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Abstract

L-DOPA-induced dyskinesia (LID) is one of the main limitations of long term L-DOPA use in
Parkinson’s disease (PD) patients. We show that chronic L-DOPA treatment induces novel dyskinetic
behaviors in aphakia mouse with selective nigrostriatal deficit mimicking PD. The stereotypical
abnormal involuntary movements were induced by dopamine receptor agonists and attenuated by
antidyskinetic agents. The development of LID was accompanied by preprodynorphin and
preproenkephalin expression changes in the denervated dorsal striatum. Increased FosB-expression
was also noted in the dorsal striatum. In addition, FosB expression was noted in the pedunculopontine
nucleus and the zona incerta, structures previously not examined in the setting of LID. The aphakia
mouse is a novel genetic model with behavioral and biochemical characteristics consistent with those
of PD dyskinesia and provides a more consistent, convenient, and physiologic model than toxic lesion
models to study the mechanism of LID and to test therapeutic approaches for LID.
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Introduction

L-DOPA-induced dyskinesia (LID) is one of the most significant limitations of chronic L-
DOPA treatment in Parkinson’s disease (PD) patients, and extensive investigations have been
undertaken to understand the mechanism of LID (Linazasoro, 2005) using both primate (Marin
et al., 2006; Boyce et al., 1990a) and rodent models of PD (Cenci et al., 1998; Andersson et
al., 1999; Lundblad et al., 2004; Winkler et al., 2002; Johnston et al., 2005; Kovoor et al.,
2005; Picconi, et al. 2003). Primate models show behaviors that are closest to human LID
(Marin et al., 2006), but the logistics of using primates limit the ability to use primates widely.
Recent hemi-Parkinsonian rodent models created by unilateral toxic lesions of the nigrostriatal
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projection (Cenci, et al. 1998; Andersson et al., 1999; Lundblad et al., 2004; Lundblad et al.,
2002) allow a more accessible model to study LID, but they have the limitation in generating
consistent and selective lesions without high mortality (Barneoud et al., 2000; Chang et al.,
1999; Truong et al., 2006). Pharmacological depletion of monoamines by reserpine has been
proposed as a model to study LID, and has the advantage of a fast screening tool. However,
this is an acute model whereas LID typically develops over time and the depletion of
monoamine is more extensive than seen in PD (Johnston et al., 2005; Kovoor et al., 2005). An
ideal model of LID should have: (1) selective loss of nigrostriatal lesions mimicking PD; (2)
consistent and stable degree of lesion with minimal recovery, variability, and mortality; (3)
high percentage of animals developing dyskinesia; (4) differentiation of acute and chronic L-
DOPA effects on the behaviors.

The aphakia mice selectively lose dopamine neurons in the midbrain, especially in the
substantia nigra (SN) as a consequence of a naturally occurring deletion of the promoter region
and the noncoding exon 1 of the Pitx3 gene (Hwang et al., 2003; Nunes et al., 2003; van den
Munckhof et al., 2003; Smidt et al., 2004). Consistent with the loss of DA neurons in the SN,
there is significant DA denervation in the dorsal striatum (Hwang et al., 2003), which results
in the motor deficits that are rescued by L-DOPA (Hwang et al., 2003; van den Munckhof et
al., 2006). In addition, adaptation to the denervation and evidence for the supersensitivity of
striatal dopamine receptors (DR) were noted (Hwang et al., 2005; van den Munckhof et al.,
2006). Therefore, the aphakia mouse provides an animal model that has a consistent degree of
lesion selectively of the nigrostriatal system without significant variability or mortality
associated with toxic lesions (Hwang et al., 2003; van den Munckhof et al., 2003). Aphakia
mice show evidence of striatal neuroadaptation to denervation of dopaminergic afferents both
behaviorally and biochemically. Thus, we hypothesized that the aphakia mouse will develop
dyskinetic behaviors with L-DOPA treatment. We present their behavioral and biochemical
characteristics after chronic L-DOPA therapy. In addition, we report involvement of novel
structures where changes in gene expression are associated with the presence of dyskinesia.

Materials and methods

Animals and drug treatment

The aphakia allele arose spontaneously in 1981 on the 12951/Sv-p* Tyr* KitIS!J/J strain at the
Jackson Laboratory (Bar Harbor, ME) and was maintained in a C57BL background. Wild type
C57BL/6 mice and mice homozygous for the retinal degeneration (rd1 or Pde6brdl) mutation
in C57BL/6J background were used as control groups. All procedures of the experiments
conducted were approved by IACUC of University of Chicago.

In experiment 1, six week old wild type (C57BL/6, Jackson laboratory) and aphakia mice were
randomly divided into two groups in each genotype. One group received L-DOPA (Sigma, St.
Louis, MO) twice daily for up to 7 weeks (n=10-11 of either genotype), while the second group
received saline only for the same period of time (n=10 for both wild type and aphakia mice
each). In the first week, the L-DOPA group received 10 mg/kg L-DOPA intraperitoneally (ip).
Then from day 8, the dose of L-DOPA was increased to 25 mg/kg. Benserazide (12.5 mg/kg,
Sigma, St. Lous, MO) was added to block peripheral conversion of L-DOPA in all experiments.
The cylinder tests were performed 1 hr after L-DOPA challenge unless described specifically
as we have seen the peak of behavioral effects at this point in unilateral PD mice with C57BL/
6 background (Ding et al., 2003), and videotaped on day 1, day 4, day 7, day 8 and then once
a week thereafter. Additional behavioral tests were performed as described below. The wild
type mice only received chronic L-DOPA for 24 days because there was no noticeable behavior
change observed during the repeated tests. Details about the behavioral test are described
below.
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During the last two week period of chronic treatment for aphakia mice, additional behavioral
tests were performed using various reagents with or without L-DOPA. The reagents used alone
for the behavioral test were amphetamine (2 mg/kg, Sigma), D2 dopamine receptor (DR)
agonist quinpirole (0.5 mg/kg, RBI) and full D1 DR agonist SKF81297 (8 mg/kg, Sigma).
Behavioral tests were performed 1 hr after quinpirole and 30 min after SKF81297 and
amphetamine. The behavioral tests for buspirone, amantadine and ifenprodil (NR2B NMDA
receptor antagonist, 10 mg/kg, Sigma) were performed during the last week of the chronic L-
DOPA treatment. Buspirone and ifenprodil were given 30 min, while amantadine was injected
100 min before L-DOPA. For all pharmaceutical tests, the video was taken at baseline,
immediately before and 1 hr after L-DOPA. On the day before sacrifice, the saline groups
(n=10 for either genotype) were further divided into two groups: One received a single injection
of L-DOPA (25 mg/kg), while the second group received only saline.

In experiment 2, blind mice with retinal degeneration (rd1 or Pde6brdl; The Jackson
Laboratory, n=9) and aphakia mice (n = 10) at the age of 6 weeks old were treated with L-
DOPA at the dose of 10 mg/kg for days 1-7, and then 25 mg/kg b.i.d. thereafter for an additional
4 weeks. Behavioral tests including both cylinder and balance beam (Hwang et al., 2005) were
conducted on days 1, 4, 7, 14, 21, 28 and 35.

In experiment 3, six week old aphakia mice were divided into two groups. The first group (n=5)
received chronic L-DOPA (25 mg/kg, b.i.d.), as in the first three weeks of previous
experiments, while the second group (n=5) received the specific adenosine 2A receptor
antagonist, KW-6002 (kindly provided by Jacques Petzer, North-West University,
Potchefstroom, South Africa), at the dose of 3 mg/kg, once daily by i.p. for 3 weeks. Cylinder
tests were performed on day 21 following chronic treatment with either L-DOPA or KW-6002.
On day 22, the chronic L-DOPA group received acute KW-6002 (3 mg/kg) 20 min prior to L-
DOPA, while L-DOPA (25 mg/kg) was given 20 min after KW-6002 for the chronic KW-6002
group. 1 hr after L-DOPA, cylinder tests were performed and videotaped for further behavioral
analysis.

Behavioral tests and video analysis

Animals were placed in a clear plastic cylinder (10 cm in diameter and 12.5 ¢cm in height) and
videotaped for 3 min. Mirrors behind the cylinder were used to capture the behaviors when
animals turned away from the camera angle. During the testing period, two procedures were
employed occasionally to test distractability of the behaviors. Regular food pellets were
introduced into the cylinder and the response of the animals was monitored. Two mice were
placed in the same testing cylinder to note the effect of the social interaction on the behaviors.
All of the behavioral tests were done between 10:00 am and 2:00 pm.

1. Cylinder test—Out of the 3 minute video recording of the cylinder test, only the middle
two minutes were analyzed. The behaviors analyzed in the cylinder test included the frequency
and duration of rearing and abnormal paw movements. Rearing movement was scored when
mice reared on the two hind paws and raised to more than a half of their full body height.
Abnormal paw movements consisted of three different categories, i.e. front paw dyskinesia,
hind paw touch, and three paw dyskinesia. Front paw dyskinesia was noted when mice stood
on both hind paws, with both front paws moving repeatedly up and down along the surface of
the cylinder wall. Hind paw touch was noted when mice stood on their hind paws and repeatedly
touched the surface of the cylinder wall with one hind paw. Three paw dyskinesia was noted
when mice stood on their hind paws close to the wall of cylinder moving both front paws as
noted above and repeatedly lifting the hind paws up and down in an alternating fashion while
bearing their weight on the other hind paw. Under extreme circumstances, a few mice showed
rapid up and down movements of front paws and both hind paws with their tail supporting their
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body weight. We labeled this as four paw dyskinesia, but did not include it in the final results
of the behavioral tests because these behaviors were not frequent enough to analyze
statistically. Mice that received amphetamine were videotaped at 60 min after injection. Instead
of rearing and abnormal paw movements, these mice showed persistent oral stereotypy
behavior. The total duration of the oral stereotypy was recorded.

2. Challenging beam test—The details of this procedure has been described previously
(Fleming et al., 2004). Briefly, the beam (length, 1 m) started at a width of 3.5 cm and gradually
narrowed to 0.5 cm in 1 cm increments. Animals were trained to traverse the length of the
beam, starting at the widest section and ending at the narrowest section. Animals received 4
days of training before testing, and all training was performed without the mesh grid. On the
day of the test, a mesh grid (1 cm square) of corresponding width was placed over the beam
surface, leaving approximately a 1 cm space between the grid and the beam surface. Animals
were videotaped while traversing the grid-surfaced beam for a total of five trials. Videotapes
were viewed and scored for the time to traverse the beam over five trials by an investigator
blind to the mouse genotype and drug treatment. Mean scores from the 5 trials were used for
the analysis.

Tissue preparation

The mice were perfused through the ascending aorta with 4% paraformaldyde in 0.1 M
phosphate buffer (pH 7.3) 24 hr after the last (acute) injection of L-DOPA or saline. The brains
were post fixed overnight before being transferred into 30% sucrose. Serial coronal sections
from the rostral striatum through the caudal extent of pedunculopontine nucleus (PPN) were
made with a sliding microtome (Leica Jung Histoslide 2000) at 25 pm, collected into
cryoprotectant and stored at —20 °C for future analysis. Some serial sections were mounted
onto Superfrost/Plus microscope slides (Fisher Scientific, PA) and dried at room temperature
before storage at —80 °C for in situ hybridization. Every eighth section through out the striatum
and diencephalon and every other section of the brainstem were analyzed for
immunohistochemistry as noted below.

Immunohistochemistry

Sections were first incubated in 0.5% Triton X-100 and 5% normal goat serum in 0.01 M PBS
for 1 hrat RT before rabbit anti-FosB (1:500. Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
or mouse anti-tyrosine hydroxylase (TH) antibody (1:500, Chemicon International, Temecula,
CA) was applied for 72 hr at 4°C. After several washes in 0.01 M PBS, biotinylated anti-rabbit
1gG (1:200, Vector Laboratories, Burlingame, CA) was applied for 2 hrs at RT followed by
avidin-biotinylated peroxidase complex (Vectastain Elite ABC kit; Vector Laboratories) and
diaminobenzidine (Sigma, Saint Louis, MS) as the developing agent. After
immunohistochemistry, sections were mounted and coverslipped for analysis. The FosB
antibody used in the current experiment recognizes both PAN FosB and all of its spliced forms
of AFosB (Andersson et al., 1999). Only sections from WT and aphakia mice receiving chronic
saline and chronic L-DOPA treatment were processed for FosB immunohistochemistry.

In situ hybridization

A 496-base pair fragment of the mouse preprodynorphin (Pdyn) cDNA (containing the
sequence from 120 to 614 nucleotides, GenBank Acc. # U64968) and a 686-base pair fragment
of the mouse preproenkephalin (PPE) cDNA (containing the sequence from 342 to 1025
nucleotides, GenBank Acc. # M13227) were obtained by PCR and cloned into the pCRs2.1-
TOPOs plasmid (Invitrogen). The S3° labeled antisense RNA probes were prepared using in
vitro transcription from linearized plasmids and purification kits (Promega Cat # P1450 and
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Promega Cat# Z3101, respectively). S3-UTP was purchased from Amersham (Catalog #:
SJ130).

Sections mounted onto glass slides (SuperFrost, Fisher Scientific, PA) were first treated with
4% paraformaldehyde for 20 min after warming up to room temperature from —80°C. After 3
washes in PBS, 5 min each, sections were treated with proteinase K (5 pg/ml) for 20 min at
RT. Then, the sections were treated with 0.1 M TCA and 0.01 M acetic anhydride for 10 min
at RT after one wash in 0.5x SSC. Following incubation in 2x SSC for 5 min, sections were
loaded with prehybridization solution (10 mM DTT, 0.3 M NaCl, 20 mM Tris-HCI, 5 mM
EDTA, 1x Denhardt’s, 10% Dextran sulfate and 50% formamide) and incubated at 55°C for
3 hr. Next, hybridization solution composed of 0.2 mg/ml yeast tRNA and 6x10° cpm S3°
labeled antisense preprodynorphin or preproenkephalin RNA probe was added onto sections
and hybridization was performed over night at 55°C.

After hybridization, sections were rinsed with the following solutions in order: twice in 2x SSC
for 10 min each, 20 ug/ml RNAse A for 40 min at RT, twice in 2x SSC containing for 10 min
each, twice in 1x SSC for 10 min each, twice in 0.1x SSC for 10 min each at 55°C, twice in
0.5x SSC for 10 min each, 3 min in 50% ethanol, 3 min in 70% ethanol, 3 min in 70% ethanol
and 3 min in 95% ethanol. All solutions described above contained 0.1% B-mercaptoethanol.
After the sections were dried, they were exposed to Kodak BioMax MR film for 18 to 72 hr
before development.

Image analysis

For the analysis of FosB expression in the striatum, one picture at the coordinate (Bregma 1.1
mm, see Franklin and Paxinos, 1997) was taken with a 10x objective from left and right striatum
to cover the region with TH denervation in the dorsal striatum as shown in Fig 1. Then, the
number of positive FosB expressing nuclei was counted separately in an area of 700x400 pixels
from both left and right striatum by using the program MetaMorph (version 5.01). The number
of FosB positive nuclei from both striatal sides was averaged and used as one data point for
each mouse. For FosB expression in PPN, pictures covering the entire PPN were taken from
serial coronal sections of each animal and the total number of positive FosB-immunoreactive
nuclei from both left and right side were counted and added together as one sample.

Sections at the similar coordinate for the analysis of striatal FosB were also used for in situ
analysis. The average optical intensity of areas located in the most dorsal striatum, i.e., the
basal line of this area was the top one third of the lateral wall of the lateral ventricle and the
top one quarter of the lateral border of the striatum, was obtained by using the MetaMorph
image processing program. This area was chosen because: (1) Only this area showed the most
significant TH positive fiber loss when compared to the other area of the striatum; (2) Only
this area showed FosB expression in the chronic L-DOPA treated aphakia mice; and (3)
Preliminary examination of the in situ signal showed that this area displayed substantial
differences in the in situ signal for preprodynorphin.

Statistical analysis

SigmaStat (Version 2.03) was used for the statistical analysis. One way or two-way ANOVA
followed by Tukey post hoc test was usually performed. p<0.05 was considered statistically
significant.
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Results

Selective denervation of dopaminergic afferents in the dorsal striatum of aphakia mice

In order to study the dyskinetic behaviors and the biochemical changes produced by L-DOPA
treatment, it is essential to define the exact areas and the degree of dopamine denervation in
the striatum of aphakia mice. The TH-immunoreactive fibers were almost completely absent
in the dorsal striatum with a relative sparing in the ventral striatum (Fig. 1LA-C) similar to the
results of selective dopaminergic neuron loss in the substantia nigra as we previously reported
(Hwang et al., 2005; van den Munckhof et al., 2006). The denervation of TH-immunoreactive
fibers was noted throughout the whole dorsal striatum from rostral to caudal extent as shown
in three representative coronal sections (Fig 1, A-C). The number of DA neurons in the
substantia nigra of aphakia mice (Fig 1D-1) is significantly reduced compared to that of control
RD mice (Fig 1D'-I") as shown at several different coronal planes throughout the SN, which
is consistent with our earlier findings (Hwang et al., 2005) and those of others (Nunes et al.,
2003; Smidt et al., 2004).

L-DOPA improves akinesia in aphakia mice

We first determined doses of L-DOPA that could ameliorate the parkinsonian akinesia in
aphakia mice so that these physiological doses could be used to study dyskinesia. We have
previously described motor behavioral deficits in aphakia mice that were reversed with 25 mg/
kg L-DOPA treatment (Hwang et al., 2005). We also used a lower dose of 10 mg/kg in this
study and noted a similar effect of both doses on akinesia as noted below. Two different motor
behavioral tests that were shown to be sensitive to dopamine-dependent motor functions in our
previous study were employed. Rearing represents general activity level and may be more
specific for dopaminergic status than horizontal activities (Zhuang et al., 2001). The balance
beam test is a good indicator of fine motor coordination. The animals were first treated with
10 mg/kg for one week, and then the dose was increased to 25 mg/kg twice a day for 4 more
weeks to increase the chance of developing dyskinesia (Fig. 2A). Low dose L-DOPA at 10
mg/kg increased rearing activity without further change with repeated testing for a week, while
increasing the dose of L-DOPA to 25 mg/kg from the second week of treatment impaired
rearing activity (Fig. 2A). This was due to the development of dyskinetic behaviors as noted
below (Fig. 3). To determine whether this was due to the higher dose or increased response to
repetitive treatment, naive animals were exposed to 25 mg/kg L-DOPA (Fig. 2A). The response
to the first dose of 25 mg/kg was similar to 10 mg/kg, indicating that this reduction of rearing
was due to dyskinesia rather than the dose. In order to assess the akinesia improvement further,
a fine motor activity was tested using a balance beam (Hwang et al., 2005). L-DOPA improved
the balance beam performance of aphakia mice throughout the experimental period (Fig 2B).
L-DOPA did not produce any locomotion changes in the rearing test in C57BL/6 mice (data
not shown) nor in the balance beam test in control blind RD mice (Fig 2B).

L-DOPA treatment induces abnormal involuntary movements in aphakia mice

We observed various types of L-DOPA-induced abnormal involuntary movements in aphakia
mice as described in detail in the methods. One type of abnormal behavior was noted
immediately after the first exposure to L-DOPA treatment. L-DOPA produced abnormal paw
movements, such as front paw dyskinesia movement (Fig. 3A), which were rarely observed in
aphakia mice without L-DOPA (Supplementary material, Table 2) and never seen in RD or in
WT C57BL/6 control mice with L-DOPA (Supporting data, Table 1). Repeated L-DOPA
treatment did not increase the duration of front paw dyskinesia (Fig. 3A). Hind paw touch on
the wall was rarely present without L-DOPA or with the first dose of L-DOPA, but increased
by 7 days of treatment (Fig. 3B). With repeated administration of L-DOPA, both front paw
dyskinesia and hind paw touch were replaced by three paw dyskinesia, which consisted of
simultaneous dyskinesia of both front paws and one hind paw on either side (see Supplementary
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material, video 1) (Fig. 3C). When treatment with the higher L-DOPA dose was continued,
further increase in the duration of three paw dyskinesia was noted from day 8 to day 15, and
the front paw dyskinesia and hind paw touch decreased in duration. This decrease was mainly
due to replacement of these behaviors by three paw dyskinesia since three paw dyskinesia was
present most of the time during recording, leaving little time for other movements. As seen in
Fig. 3C, the three paw dyskinesia lasted 89-114 seconds out of the 120 seconds analyzed.
Likewise, rearing activity decreased significantly as three paw dyskinesia increased to occupy
most of the time (Fig. 2B). For wild type mice, neither acute nor long term (24 days) chronic
L-DOPA treatment induced any noticeable abnormal paw movements (Supplementary
material, Table 1). These behaviors, including front paw dyskinesia, hind paw touch, and three
paw dyskinesia, were rarely observed in aphakia mice receiving chronic saline treatment
(Supplementary material, Table 2). Occasionally, the dyskinetic mice showed four paw
dyskinesia with their body weight supported only by the tail. This behavior was rare and only
seen in a few dyskinetic aphakia mice, and therefore the data were not analyzed statistically.

We attempted to characterize the nature of three paw dyskinesia further by behavioral
perturbation in the third week with 25 mg/kg L-DOPA. When food pellets were dropped into
the cylinder during the test, the dyskinetic mice did not show any interruption from three paw
dyskinesia. The dyskinetic mice often stood over the food pellet engaged in three paw
dyskinesia completely ignoring the food. When two animals were put into the same cylinder,
they did not show any interaction, but continued with three paw dyskinesia independently
without interruption. The dyskinetic mice were also been placed into a larger cylinder or left
in the home cage to determine whether the confined nature of the cylinder was responsible for
the behaviors directed on the wall. The mice walked over to a wall, and started three paw
dyskinesia as soon as they reached the wall.

Pharmacological characterization of dyskinesia

Dyskinesia was also characterized pharmacologically. Three paw dyskinesia was also induced
by the full D1 DR agonist SKF81297 (8 mg/kg) and by the selective D2 DR agonist quinpirole
(0.5 mg/kg) in aphakia mice that received chronic L-DOPA (Fig. 4A). Combined together, the
results suggest that both D1 and D2 receptor activation mediates three paw dyskinesia in
aphakia mice. We then tested compounds that have been shown to relieve L-DOPA-induced
dyskinesia in patients and in animal models of dyskinesia. The glutamate NMDA antagonist,
amantadine (60 mg/kg), and the 5SHT-1A receptor agonist, buspirone (2 mg/kg), have both been
shown to be effective in reducing L-DOPA-induced dyskinesia in PD patients (Del Dotto et
al., 2001;Fox et al., 2002;Pahwa et al., 2006), PD monkeys (Blanchet et al., 1998) and 6-
hydroxydopamine-induced hemi-parkinsonian rodents (Lundblad et al., 2002;Lundblad et al.,
2005). A selective NR2B antagonist, ifenprodil has also shown to be effective in reducing
dyskinesia (Nash et al., 2000;Steece-Collier et al., 2000;Gardoni et al., 2006). We found that
all of the drugs tested including buspirone, amantadine and ifenprodil significantly attenuated
L-DOPA induced three paw dyskinesia in the dyskinetic aphakia mice (Fig 4A). The baselines
of three paw dyskinesia were similar before the administration of the anti-dyskinetic agents
and L-DOPA (data not shown).

Stereotypic behaviors can be seen after dopaminergic stimulation. Psychostimulants such as
amphetamine release dopamine from dopaminergic terminals and usually induce stereotypy
behavior when used either acutely at high doses or repeatedly at both low and high doses.
Amphetamine 2 mg/kg, which induces significant hyperactivity in normal mice (Rahman et
al., 2003) did not induce any three paw dyskinesia in amphetamine-naive aphakia mice with
chronic L-DOPA treatment (Fig. 4B). Instead, amphetamine produced significant and
continuous oral stereotypy behavior, which lasted about 90 seconds out of 120 seconds
analyzed in aphakia mice (Fig 4B).
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For experiment 2, a similar pattern of LID was observed in aphakia mice receiving chronic L-
DOPA, but not in control RD mice (data not shown). In experiment 3, there was no induction
of three paw dyskinesia in aphakia mice chronically treated with the selective adenosine 2A
antagonist, KW-6002, for three weeks while aphakia mice treated in parallel with chronic L-
DOPA showed significant performance of three paw dyskinesia (Fig 5). Acute KW-6002 did
not attenuate three paw dyskinesia induced by L-DOPA in aphakia mice treated chronically
with L-DOPA, while there was a lower, but significant induction of three paw dyskinesia when
chronic KW-6002 treated aphakia mice received acute L-DOPA for the first time (Fig 5).

Preprodynorphin and preproenkephalin expression is increased in the striatum of dyskinetic
aphakia mice

It has been shown that the expression level of preprodynorphin/prodynorphin and
preproenkephalin/proenkephalin is modulated in response to dopamine denervation as well as
to the development of dyskinesia with L-DOPA therapy (Doucet et al., 1996; Cenci et al.,
1998; Lundblad et al., 2004). Preprodynorphin (Fig 6A, B) and preproenkephalin (Fig 6C, D)
mMRNA levels in aphakia mice were not significantly different from WT mice that received
chronic saline. Acute L-DOPA treatment had no significant impact on preprodynorphin (Fig.
6A, B) or preproenkephalin (Fig. 6C, D) expression in the striatum of either WT or aphakia
mice. Chronic L-DOPA treatment increased the expression of preprodynorphin levels
bilaterally in the striata of aphakia mice compared to the saline group and acute L-DOPA
treatment group. Preproenkephalin levels were elevated in the chronic L-DOPA treated group
compared to the saline group, but no further increase was observed compared to the acute L-
DOPA group. L-DOPA had no effect on preprodynorphin/prodynorphin peptide gene
expression in WT mice.

FosB expression is induced in basal ganglia structures in dyskinetic aphakia mice

Chronic L-DOPA treatment increased the number of cells with FosB expression in the striatum
bilaterally compared to saline treatment (Fig. 7, n=5-11, p<0.01). Negligible expression of
FosB was noted in the aphakia mice who received chronic saline injection (Fig 7A and C, n=5)
or in WT mice even with chronic L-DOPA treatment (Fig. 7D, n=10). FosB expression was
localized to the dorsal striatum and throughout the whole rostral to caudal extent of striatum
as shown in Fig. 7B.

There was also a significant increase in FosB expression in PPN. As shown in Fig 8, unlike
chronic saline treated aphakia mice (Fig 8A and D), chronic L-DOPA significantly enhanced
FosB expression in PPN (Fig 8B-D). However, there was no FosB expression in the PPN of
wild type mice treated with saline or chronic L-DOPA for 24 days (data not shown). In addition,
significant FosB expression was also noted in the dorsal zona incerta (ZI) of aphakia mice
treated with chronic L-DOPA, but not in chronic saline treated animals (Fig. 9).

Discussion

We describe for the first time, a model of PD dyskinesia based on a genetic mouse line with a
selective loss of nigrostriatal projection that is stable and bilateral. Using this model, we
demonstrate that abnormal involuntary movements develop with chronic repetitive exposure
to L-DOPA. We show a spectrum of abnormal involuntary movements that are dependent on
the duration and dose of L-DOPA treatment. These abnormal behaviors not only meet the
behavioral criteria for LID, but also show pharmacological characteristics typical for LID.
Dyskinetic movements are associated with biochemical markers of increased FosB,
preprodynorphnin and preproenkephalin expression in the striatum. In addition, FosB
expression changes were seen in the PPN and ZI of dyskinetic aphakia mice.
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The core characteristics of dyskinetic movements in aphakia mice meet the criteria for L-
DOPA-induced dyskinesia although the descriptive phenomenology is somewhat different
from other models. The typical dyskinetic behaviors in PD patients include chorea and dystonia
(Luquin et al., 1992b; Marconi et al., 1994). Similar phenomenology can be seen in L-DOPA
treated MPTP lesioned primates (Clarke et al., 1989; Boyce et al., 1990b; Boyce et al.,
1990a). Although the presence of dyskinetic phenomonology in rodents has been controversial,
recent studies have noted various categories of movements, such as dystonia, limb, orolingual
and neck dyskinesia in hemi-Parkinsonian rodents (Cenci et al., 1998; Lee et al., 2000).
Rotational behavior induced by DA receptor agonists was initially considered to be similar to
L-DOPA-induced dyskinesia as it shows enhancement with chronic L-DOPA treatment (Henry
et al., 1998), but the significance and relevance of the rotational behaviors are not clear (Marin
et al., 2006). The other type of LID in rodents is myoclonic jerk-like movements seen in mice
treated with dopamine agonists after reserpine-induced dopamine depletion in RGS9-2 knock
out animals (Kovoor et al., 2005) or increased vertical rearing in reserpine-treated mice
(Johnston et al., 2005). The phenomenology of LID induced by L-DOPA in aphakia mice found
in the current experiment is somewhat different from the unilateral 6-hydroxydopamine toxin
models and more similar to the reserpine model (Johnston et al., 2005). The characteristic of
these movements is analogous to LID in that these are excess stereotypical movements without
apparent purpose. Voluntary movement of limb can suppress the LID temporarily in that limb,
but could also increase LID elsewhere in the body, which is called an overflow dyskinesia.
Similarly, the paw dyskinesia movements were interrupted when mice performed the balance
beam task, but continued in the cylinder in the absence of focused voluntary tasks. When food
pellets were introduced, the animals walked over the pellet, but did not exhibit any interest in
the pellet and continued with their abnormal involuntary movements. The context in which
these movements occur are also characteristic of LID. The movements were more likely to
occur with a higher dose of L-DOPA, longer duration of treatment, and only in animals with
nigrostriatal deficit. There is a hierarchy in the severity of movements. At the onset of L-DOPA
treatment, two paw dyskinesia was present, then hind paw touch increased with repeated
exposure to L-DOPA, and eventually with chronic treatment three paw dyskinesia
predominated and other movements were not seen as much as a consequence.

All aphakia mice eventually developed LID similar to many other models of LID that show
that all of their animals develop dyskinesia (Winkler et al., 2002; Carta et al., 2006). On the
other hand, some models show only a proportion of rodents displaying dyskinesia with chronic
L-DOPA treatment (Cenci et al., 1998; Picconi et al., 2003; Lundblad et al., 2004). There are
several well known factors which might alter the proportion of animals developing LID: the
dose of L-DOPA, target area and extent of lesion (Lundblad et al., 2004) and the delivery
method of L-DOPA (Carta et al., 2006). The percentage of animals developing LID increases
significantly with the dose escalation of L-DOPA in PD mice (Carta et al., 2006) and PD rats
(Winkler et al., 2002). All PD rats with unilateral MFB lesion could develop LID with chronic
L-DOPA (Winkler et al., 2002). All the hemi-Parkinsonian rats develop dyskinesia if L-DOPA
is delivered directly into the striatum regardless of lesion degree and previous priming (Carta
et al., 2006). Moreover, for the reserpine model of PD, both D1 and D2 agonists induce
dyskinesia in all mice tested (Kovoor et al., 2005). The lack of non-dyskinetic animals in our
model precludes the possibility to investigate potential individual susceptibility factor for
dyskinesia development. However, aphakia mice allows us to focus on the changes that occurs
with chronic L-DOPA exposure and compare them to those that occur with acute L-DOPA
exposure.

The aphakia mouse provides a unique model of PD in several ways: (1) Dopamine depletion
occurs selectively only in nigrostriatal system. (2) Unlike the hemi-Parkinsonian rodents, the
denervation of striatal DA is bilateral. (3) The loss of nigrostriatal system occurs very early in
development, which may facilitate compensatory mechanisms that may underlie the generation
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of dyskinesias. Similar to aphakia mice, early-onset PD patients are more likely to develop

LID than late-onset PD. (4) Aphakia mouse represents a more consistent and less heterogeneous
model of nigrostriatal dopamine depletion which would facilitate molecular and biochemical
analysis of mechanisms underlying LID and provide a test model for therapeutic approaches.

LID in aphakia mice must be distinguished from stereotypic behaviors which are usually
induced by dopamine agonists in normal animals including psychostimulants such as
amphetamine. These behaviors are thought to occur from direct or indirect activation of
dopamine receptors in the mesolimbic system, i.e. the ventral tegmental nucleus and nucleus
accumbens (Andersson et al., 2001). Stereotypic behaviors include sniffing, grooming, rearing,
and standing (Blanchard et al., 1998; Corda et al., 2005) and are different from the LID
described here in L-DOPA treated aphakia mice. Amphetamine induced significant
stereotypical behavior, but failed to induce dyskinesia movement in aphakia mice, further
supporting the idea that the dyskinesia movement described here is distinct from
psychostimulant-induced stereotypic behaviors. Furthermore, a drug that does not generate
abnormal involuntary movements such as adenosine A2A antagonist, KW-6002 does not
produce three paw dyskinesia when administered alone to aphakia mice.

The basic motor deficit of PD is akinesia, which is improved by dopaminergic agents, as
demonstrated by several different behavioral models in rodents (Phillips et al., 1998; Chang et
al., 1999; Johnson et al., 1999; Cenci et al., 2002; Woodlee et al., 2005). In aphakia mice, we
used two measures of akinesia, rearing and balance beam traversal tests to demonstrate that
the L-DOPA doses that were used to produce dyskinesia are in a physiologic range that
improves performance of these motor tasks (Hwang et al., 2005; van den Munckhof et al.,
2006). L-DOPA at the doses of 10-25 mg/kg significantly improved akinesia measured by the
balance beam test at all time points tested up to 5 weeks, whereas initial dyskinetic movements
were mildly manifested then became more prominent after chronic therapy. When aphakia
mice were engaged in dyskinetic movements with front and hind paws, rearing was interrupted.
On the other hand, the balance beam test (Fleming et al., 2004; Hwang et al., 2005) does not
allow for manifestation of dyskinetic movements. As discussed earlier, this is characteristic of
LID in that voluntary movement may suppress dyskinesia in the same limb whereas it may
increase overflow dyskinesia in other body parts.

Pharmacologically, the abnormal movements were also produced by the selective D1 receptor
agonist SKF81297 or the D2 agonist quinpirole in aphakia mice which is consistent with reports
that both D1 and D2 DA receptors are involved in inducing dyskinesia in PD animals (Blanchet
et al., 1995; Mehta et al., 2000; Kovoor et al., 2005; Monville et al., 2005), for review, see
(Jenner, 1995)). The involvement of D2 DA receptor activation alone in dyskinesia in PD has
been demonstrated in both primates (Clarke et al., 1989; Luquin et al., 1992a; Blanchet et al.,
1995) and rodents (Kovoor et al., 2005; Monville et al., 2005). Treatment of aphakia mice with
a D1 agonist appeared to be more potent in producing these movements a finding similar to
that observed in other models (Monville et al., 2005). Drugs that have been shown to decrease
dyskinesia in PD patients and animal models of PD have also decreased three paw dyskinesia
movements. The selective adenosine A2A antagonist, KW-6002 (Bibbiani et al., 2003; Kase
et al., 2003; Lundblad et al., 2005; Xiao et al., 2006), did not produce three paw dyskinesia in
aphakia mice during the three week chronic treatment period nor did KW-6002 attenuate L-
DOPA induced three paw dyskinesia once it was developed, consistent with a previous work
in unilateral 6-OHDA lesion rats (Lundblad et al., 2003) and further supporting the distinctive
characteristics of LID in aphakia mice.

Dyskinetic movement in aphakia mice is associated with changes in gene expression patterns
in striatal neurons. Preprodynorphin and FosB expression increased after chronic treatment,
but not after an acute dose of L-DOPA. Increased preproenkephalin expression was also noted
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with chronic L-DOPA treatment. Dynorphin is localized to D1 expressing striatal neurons of
the direct pathway to SN, while enkephalin is in D2 expressing striatal neurons of the indirect
pathway to the globus pallidus (Gerfen et al., 1990; Steiner and Gerfen, 1998; Nadjar et al.,
2006). The expression of the precursor of dynorphin, prodynorphin, is under the tonic activation
of D1 receptors, but the enkephalin precursor, proenkephalin, is under the tonic suppression
of D2 receptors (Morris et al., 1988). Reports of striatal prodynorphin expression following
unilateral acute 6-OHDA toxic lesion have been inconsistent, either no change (Morris et al.,
1989) or a decrease in level (Gerfen et al., 1990; Gerfen et al., 1991; Cenci et al., 1998). The
expression of prodynorphin has been noted to be unchanged (van den Munckhof et al., 2006)
or decreased (Smits et al., 2005) in the striatum of aphakia mice as well. We found that there
was no change in striatal dynorphin expression in aphakia mice at baseline or with acute L-
DOPA treatment. Dynorphin expression, however, increased with chronic L-DOPA treatment
similar to that seen previously in rats with unilateral 6-OHDA lesions where dynorphin
expression was correlated with L-DOPA-induced dyskinesia (Cenci et al., 1998). Enkephalin
expression has been shown to increase after complete lesion, but not with partial or bilateral
6-OHDA lesion of the dopaminergic nigrostriatal pathway (Salin et al., 1996). Striatal
preproenkephalin expression in aphakia mice has been shown to either increase (van den
Munckhof et al., 2006) or remain unchanged (Smits et al., 2005). We did not note any change
in basal expression of preproenkephalin in the striatum of aphakia mice compared to the control
mice, but chronic L-DOPA treatment increased preproenkephalin levels.

In hemi-Parkinsonian rodents, induction and level of striatal FosB expression is correlated with
the degree of LID (Andersson etal., 1999; Cenci, 2002; Pavon etal., 2006). Inhibition of striatal
FosB expression attenuates the severity of LID (Andersson et al., 1999). In the present study,
FosB expression was also found to localize to the PPN and ZI of chronic L-DOPA treated
aphakia mice. PPN is one of the main structures composing the midbrain motor area and the
activity between PPN and basal ganglia are closely linked (for review, see (Pahapill and
Lozano, 2000; Mena-Segovia et al., 2004). In hemi-Parkinsonian rats, the neuronal activity of
PPN is significantly exaggerated (Carlson et al., 1999; Breit et al., 2001) and intra-PPN
injection of a selective GABA-A antagonist ameliorates akinesia in PD monkeys (Nandi et al.,
2002), suggesting that the PPN is involved in the pathophysiology of PD. However, the
significance of FosB expression in PPN of dyskinetic animals remains to be addressed.
Recently, ZI has been suggested as another target area for the treatment of PD (Benazzouz et
al., 2004; Plaha et al., 2006).

In summary, the establishment of LID in aphakia mice provides an ideal model for mechanistic
studies on the induction and maintenance of LID and for the therapeutic exploration for LID
in PD. Long-lasting gene expression changes in PPN and ZI with LID raises interesting
questions regarding their relevance to the pathogenesis of dyskinesia and warrant further
studies as potential new target areas for surgical therapy.
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Refer to Web version on PubMed Central for supplementary material.
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methylxanthine

L-3,4-dihydroxyphenylalanine

L-DOPA-induced dyskinesia

Parkinson’s disease

pedunculopontine nucleus

substantia nigra

zona incerta

wild type

the third ventricle

external capsule i.p. intraperitoneal

mammillothalamic tract

decussation of the superior cerebellar peduncle



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnue\ Joyiny Vd-HIN

Ding et al. Page 17

Fig 1.

Selective dopaminergic denervation of the striatum (A—C) and the loss of dopaminergic
neurons in the substantia nigra (DI and D'-I") in aphakia mice. The TH-immunoreactive fibers
in the striatum are shown in three different planes representing rostral (A), middle (B) and
caudal (C) striatum. TH-immunoreactive cells from the substantia nigra at six representative
coronal planes show the loss of TH neurons, especially in the caudal substantia nigra (D-I)
compared to the intact SN from the matched planes in the control RD mice (D'-I"). Scale bars
are 500 um for A-C and 100 um for D-I and D'-I".
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Fig 2.

L-DOPA attenuated akinesia in aphakia mice measured by two different behavioral tests. A.
Rearing activity before and one hour after acute L-DOPA. Mice were treated twice a day with
10 mg/kg of L-DOPA for one week and then with 25 mg/kg from day 8 to day 37 (n=11). A
separate group of mice (n=5) were treated with 25 mg/kg of L-DOPA for the first time to
compare with the chronic treatment with 25 mg/kg. B. Time to cross the Balance Beam. The
beam test was performed before and one hour post injection. Blind RD mice were used as a
control. N=9-10 each group. *, p<0.05 and **, p<0.01 vs. baseline before L-DOPA. #, p<0.05
and ##, p<0.01 vs. the first day of L-DOPA treatment.
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Duration of abnormal paw movements induced by L-DOPA in aphakia mice. The abnormal
paw movements were classified into front paw dyskinesia (A), hind paw touch (B), and three
paw dyskinesia (C), and total dyskinesia scores were computed as the total time animals spent
in any of these movements (D). The animals were initially treated with 10 mg/kg of L-DOPA
and the dose was increased to 25 mg/kg from day 8 as noted in Fig. 2. One half of the saline
group received a single dose of 25 mg/kg L-DOPA before sacrifice to compare the effect of
single dose of L-DOPA to that of the chronic L-DOPA. These periods are divided by a vertical
line in the graph. n=5-11. *, p<0.05 and **, p<0.01 vs. baseline. $$, p<0.01 vs 1 hr post on
day 1 of the first L-DOPA dose. #, p<0.05 and ##, p<0.01 vs. 1 hr post L-DOPA in the acute
group given L-DOPA 25 mg/kg for the first time. @, p<0.05 and @@, p<0.01 vs. 1 hr post L-

DOPA on day 8 of the first 25 mg/kg dose.
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Fig 4.

Pharmacological responses of aphakia mice chronically treated with L-DOPA. A. Three paw
dyskinesia in response to dopamine receptor agonists or L-DOPA with anti-dyskinetic drugs.
B: The effect of acute amphetamine (2 mg/kg) on three paw dyskinesia and stereotypic behavior
in aphakia mice receiving chronic L-DOPA. N=11 *, p<0.05 and **, p< 0.01 vs. baseline. $,
p<0.05 and $$, p<0.01 vs. 1 hr post L-DOPA.
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Fig 5.

Comparison of chronic L-DOPA and KW-6002 treatment on the induction of three paw
dyskinesia. Aphakia mice (n=5) were treated with either chronic L-DOPA or KW-6002 (right
hand panel) for 21 consecutive days and the cylinder tests were performed on day 21 with
either 25 mg/kg L-DOPA or 3 mg/kg KW-6002 alone. The following day, all mice were
pretreated with 3 mg/kg KW-6002 for 20 min before administration of 25 mg/kg L-DOPA. **,
p<0.01 vs. baseline before L-DOPA.
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Fig 6.

Prodynorphin (A and B) and proenkephalin (C and D) mRNA expression in the striatum after
treatment with L-DOPA in wild type and aphakia mice. *, p<0.05 and **, p<0.01 as compared
showing in B and D. N=3-4 for WT mice under each condition, while N=5 (saline), 3 (acute
L-DOPA) and 11 (chronic L-DOPA) for aphakia mice.
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Saline (n=5) Chronic (n=10)

FosB expression in the striatum of aphakia and wild type mice. After chronic L-DOPA
treatment, there was significant induction of FosB expression in the striatum of aphakia mice
(B, C), but not in those that received chronic saline (A and C). Chronic treatment with L-DOPA
did not induce any FosB expression in the striatum of wild type mice (D). **, p<0.01. Scale
bar = 100 um. ec: external capsule.
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Fig 8.

FosB expression was seen in the PPN of aphakia mice after L-DOPA treatment. In A-C, mice
received saline or chronic L-DOPA, respectively. In B, C and E, chronic L-DOPA induced
significant FosB expression in PPN. **, p<0.01. A and C were taken under 10x objective, while
B was taken under 5x objective. Scale bar = 100 um. xscp: decussation of the superior cerebellar
peduncle.
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Fig 9.
FosB expression was also seen in the Zona Incerta (Z1) after chronic L-DOPA (B-C) treatment,
but not with chronic saline treatment (A). mt: mammillothalamic tract. Scale bar = 100 pm.

mt: mammillothalamic tract.
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