalin (PPE) mRNA levels were significantly elevated on the
6-OHDA-lesioned side and showed a similar increase after lesioning with subsequent
chronic L-DOPA treatment (Fig. 3), consistent with prior observations of the activation of
PPE-expressing striatopallidal neurons with the development of LID in parkinsonian rodents
and primates (Bedard, et al., 1999;Zeng, et al., 2000;Winkler, et al., 2002;Morissette, et al.,
2006). Elevation of PPE following 6-OHDA lesioning in otherwise untreated WT mice was
undiminished in A2A KO, but absent in all adenosine receptor KOs after chronic L-DOPA
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treatment. They showed significantly lower striatal PPE mRNA ipsilateral to 6-OHDA
lesioning after chronic L-DOPA treatment compared to their WT littermates (Fig. 3). The
PPD on the lesioned side tended to be reduced in comparison to the non-lesioned side
(Student’s t-test, p=0.07) in A2A KO mice, consistent with our previous finding (Fredduzzi,
et al., 2002), in A1 KO (p=0.09) and A1-A2A KO (p=0.09) (data not shown). Comparison of
these markers in the contralateral (non-lesioned) striatum showed no difference in PPE and
PPD (p>0.05 for all KOs mice, Student’s t-test) in comparison with WT control, suggesting
that L-DOPA treatment had no differential effect on gene expression in unlesioned striata
across genotypes.

To address the possibility of a change in prepeptides gene expression due to the gene KO
itself, we also studied the baseline changes (without L-DOPA treatment or 6-OHDA
lesioning), if any, of PPE and PPD in the colony of A1, A2A and A1-A2A double KO mice.
We found that there was no difference of the striatal levels of peptide gene expression
among the different genotypes (p>0.05, one-way ANOVA and Student’s t-test, Fig. 4),
consistent with previous findings (Chen, et al., 1999).

Consistent with adenosine A1-A2A receptor KO phenotype, low dose of caffeine (3 mg/kg)
pretreatment tended to reduce the expression of PPE on the 6-OHDA lesioned side (n=6,
p=0.08, Student’s t-test), corresponding to caffeine’s non-significant apparent effect on L-
DOPA-induced dyskinesia. However, a higher dose of caffeine (15 mg/kg) had no effect on
LID or PPE expression in comparison to the saline treated group (p=0.71, Student t-test, data
not shown).

3. Discussion
Genetic elimination of either adenosine receptor – either A1 or A2A – attenuated the
development of AIMs in response to L-DOPA in a 6-OHDA lesion model of PD. However,
a double KO of both adenosine receptor subtypes and caffeine had no clear effect on
rotational sensitization and AIMs. In this 6-OHDA lesion model of PD and LID, striatal
dopamine levels were unaffected in KO or caffeine-treated mice, suggesting that A1 and
A2A receptors facilitate its maladaptive neuroplasticity rather than the nigrostriatal lesion
that is required for its full manifestation. In addition, induction of PPE, the activation of
which in striatopallidal neurons links to the development of LID in parkinsonian rodents and
primates (Bedard et al., 1999; Zeng et al., 2000; Winkler et al., 2002; Morissette et al.,
2006), was attenuated in adenosine receptor KO striata.

3.1. The role of A1 and A2A receptors in L-DOPA-induced dyskinesia
Earlier studies have shown that blockade of A2A receptors can improve symptoms of PD and
decrease neurodegenerative changes in PD models (Chen, 2003; Chen, et al., 2007). Here
we show that LID can be reduced by A2A receptor depletion, which produced no apparent
protective phenotype in a 6-OHDA model in keeping with our previous findings (Fredduzzi
et al., 2002; Xiao et al., 2006). A2A depletion has consistently shown no effect on the
neurochemical (dopamine content) or neuroanatomical (dopamine transporter ligand
binding) indicators of dopaminergic neuron injury in the unilateral 6-OHDA-leison model
used here [(Fredduzzi et al., 2002; Xiao et al., 2006); Tables 1 and 2]. This lack of
neuroprotection by A2A elimination in this relatively progressive model of PD contrasts the
neuroprotective phenotype of the A2A receptor blockade seen with the more acutely acting
neurotoxin MPTP (Chen, et al., 2001; Ikeda, et al., 2002; Pierri, et al., 2005; Carta, et al.,
2009), and may reflect a greater opportunity for KO adaptation in the setting of a more
gradual injury. In any event, the lack of neuroprotection against 6-OHDA in the A2A KO
reduces the likelihood of a confounding attenuation in the nigrostriatal lesion in these mice.
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Thus the reductions in LID reported here suggest a role for adenosine receptors in the long-
term maladaptive neuroplasticity underlying LID rather than in cell death.

The facilitative role of A2A in LID neuroplasticity may include both pre- and post-synaptic
mechanisms, interacting with dopaminergic neurotransmission at a network level, as
previously discussed (Fredduzzi et al., 2002; Xiao et al., 2006). The effects of blocking A1
receptor in LID are less well understood, as there is clear evidence for multiple sites of
presynaptic, as well as postsynaptic expression and actions of A1 receptors in the striatum.
For example, presynaptic striatal A1 receptors inhibiting glutamate (Ambrosio, et al., 1996;
Ciruela et al., 2006), dopamine or acetylcholine release in the striatum and elsewhere might
contribute to this complexity (Fredholm and Dunwiddie, 1988; Jin, et al., 1993; Borycz, et
al., 2007). In addition, it is not known whether the absence of A1 receptors alters the
dopamine receptor function that contributes to LID.

Finally, the activation of PPE-expressing striatopallidal neurons is linked with the
development of LID in parkinsonian rodents and primates (Bedard et al., 1999; Zeng et al.,
2000; Winkler et al., 2002; Morissette et al., 2006). Several studies have described that 6-
OHDA lesion itself produces an increase in PPE as well (Henry, et al., 1999; Carta, et al.,
2002; Tel, et al., 2002; Ravenscroft, et al., 2004); for a review see (Xu, et al., 2005). The
increased PPE expression was attenuated in adenosine A1 or A2A KOs compared to WT
mice after chronic L-DOPA treatment, not after 6-OHDA lesioning alone in A2A KOs,
suggesting an interaction of dopaminergic and adenosinergic systems and possibly
accounting for the attenuation of LID, as discussed previously (Xiao et al., 2006). The
activation of PPD-expressing striatonigral neurons is also linked with the development of
LID in parkinsonian rodents (Cenci, et al., 1998; Winkler et al., 2002). Surprisingly, A2A or
A1 receptor deletion had indistinguishable effects on striatal PPE and PPD expression
despite the widely divergent distributions of these receptors and their effects on motor
activity.

3.2. A1 and A2A receptor interactions in L-DOPA-induced dyskinesia
Although the attenuation of LID was partial in both the A1 and A2A KO mice, there was no
clear additivity or synergy of their attenuating effects on LID in the double KO. In seeming
contrast, the combination of A1 and A2A antagonists (Karcz-Kubicha, et al., 2003) produced
an additivity of their individual motor-activating effects. Adenosine receptor mechanisms
and hence their interactions in acute motor activation likely differ from those in LID.
Similarly, less than additive effects of D1 and D2 dopamine receptor antagonists have been
reported on complex adaptive behaviors, whereas acute effects of these drugs in
combination are typically at least additive on motor activity (Schneider, et al., 1991). In LID
A1 and A2A receptors may have sufficiently redundant effects in parallel to preclude an
additional effect of blocking one receptor after the other has been inactivated. Alternatively,
A1 and A2A receptor roles in LID may occur sequentially–either when colocalized to a
single cell or when interacting in different cells at a network level [(e.g. review by (Lopes, et
al., 2002; Xu et al., 2005)].

The results of this study suggest that both A1 as well as A2A receptor antagonists could be
useful therapeutically to lower the risk of L-DOPA-induced dyskinesia in PD patients. Our
demonstration of a similar dependence on A1 receptors prompted a complementary
pharmacological test of the mixed A1-A2A caffeine in this model of LID. We found that
caffeine with the doses of 3 and 15 mg/kg showed no significant attenuation on L-DOPA-
induced dyskinesia or rotational sensitization, possibly due to its general motor stimulant
actions even at a low dose of 3 mg/kg considering significantly higher contralateral rotations
on day 1 in mice pretreated with caffeine (Fig. 2). The initial motor stimulating effect may
confound a chronic attenuation effect of caffeine on L-DOPA-induced behavioral
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sensitization. The results also suggest that blocking both A1 and A2A receptors
simultaneously, as occurs with caffeine use, may not provide a better prophylaxis against
dyskinesia development than that of a specific A1 or A2A antagonist alone.

4. Experimental procedures
4.1. Generation of adenosine receptor KO mice

Wild-type (WT) control (A1
+/+, A2A

+/+), A1 KO (A1
−/−, A2A

+/+), A2A KO (A1
+/+, A2A

−/−)
and A1-A2A double KO (A1

−/−, A2A
−/−) mice were generated by double heterozygous

mating (A1
+/−, A2A

+/− × A1
+/−, A2A

+/−) and genotyped by PCR analysis of tail DNA as
described previously (Bastia, et al., 2005; Kachroo, et al., 2005; Xiao et al., 2006). The
double heterozygotes were the offspring of crosses between homozygous A1 KO and
homozygous A2A KO mice from lines that we rendered congenic for the C57Bl/6 strain
background (BanburyConference, 1997).

All experiments were performed in accordance with the National Institute of Health Guide
for the Care and Use of Laboratory Animals, with an approval from the animal subjects
review board of Massachusetts General Hospital. We have made all efforts to minimize the
number of animals used and their suffering (along with giving the mice the best care).

4.2. 6-hydroxydopamine lesion of striatum in mice
All mice were maintained in home cages with a 12 h light/dark cycle. The dopaminergic
nigrostriatal pathway on the left side of each mouse was lesioned by a stereotactic
intrastriatal infusion of 10 ug 6-hydroxydopamine (6-OHDA, hydrobromide, Sigma,
St.Louis,MO) as described previously (Fredduzzi et al., 2002; Xiao et al., 2006). On the day
of surgery, mice were anesthetized with avertin-HCl (2% 2,2,2-tribromoethanol and 1%
amyl alcohol; 10–15 ml/kg, i.p.). Two microliters of freshly prepared 6-OHDA bromide salt
(5 μg/μl in 0.05% ascorbic acid and shielded from light) were delivered by a microinfusion
pump (0.5 μl/min) into the left striatum at the following coordinates (from bregma: 0.5 mm
anterior, 2 mm lateral, and 2.8 mm ventral) (Franklin and Paxinos, 1997). To minimize
damage to noradrenergic neurons, the mice were pretreated with desipramine hydrochloride
(25 mg/kg, i.p.).

The mice were fed with both veterinary Nutri-Cal (Frenchtown, NJ) and human infant
nutritional supplements (Enfamil) immediately after surgery for several days, followed by
soft food (Bio-Serv Nutra-Gel Diet) to help ensure survival. Twelve days following surgery
each mouse underwent a cylinder test (Cenci and Lundblad, 2007), in which asymmetry of
forepaw placement on the inner wall of a plexiglass cylinder was used as an indirect
assessment of lesion extent. Mice with <90% of dopamine loss (~15% of the lesioned mice)
in the lesioned striatum (compared to the contralateral, non-lesioned striatum) were
excluded from all data analysis (except for that of dopamine content).

The mice included in the final analyses of the KO experiment comprised 29 male and 9
female mice (3–14 months old with average age 7.5 months) and were balanced for age,
weight and gender across genotypes (n=8–12 in each genotype group). Unlesioned WT and
A2A KO mice were used for a control study of lesioning effects on neuropeptides, and
comprised 7 male and 5 female mice (with an average age of 8 months) and were balanced
for age, weight and gender across genotypes (n=6 in each genotype group). The mice
included in the caffeine experiment comprised 52 males (3 months old, n=21 for saline,
n=24 for low dose 3 mg/kg of caffeine, n=7 for high dose 15 mg/kg caffeine), and were
balanced for home cage residence, cylinder test results and weight loss after lesion across
treatment groups.
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4.3. Pharmacological treatment and behavioral testing
Two weeks after 6-OHDA lesioning, mice were treated daily with L-DOPA (L-3,4-
Dihydroxyphenylalanine, Sigma, St.Louis,MO, freshly prepared, 2 mg/kg ip) for 18–21
days. In the adenosine receptor KO experiment, benserazide (Sigma, St.Louis,MO, 2 mg/kg
ip in saline), as previously used (Lundblad, et al., 2004; Xiao et al., 2006), was administered
20 min prior to each dose of L-DOPA. In an initial caffeine experiment, 20 mice were
divided into three groups: 0 (n=7), 3 (n=6) and 15 (n=7) mg/kg caffeine (Sigma,
St.Louis,MO) ip in saline, which preceded by 10 min each daily ip dose of L-DOPA (2 mg/
kg, mixed with benserazide 2 mg/kg in saline, to reduce the number of injections).
Additional two caffeine experiments were performed at the lower 3 mg/kg dose with saline
control (n=14) and caffeine (n=18, in saline) treatment groups. Pooled data from the three
caffeine (low dose) experiments are presented (Fig. 2C–D).

Behaviors – total AIMs (including axial, limb and orolingual AIMs) (Cenci and Lundblad,
2005) and rotations – were recorded every 2–3 days for one hour. Dyskinetic behaviors were
assessed and scored by an observer blind to the genotype or treatment, and based on each of
the following subscale: 1, axial AIMs (i.e., twisted posture of the neck or the upper body
toward the contralateral side); 2, forelimb AIMs (i.e. jerky movements or purposeless
fluttering movement of the fore paw); 3, orolingual AIMs (i.e., twitching of orofacial
muscles, empty jaw movemnts, and tongue protrusion), as previously established and
validated (Lundblad et al., 2004). The AIM subscales were evaluated together 15, 30, 45 and
60 min after L-DOPA injection, and each mouse was observed for 1 min.

Both contralateral and ipsilateral turns were recorded immediately after L-DOPA
administration for 60 min in 10 min time bins, using an automated rotometry system (San
Diego Instruments, San Diego, CA), as described previously (Xiao et al., 2006). Briefly,
each mouse was placed at the center of 1 of 12 opaque glass flat-bottom bowls and
connected to the lower end of a cable tether by a rubber band snugly fitted around the chest.
The upper end of the cable is attached to a swivel box linked to a computer interface.

4.4. Molecular and neurochemical assessments
One to three days after the last L-DOPA injection for both KO and caffeine experiments,
whole brains were dissected out, frozen on dry ice and stored at −80 °C. The brains through
the striata were sectioned with a cryostat (Shandon) at thickness of 12 μm as described
before (Benn, et al., 2004; Xiao et al., 2006). The rostral half of the striata was used for
mRNA expression quantification of preproenkephalin (PPE) and preprodynorphin (PPD) by
in situ hybridization histochemistry using radiolabeled oligonucleotide 35S, as described
previously (Benn et al., 2004; Xiao et al., 2006). The probe sequence (5′ to 3′) for PPE
mRNA was as follows: ATC TGC ATC CTT CTT CAT GAA ACC GCC ATA CCT CTT
GGC AAT GAT CTC. The probe sequence (5′ to 3′) for PPD mRNA was as follows: ATG
GGG GCT TCC TGC GGC GCA TTC GCC CCA AGC TGA AGT GGG ACA. Optical
densities (O.D.) of the mRNA transcripts were quantified for the striatum using Image J
1.40g software (National Institutes of Health, USA). Approximately three sections through
the striatum, at rostral and middle levels, were analyzed for each mouse.

The remaining frozen brains containing the caudal half of the striata were sectioned to a
thickness of 400 μm at −17° C, and the striata were micropunched (Stoelting, 1.25 mm
diameter). The cores from the left and right striata were analyzed by HPLC with
electrochemical detection for dopamine (DA) and DOPAC content (Chen et al., 2001; Xu, et
al., 2006).
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4.5. Statistical analysis
All data are expressed as group average ± SEM. The difference between treatments (WT
versus KO; caffeine versus saline) during the plateau phase of LID (from day 11 on for each
analysis) was evaluated using a repeated measures model with a compound symmetry
covariance structure. No significant time by treatment interaction was observed in any
model, so only the main effect of group is reported. If a global difference between groups
was observed, post-tests were performed with Bonferroni correction to account for multiple
comparisons. A Wilcoxon signed rank test was used to compare each of the plateau
measurements to the day 1 measurements for each genotype. The analysis was generated
using SAS software, Version 9.1 of the SAS System for Windows (SAS Institute Inc., Cary,
NC) and GraphPad. Student’s t-test was used for the remaining statistical analyses of
molecular correlates and dopamine loss (Tables).
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Abbreviations

AIM abnormal involuntary movement

KO knockout

L-DOPA L-3,4-dihydroxyphenylalanine

6-OHDA 6-hydroxydopamine

LID L-DOPA-induced dyskinesia

PD Parkinson’s disease

PPD preprodynorphin

PPE preproenkephalin

WT wild-type
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Fig. 1.
Contralateral rotations and abnormal involuntary movements (AIMs) in A1, A2A and A1-
A2A double KO mice compared to WT. Mice were treated daily with L-DOPA (2 mg/kg,
i.p.) in combination with benserazide (2 mg/kg, i.p.) for 3 weeks. A, Contralateral turns in
mice treated with L-DOPA. B, Total AIMs in mice treated with L-DOPA. Significant
differences in the total AIMs in the plateau phase were observed between the WT (n=12)
and the A1KO (n=9), or A2AKO (n=8) groups (p<0.05 for each comparison, Bonferroni
correction).
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Fig. 2.
L-DOPA-induced contralateral rotations and AIMs in caffeine-treated mice compared to
saline controls. Mice were treated daily for 18 days with L-DOPA (2 mg/kg, i.p. in
combination with benserazide 2 mg/kg, i.p.) 10 mins after i.p. adminstration of saline or
caffeine. (A,B) Rotational responses and total AIMs in an initial experiment with three
treatment groups, 0 (n=7), 3 (n=6) or 15 (n=7) mg/kg caffeine (p<0.05, comparing 3 mg/kg
caffeine to saline). (C,D) A composite of rotational responses and total AIMs from the initial
and two subsequent experiments that compared only the low dose 3 mg/kg caffeine (n=24)
with saline (n=21) pretreatments (p>0.05, comparing saline to caffeine).
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Fig. 3.
Reduction of PPE mRNA in lesioned striata of adenosine receptor KO mice following
chronic L-DOPA treatment. mRNA levels in the 6-OHDA-lesioned striata (arrow) were
quantified as optical density (OD) at the mid-striatum level and expressed as a ratio to OD
of the contralateral (unlesioned) striatum. (A,B) Chronic treatment with L-DOPA
significantly reduced striatal PPE levels in 6-OHDA lesioned A1 KO (n=4), A2A KO (n=5)
and A1-A2A KO (n=4) mice (*p<0.05; Student’s t-test compared with the WT group, n=5).
(C) 6-OHDA lesioning itself increased striatal PPE on the lesioned side in WT (n=6). This
increase was not altered in A2A KO (n=6)
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Fig. 4.
Basal mRNA expression levels of PPE (A) and PPD (B) in WT, A1 KO, A2A KO and A1-
A2A double KO mice. No differences in levels for either mRNA were observed among the
different genotypes, WT (n=6), A1 KO (n=3), A2A KO (n=5) and A1-A2A KO (n=4)
(p>0.05, one-way ANOVA).
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Table 1

Neurochemical measure of nigrostriatal innervation in wild-type and adenosine receptor KO mice chronically
treated with L-DOPA after a unilateral 6-OHDA lesion

Genotype DA (pm/mg tissue) DOPAC (pm/mg tissue)

WT (n=12)

 Ipsilateral (lesioned) 4.2 ± 1.4* 0.0 ± 0.0*

 Contralateral (intact) 143.6 ± 7.5 11.3 ± 1.7

A2A KO (n=9)

 Ipsilateral (lesioned) 4.3 ± 3.0* 0.7 ± 0.5*

 Contralateral (intact) 129 ± 10 15.9 ± 7.4

A1 KO (n=8)

 Ipsilateral (lesioned) 6.9 ± 3.0* 0.4 ± 0.4*

 Contralateral (intact) 120 ± 14 9.7 ± 0.9

A1-A2A KO (n=7)

 Ipsilateral (lesioned) 10.4 ± 8.2* 1.2 ± 0.5*

 Contralateral (intact) 118 ± 18 9.6 ± 0.9

*
p < 0.05 versus respective contralateral (intact) striatum. The dopamine levels in the intact (right) side were not significantly different between

wild-type and each of the three KO genotypes (p>0.05, Student’s t-test).
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Table 2

Neurochemical measure of nigrostriatal innervation in unilateral 6-OHDA-lesioned mice treated daily with L-
DOPA following pretreatment with saline or caffeine (3mg/kg)

Treatment DA (pm/mg tissue) DOPAC (pm/mg tissue)

Saline (n=21)

 Ipsilateral (lesioned) 1.3 ± 0.6* 1.2 ± 0.4*

 Contralateral (intact) 82.5 ± 8.3 13.1 ± 6.5

Caffeine (n=24)

 Ipsilateral (lesioned) 3.6 ± 1.7* 0.3 ± 1.3*

 Contralateral (intact) 88.8 ± 10.6 14.8 ± 7.6

*
p < 0.05 versus respective contralateral striatum. The dopamine levels in the intact (right) side were not significantly different between wild-type

and each of the three KO genotypes (p>0.05, Student’s t-test).
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