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ABSTRACT

Rodent models of .-DOPA-induced dyskinesia (LID) are essential to investigate pathophysiological mechanisms
and treatment options. Ratings of abnormal involuntary movements (AIMs) are used to capture both qualitative
and quantitative features of dyskinetic behaviors. Thus far, validated rating scales for the mouse have anchored
the definition of severity to the time during which AIMs are present. Here we have asked whether the
severity of axial, limb, and orolingual AIMs can be objectively assessed with scores based on movement
amplitude. Mice sustained 6-OHDA lesions in the medial forebrain bundle and were treated with .-DOPA
(3-6 mg/kg/day) until they developed stable AIMs scores. Two independent investigators rated AIM severity
using both the validated time-based scale and a novel amplitude scale, evaluating the degree of deviation of dys-
kinetic body parts relative to their resting position. The amplitude scale yielded a high degree of consistency both
within- and between raters. Thus, time-based scores, amplitude scores, and a combination of the two (‘global
AIM scores’) were applied to compare antidyskinetic effects produced by amantadine and by the following sub-
type-specific DA receptor antagonists: SCH23390 (D1/D5), Raclopride (D2/D3), PG01037 (D3), L-745,870 (D4),
and VU6004461 (D4). SCH23390 and Raclopride produced similarly robust reductions in both time-based scores
and amplitude scores, while PG0O1037 and L-745,870 had more partial effects. Interestingly, a novel and highly
brain penetrable D4 receptor antagonist (VU6004461) markedly attenuated both time-based and amplitude
scores without diminishing the general motor stimulant effect of .-DOPA. In summary, our results show that a
dyskinesia scale combining a time dimension with an amplitude dimension (‘global AIMs’) is more sensitive
than unidimensional scales. Moreover, the antidyskinetic effects produced by two chemically distinct D4 antag-
onists identify the D4 receptor as a potential future target for the treatment of LID.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

or reducing LID without compromising the beneficial effects of DA re-
placement therapy is an important goal for current PD research.

The dopamine (DA) precursor 3,4-dihydroxyphenyl-L-alanine (L-
DOPA) is the most effective treatment for Parkinson's disease (PD).
However, this treatment is prone to induce motor complications
(reviewed in Cenci et al., 2011; Salat and Tolosa, 2013). A prominent
complication is L-DOPA-induced dyskinesia (LID), abnormal involuntary
movements (AIMs) with both choreiform and dystonic components
(Manson et al., 2012) that affect the majority of PD patients (Ahlskog
and Muenter, 2001; Hauser et al., 2007). LID has a negative impact on
quality of life (Hechtner et al., 2014), and represents a serious obstacle
to the management of PD as it imposes reductions and fractionations
of L-DOPA dosage, limiting the treatment's efficacy. Thus, preventing
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Pathophysiological and therapeutic research on LID is heavily de-
pendent on experimental studies in animal models. These studies
have helped reveal pre- and post-synaptic abnormalities in DA trans-
mission at the basis of the movement disorder (Cenci and Lundblad,
2006; Cenci and Konradi, 2010; Cenci, 2014; Fieblinger et al., 2014a;
Bastide et al., 2015). In order to identify new potential antidyskinetic
drugs, it is advisable to start with a preclinical evaluation in animal
models, which not only provide accurate pharmacodynamic informa-
tion, but can also yield insights into a treatment's mechanisms of action
(Bastide et al., 2015). Rodent models are cost-effective, and dyskinesia
scales for both rats and mice are now well validated and widely used.
In the rat, the most sensitive dyskinesia scale incorporates both a time
dimension and a movement amplitude score (Rylander et al., 2010;
Breger et al., 2013; Iderberg et al., 2013; Iderberg et al,, 2015). Although
widely implemented in the rat, a scale based on movement amplitude
has not yet been validated in the mouse model of LID. The very rapid
movements displayed by dyskinetic mice may pose an obstacle to the
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assessment of movement amplitude during on-line rating sessions
(Cenci and Lundblad, 2007). Therefore, both the definition and the as-
sessment of ‘dyskinesia amplitude’ necessitate careful validation in the
mouse.

In this study, we set out to define a new mouse dyskinesia scale
based on the degree of deviation of dyskinetic body parts from their
resting position (‘movement amplitude’). We determined the reliability
of this scale by comparing scores given by two independent investiga-
tors during on-line rating sessions. Amplitude scores were further vali-
dated through off-line analysis of video recordings. We next combined
amplitude scores with time-based scores (Lundblad et al., 2004;
Lundblad et al., 2005) to generate 'global AIM scores', and examined
the sensitivity of this new scale to detect changes in dyskinesia severity
produced by several treatments. The latter included a clinically used
antidyskinetic medication (amantadine), and experimental treatments
targeting specific subtypes of DA receptors (DARs: D1-, D2-, D3- or
D4-type DARs). Most of these DAR antagonists had been previously
found effective in both non-human primate and rodent models of LID.

2. Materials and methods
2.1. Animals

This study was performed on male C57BI/6] mice (Charles River/
SCANBUR Research A/S; Denmark), approx. 10 weeks old at the begin-
ning of the experiments. Mice were housed under a 12-h light/dark
cycle with ad libitum access to water and food. All procedures were ap-
proved by the Malmg-Lund Ethical Committee on Animal Research.

2.2. DA-denervating lesion and post-operative care

Unilateral nigrostriatal DA lesions were achieved by injecting 6-
hydroxydopamine (6-OHDA) into the medial forebrain bundle (MFB),
according to a well-established method (Francardo et al., 2011). Briefly,
surgical anesthesia was induced using a mixture of 4% isofluorane in air
(Isobavet, Apoteksbolaget) and maintained with 1.2-1.5% isofluorane.
Mice were placed in a stereotaxic frame with a mouse adaptor (Kopf In-
struments, Tujunga, USA) on a flat skull position. The toxin 6-OHDA-HCl
(Sigma Aldrich, Stockholm, Sweden) was dissolved in a 0.02% ascorbic
acid-saline solution at a concentration of 3.2 ug/ul (free base concentra-
tion). One microliter of this solution was injected at the following coor-
dinates (in mm, relative to bregma and dural surface): AP = —0.7,
L= —1.2,DV = —4.7. A glass capillary (outer tip diameter of 50 pum)
attached to a 10 ul Hamilton syringe was used for the injections. The in-
jection rate was 0.5 pl/min. The capillary was left in place for 2 min be-
fore and 2 min after injection. The analgesic Marcain (bupivacaine,
2.5 mg/ml, AstraZeneca) was injected subcutaneously (10 pl/10 g,
body weight) before first skin incision. Postoperative care of the mice
was performed as in (Francardo et al.,, 2011) with some modifications.
Briefly, in the first week post-surgery, loss of body temperature was
prevented by placing mice overnight in a warm ventilated cabinet
(30 °C internal temperature; IVC Recovery Unit; Tecniplast S.P.A.,
Italy). During the first 2-3 weeks post-surgery mice were rehydrated,
as necessary, using sterile glucose/Ringer acetate solution (50 mg/ml,
Baxter Medical AB, Sweden; 0.1-0.4 ml/10 g body weight, s.c.) and
they received fresh soft dietary gel (DietGel Boost; ClearH,0, Maine,
U.S.A.) in addition to their standard food. The implementation of these
procedures afforded a 100% survival rate.

2.3. Cylinder test for drug-free evaluation of 6-OHDA lesion efficacy

Three weeks after 6-OHDA lesion, forelimb use asymmetry was eval-
uated using the ‘cylinder test’, which reveals a significant reduction in
spontaneous use of the forelimb contralateral to the lesion (Lundblad
et al,, 2002; Francardo et al., 2011) Briefly, mice were placed individual-
ly in a glass cylinder (10 cm diameter and 14 cm height) and were

videotaped for 5 min. The total number of supporting wall contacts per-
formed independently with the left and the right forepaw were counted
off-line. Wall contacts were defined as events where the animal presses
the forepaw with extended digits against the cylinder wall to support its
own body weight. Results were expressed as the percentage use of the
forelimb contralateral to the lesion (left forepaw contacts over the
total number of wall contacts) and 25% contralateral paw usage was
used as cut-off value for including mice in the study.

24. Experimental design

Fifteen 6-OHDA lesioned mice were treated with L.-DOPA for two
weeks to induce stable AIM scores. Dyskinesia ratings were performed
in parallel, but independently, by two investigators. AIMs were evaluat-
ed using both the time-based scale, (originally introduced by Cenci et
al., 1998 and herein referred to as ‘basic scores’) and a new amplitude
scale adapted from the rat (Cenci and Lundblad, 2007). Thereafter, the
two scores were combined to give a ‘global AIM score’ (see below).
The method was validated by (i) verifying amplitude scores on video re-
cordings; (ii) comparing results from the two raters; (iii) assessing the
effects of amantadine, a clinically proven antidyskinetic medication.
During the treatment maintenance phase (see below), mice received
challenge tests with (i) the D1R antagonist SCH23390; (ii) the D2R an-
tagonist Raclopride; (iii) the D3R antagonist PG01037; (iv) the D4R an-
tagonist L-745,870; (v) the new highly selective D4R antagonist
VU6004461. Drug effects on AIMs were evaluated using a randomized
cross-over design (Lundblad et al, 2002; Lundblad et al., 2005),
allowing wash-out periods of 3 days between drug challenges. Each
DAR antagonist was also evaluated using automated tests of horizon-
tal/vertical activity and rotational behavior in an open field. During
the drug-testing phase, the stability of AIMs induced by sole L-DOPA
treatment (6 mg/kg) was verified by performing ‘baseline AIM tests’
once a week. Baseline AIMs scores were compared to those recorded
upon L-DOPA and vehicle injection (‘vehicle + .-DOPA’) in each drug
challenge test, and no differences were found (data not shown).

2.5. Drug treatments

L-DOPA methyl ester (3 and 6 mg/kg; Sigma Aldrich AB, Sweden)
was always coadministered with a fixed dose of Benserazide-HCl
(12 mg/kg; Sigma Aldrich AB, Sweden). The drugs were freshly dis-
solved in physiological saline solution and coadministered s.c. All
other drugs used in the study, their doses and administration modalities
are reported in Table 1.

During the first two weeks of drug treatment (dyskinesia induction
phase), mice received escalating doses of L-DOPA (3 and 6 mg/kg) to in-
duce stable levels of AIMs. At the end of this phase, mice were chal-
lenged with amantadine. Throughout the rest of the study, mice were
kept on a maintenance regimen of L.-DOPA treatment (6 mg/kg, at
least twice weekly), and were challenged with DAR antagonists on dif-
ferent weeks.

2.6. Abnormal involuntary movements (AIMs) ratings

Mice were individually placed in transparent plastic cages
(18 x 29.5 cm), accommodated on a freestanding metal rack with hor-
izontal shelves. Mice were allowed to habituate to this environment for
at least 2 h before the first test, and for 15 min before each subsequent
test. During AIMs rating sessions, each mouse was rated online for
1 min every 20 min following L.-DOPA injection. On the same monitoring
period a GoPro Hero 4 camera was placed in front of the cage for video
recording. Dyskinesia was assessed using a well-validated mouse AlMs
scale (Lundblad et al., 2002; Lundblad et al., 2005; Francardo et al.,
2011), which evaluates AIM severity based on the proportion of obser-
vation time during which dyskinetic behaviors are present (Cenci et al.,
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Table 1
Drugs, doses and administration procedures used.

Drug Supplier Admin. route Doses (mg/kg) Vehicle AIMs test: Main references

Adm. Interval to .-DOPA
Amantadine Sigma Aldrich i.p. 40 Saline 100 min Lundblad et al., 2002)
SCH23390 Tocris Bioscience ip. 0.05 and 0.125 Saline 15 min (Santini et al., 2009a)
Raclopride  Sigma Aldrich i.p. 0.05 and 0.250 Saline 15 min (Santini et al., 2009a)
PG01037 Tocris Bioscience i.p. 3and 10 2.5% DMSO + Saline 0 min (Kumar et al., 2009)
L-745,870 Vanderbilt Center for Neuroscience Drug Discovery i.p. Tand3 Saline 0 min (Huot et al., 2014)
VU6004461 Vanderbilt Center for Neuroscience Drug Discovery s.c. 10 and 20 5% Tween80 + Saline 0 min N.A.

References pertain to studies using the compound together with L-DOPA, and refer to dosage and interval of administration between the two drugs.

1998). The scale considers three topographic subtypes of dyskinetic
movements as follows: (i) axial AIMs, i.e. twisting movements of the
neck and upper trunk towards the side contralateral to the lesion; (ii)
forelimb AIMs, i.e. rapid purposeless movements or dystonic posturing
of the contralateral forelimb; (iii) orolingual AIMs, i.e. empty jaw move-
ments, often accompanied by twitching of orofacial muscles and contra-
lateral tongue protrusion. These three AIM subtypes were scored
simultaneously on the basic scale according to well-established criteria:
0, no signs of dyskinesia; 1, signs of dyskinesia < 50% of the observation
time; 2, dyskinesia during > 50% of the observation time; 3, dyskinesia is
continuous, but promptly ceases upon mild visual/auditory stimulation,
as produced by opening the cage lid; 4, dyskinesia is continuous and
does not cease upon mild visual/auditory stimulation. Half-scores
were implemented according to the following definitions: 1.5, dyskine-
sia is present for 50% of the observation time; 2.5, dyskinesia is virtually
continuous, spontaneously ceasing only on one brief occasion, (for very
few seconds) during the monitoring period; 3.5, dyskinesia is continu-
ous, and does not promptly cease upon opening the cage lid, but stops
for a few seconds when the cage lid closes again. All 15 animals included
in the study exhibited basic scores > 2 on at least two AIM subtypes and
on at least two monitoring periods per session, and were thus classified
as dyskinetic according to previously established definitions (Westin et
al,, 2006).

The basic scale was combined with a new amplitude scale for mouse
AIMs, adapted from an analogous rat scale (Cenci and Lundblad, 2007;
Breger et al., 2013). The grading of this scale is summarized in Table 2,
and more extensive explanations are given in Results. Briefly, each of
the three AIMs subtypes (axial, limb and orolingual; ALO) received an
amplitude score from 0 to 4 on each monitoring period. Amplitude
was defined both by the degree of deviation of a body part from its nat-
ural resting position, and by the number of muscle groups visibly en-
gaged in the dyskinetic movement (Fig. 1). Because hyperkinetic
movements can quickly vary during 1-min observation periods, ampli-
tude scores were given so as to represent the most frequent type of
movement observed in each animal, allowing also for half-scores to be
given (e.g. a score of limb L2.5 was given when mice quickly shifted be-
tween L2 and L3). The applicability and reliability of the amplitude AIMs
scale was established by two trained investigators, who carried out par-
allel but independent on-line ratings, obtaining quite similar results.
Moreover, amplitude grades were verified by off-line video analysis.

A composite AIM score was then produced by multiplying basic
score and amplitude score for each AIM subtype, on each monitoring
period. The sum of these scores on one testing session (‘global AIMs’)
could reach a theoretical maximum value of 432.

2.7. Open field

General motor activity (horizontal and vertical activity, and rota-
tional behavior) was evaluated in an open field (50 x 50 cm arena,
framed by transparent Plexiglas walls) and recorded using an ANYmaze
video tracking system (Stoelting, U.S.A.). Tests were performed during
the light phase of the diurnal cycle. Animals were habituated to the
open field apparatus for 3 consecutive days before the very first test.
Reference values were acquired by treating the mice with (i)

vehicle + vehicle (herein referred as ‘baseline activity’) and (ii) L-
DOPA + vehicle. The reference values (for both baseline and L-DOPA-in-
duced activity) were verified before each DAR antagonist challenge.
Open field tests were conducted for each DAR antagonist, according to
the following procedure. Mice were placed in the center of the box
and let habituate for 15 min before injecting either vehicle or one of
the DAR antagonists (see Table 1). After an additional 15 min, mice
were injected with either vehicle or L-DOPA (6 mg/kg). Following
vehicle/L.-DOPA injection, mice were recorded for a total of 140 min,
and readings were made every 5 min. Parameters measured were the
following: (i) distance travelled, (ii) number of rearing events (iii) num-
ber of rotations contralateral to the lesion, and (iv) number of ipsilateral
rotations.

2.8. Statistical analysis

Statistical analysis was performed using Prism 5 (GraphPad Soft-
ware). Analysis of variance (ANOVA), factorial or by repeated measures
(RM) and post hoc Bonferroni's multiple comparison's test (Bonferroni's
test) were used in most cases. Two-group comparisons were made
using paired Student's t-test (paired t-test). The main treatment effects
on AIM scores were always verified with non-parametric statistics. Cor-
relations between scores from the two raters were assessed using
Pearson's r (presented as r? values) and were calculated on the total

Table 2
Definition of amplitude ratings for axial, limb and orolingual AIMs.

AIM Amplitude Description

subtype score

Axial (A) Al Sustained deviation of head/neck by at least 30°
(quadrupedal position).

A2 Sustained deviation of head/neck by at least 60°
(quadrupedal position).

A3 Torsion of neck/upper trunk by at least 90° (bipedal
position).

A4 Torsion of neck/upper trunk by >90° (bipedal position),
causing the mouse to lose balance.

Limb (L) L1 Tiny displacement of the forepaw around a fixed position
(e.g. tapping on the floor or small movements about the
snout).

L2 Larger movement causing visible displacement of the
whole forelimb, usually to/from snout.

L3 Large displacement of the whole forelimb with visible
engagement of shoulder muscles.

L4 Vigorous limb displacement, crossing over the midline of
the body (animal seems to try and constrain the
movement with the non-dyskinetic paw).

Orolingual 01 Twitching of orofacial muscles and small jaw movements

(0) (either lateralized jaw displacements or small jaw
openings).

02 Visible jaw opening (exposing teeth and tongue), often
lateralized.

03 Conspicuous jaw opening and occasional tongue
protrusion.

04 Conspicuous jaw opening, frequent and vigorous tongue
protrusion.

Confront descriptions in Table 2 with representations of the axial, limb and orolingual AIM
subtypes in Fig. 1.
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I

Fig. 1. [llustration of the AIM amplitude scale developed for the mouse model of LID. A grading scheme from 0 to 4 is applied to each of the main topographic subtypes of dyskinesia (axial
AlMs, A0-A4; limb AIMs, LO-L4; and orolingual AIMs, 00-04). Amplitude grades are here illustrated by means of video photographs, and spelled out using drawings. Please, confront with

Table 2.

AIM scores per session (20-180 min) obtained from each individual an-
imal (n = 15). Statistical significance was set at p < 0.05. F and p values
from the ANOVAs are given in figure legends, while post hoc compari-
sons are reported in both Results and figure legends. Data are presented
as group means =+ standard errors of the mean (SEM).

3. Results
3.1. Development of a global AIMs scale for the mouse

L-DOPA-induced involuntary movements are phenomenologically
similar in mouse and rat (Cenci and Lundblad, 2007). This prompted
us to develop a global AIMs scale for the mouse according to the same
principles used in the rat (Rylander et al., 2010; Breger et al., 2013;
Iderberg et al., 2013; Iderberg et al., 2015). To this end, we first defined
a dyskinesia amplitude scale capturing the range of movements seen in
this mouse model of LID. The new scale is summarized in Table 2, illus-
trated in Fig. 1, and explained below.

The amplitude of axial AIMs (grades A1-4) was defined based on the
degree of deviation of the neck and upper trunk from their natural rest-
ing position (cf. Fig. 1, A0). Axial amplitudes A1 and A2 are usually seen
when the animal is in a quadrupedal position and moving on the hori-
zontal plane. Grades A3 and A4 implicate a torsional movement of the
upper part of the body, and can only occur when the mouse is in a bi-
pedal position (cf. Fig. 1, panels A3-4). The most severe torsional move-
ments (A4) are usually associated with a loss of balance. In these cases,
the mouse abruptly falls down, landing on either the back or the fore-
paws. Differently from dyskinetic rats (which can sometimes remain
lying on their backs for a while), mice tend to recuperate balance imme-
diately after the fall.

The amplitude of limb AIMs (grades L1-4) was defined based on the
degree of translocation of the limb contralateral to the lesion from its
natural resting position (cf. Fig. 1, panel LO). In the mildest cases (L1),
the paw displays hyperkinetic movements of very small amplitude,

either tapping on the floor or (most frequently) moving about the
snout. Grade L2 refers to sideways limb movements to/from the snout,
whereas L3 refers to large forelimb movements with visible engage-
ment of shoulder muscles (in this case too, movements are to/from
snout, often alternating with sideways swinging movements). In
grade L4, the movement is vigorous and forelimb translocation maxi-
mal. As illustrated in Fig. 1, the contralateral limb is displaced across
the body's midline. Shoulder extensor muscles are visibly engaged and
the non-dyskinetic forelimb frequently moves towards the dyskinetic
one (as if attempting to constrain the movement).

The amplitude of orolingual AIMs (O1-4) was defined based on the
degree of involvement of facial, masticatory, and lingual muscles rela-
tive to a resting state (cf. Fig. 1, 00). The mildest cases (O1-2) manifest
as either small jaw openings or brief lateral translocations of the jaw.
Grade 02 refers to visible and often lateralized jaw openings, exposing
teeth and tongue. Grades 03 and 04 are distinguished by large jaw
openings accompanied by a variable degree of tongue protrusion (in
04, tongue protrusion is maximal, see Fig. 1). Among the three subtypes
of dyskinesia, orofacial and orolingual AIMs are the most difficult to see
and rate (mainly because dyskinetic limb movements often target the
snout). In order to provide O1-4 ratings it was fundamental to accom-
modate the testing cages on racks that allowed for looking at the animal
from all angles. We found that the best visualization of orolingual AIMs
was often achieved by observing the mouse from below.

Fig. 2 shows results from a representative AIMs test with L-DOPA
6 mg/kg. The scores given by rater #1 and rater #2 were very similar
when considering either basic scores (Fig. 2B/, correlation between
raters: 1> = 0.94, p < 0.001), amplitude scores (Fig. 2C’, correlation be-
tween raters: 1> = 0.94, p < 0.001) or the combined global scores
(Fig. 27V, correlation between raters: r? = 0.92, p < 0.001). Fig. 2A’, B/
and C’ show the distribution of scores between AIM subtypes, which
did not differ between rater #1 and #2 (Fig. 2A’, B, C’; p > 0.05 for
each AIM subtype). Next, the suitability of the global AIM scale to detect
effects of drugs was verified through challenge tests with amantadine
(40 mg/kg), a well-known antidyskinetic medication (Metman et al.,



_
D
o

A Global AIMs A
25 1207 o oL
.8 B Limb
g,_ 204 W Rater #1 = W Axial
= W Rater #2 =
2 15 2 7
£ 5
£ Y
Q 101 S
o
o 3 40
Q [72)
@ 5 =
%) <t
=
<<
Ll N N N N LT
I N ORI
Time post L-DOPA injection (min) &<
B Basic AlMs B’
127 60 7
hel
K]
) W Rater #1 .
o [
= 94 W Rater #2 =
5 Q 40
2 @
S o
£ 6 SSH
5 g
o & 20
n <
=
<<
L L R [ R 0- N
L I T N S O SR SR Y PO
Time post L-DOPA injection (min) < <
Amplitude AlMs %

B Rater #1
B Rater #2

AlMs score per monitoring period o

AlMs score (20-180 min)
= 9 8 8 g
7
9%

S S SR S N S O
Time post L-DOPA injection (min) A

Fig. 2. Validation of the use of global AIMs scale in the mouse model of LID. Involuntary
movements were induced in 15 MFB-lesioned mice with 6 mg/kg L.-DOPA, and AIMs
were rated independently by two investigators. A. Time course of global AIM scores
within a test session (RM Two-way ANOVA, effect of Rater: F(; 14y = 0.19, p = 0.67;
effect of Time post .-DOPA: F(s112) = 123.8, p < 0.001; Interaction: Fg112) = 0.32,p =
0.95). A’. Sum of global AIMs in one session (p = 0.67, n = 15; paired t-test), including
a representation of axial, limb, and orolingual scores using different shades (Two-way
ANOVA, Bonferroni's test; Rater: F(; 42y = 0.31, p = 0.58; AIM subtype: F(342) = 29.28;
p <0.001; Interaction: F(» 42y = 1.95, p = 0.15). B and C. Time course of basic scores and
amplitude scores, respectively, within the same test session. The corresponding sums of
scores are shown in B’ and C’, respectively. Axial, limb, and orolingual components are
represented using different shades. No significant differences between raters were
found on any of these parameters.

1998) previously found to blunt AIM scores in this mouse model
(Lundblad et al,, 2005). Data from both raters were concordant in show-
ing a significant reduction in global AIM scores by amantadine (Fig. 3).
The magnitude of the effect was larger when using the combined global
scale compared to either unidimensional scale (Fig. 3 and Table 3).
Amantadine had a stronger effect on time-based AIM scores compared
to amplitude scores (cf. Fig. 3B and C, and Table 3), although it signifi-
cantly affected both dimensions.

No significant difference between rater #1 and #2 scores was found
on either basic, amplitude or global scores during amantadine challenge
test (correlation between raters: Fig. 3A’, Global AlMs: r? = 0.94,
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p < 0.001; Fig. 3B/, Basic AIMs: r* = 0.90, p < 0.001; Fig. 3C’, Amplitude
AIMs: 2 = 0.91, p<0.001). Moreover, there was a high concordance be-
tween raters regarding the antidyskinetic effect of amantadine on the
three topographic subtypes of AIMs, which appeared to be equally af-
fected (Fig. 3A’, B/, C').

3.2. Effects of the D1R antagonist SCH23390

SCH23390 (SCH) is a widely used antagonist of D1 class DARs. In this
study, the doses of 0.05 and 0.125 mg/kg (SCH 0.05 and SCH 0.125)
were chosen based on observations of effects in previous studies using
C57BI/6 mice (Svenningsson et al., 2000; Santini et al., 2009a; Santini
et al., 2009b). The two doses of SCH produced a similar reduction in
global AIM scores (Fig. 4A’, —64% and —61% for 0.05 and 0.125 mg/kg
doses; p < 0.001 vs. veh + L-DOPA). Similar effects were seen also
when considering basic AIM scores (Fig. 4B, —50% and — 48% for 0.05
and 0.125 mg/kg doses; p < 0.001 vs. veh 4 L-DOPA), and amplitude
scores per se (Fig. 4C, —49% for both 0.05 and 0.125 mg/kg doses;
p <0.001 vs. veh + 1L-DOPA).

The effects of SCH on L-DOPA-induced general motor activity were
evaluated by testing the mice in an automated open field apparatus.
The time course of horizontal activity, vertical activity, contralateral
turns and ipsilateral turns are shown in Fig. 4D, E, F, G, respectively.
Total counts recorded over 140 min after .-DOPA injection are shown
in Fig. 4D’, E’, F and G'.

The profile of L-DOPA-induced horizontal activity had four phases:
(i) a transient increase around 10 min post L-DOPA injection, before
the appearance of dyskinetic movements (Fig. 4D, +283%, p < 0.001
vs. baseline); (ii) a dip in distance travelled between 15 and 100 min
post L-DOPA injection, corresponding to the time when animals were
highly affected by dyskinesia; (iii) a second rise between 100 and
125 min, which corresponded to the time when AIMs levels were de-
creasing, and (iv) a decline between 125 and 140 min. During this last
interval mice were free from AIMs and gradually resumed their normal
resting state. Analysis of the total counts revealed that .-DOPA had in-
duced a dramatic increase in total distance travelled during the test ses-
sion (Fig. 4D’, + 1046%, p < 0.001 vs. baseline). Coadministration of L-
DOPA and SCH 0.05 led to an increase in total distance travelled similar
to that induced by L-DOPA monotreatment (Fig. 4D’, +1221%, p <0.001
vs. baseline). On the other hand, the higher dose of SCH (0.125 mg/kg)
reduced the total distance travelled compared to both L-DOPA
monotreatment and the combination of .-DOPA and SCH 0.05
(Fig. 4D’, —51%, p <0.01 vs. veh + L-DOPA. -57%, p < 0.001 vs.
SCH 0.05 + L-DOPA).

Vertical activity was quantified as number of rearing events during
the test session, which showed a temporal course similar to the distance
travelled (Fig. 4E). The total number of rearing events increased after
treatment with either .-DOPA (Fig. 4E’, 4+ 1895%, p < 0.001 vs. baseline),
or L-DOPA plus SCH 0.05 (Fig. 4E’, +-1077%, p < 0.05 vs. baseline). How-
ever, the higher dose of SCH (0.125 mg/kg) inhibited the effect of
L-DOPA on the number of rearing events (Fig. 4E’, —89%; p < 0.001 vs.
veh + L-DOPA; non-significant difference vs. baseline values).

Animals receiving a unilateral 6-OHDA lesion show an ipsilateral ro-
tational bias at baseline, but rotate towards the side contralateral to the
lesion after treatment with L-DOPA (Ungerstedt, 1968, 1971). As ex-
pected, mice injected with L.-DOPA, alone or combined with either
dose of SCH, displayed increased number of contralateral rotations
(Fig. 4F', p < 0.001 for all treatments vs. baseline). However,
cotreatment with SCH 0.125 and L-DOPA significantly reduced the num-
ber of contralateral rotations compared to both L-DOPA monotreatment
and L-DOPA plus SCH 0.05 (Fig. 4F’, —60%, p < 0.01 vs. veh + L-DOPA,
and —65%; p <0.01 vs. SCH 0.05 + L-DOPA). Fig. 4G and G’ depict the
counts of ipsilateral rotations (much lower than the contralateral
ones, as expected; see Francardo et al,, 2011; Bez et al., 2016). The num-
ber of ipsilateral rotations showed a short peak 5 min after the injection
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Fig. 3. Antidyskinetic effects of amantadine (Ama, 40 mg/kg) as detected by different
raters and different scales. A. Time course of global AIM scores following an injection of
6 mg/kg L-DOPA, preceded by Ama or vehicle. Amantadine significantly attenuated the
AIM scores from 20 to 120 min after L-DOPA injection regardless of the rater (RM Two-
way ANOVA, Treatment: F(,,s) = 77.88, p < 0.001; Time: Fg112) = 128.7, p < 0.001;
Interaction: F(16224) = 12.49, p < 0.001). Post hoc Bonferroni's test: p < 0.001 for
Ama + L-DOPA vs. veh + L-DOPA; p > 0.05 for data from the two raters. A’. The total
global AIM score per test session shows a significant effect of amantadine (RM One-way
ANOVA, Treatment: F(;,s) = 77.88, p < 0.001), and no difference between raters on
either the sum of axial, limb, and orolingual scores or each topographic AIM subtype
(represented by color shades within the bars). B. Time course of basic AIM scores (RM
Two-way ANOVA, Treatment: F(;25) = 67.07, p < 0.001; Time: F(g112) = 150.7,
p < 0.001; Interaction: F(16224) = 9.84, p < 0.001). B’. Total scores for basic AIMs (RM
One-way ANOVA, Treatment: F(,»s) = 67.07, p < 0.001). C. Time course of amplitude
AIM scores (RM Two-way ANOVA, Treatment: F(;.s) = 35.14, p < 0.001; Time:
F(s,112) = 267.0, p < 0.001; Interaction: F(y6224) = 3.92, p < 0.001). C". Total scores for
amplitude AIMs (RM One-way ANOVA, Treatment: F(,>s) = 35.14, p < 0.001). Results
from post-hoc group comparisons (Bonferroni's test) are reported as follows: *p < 0.05,
**p <0.01 and ***p < 0.001 vs. veh + L-DOPA, respectively. Significances represented by
white asterisks refer to the change on the given topographic score.

of L-DOPA, remained very low between 15 and 100 min, and tended to
rise again at the end of the recording session (Fig. 4G). The counts re-
corded upon treatment with L-DOPA, alone or combined with SCH
0.05, were not statistically different from baseline values. However,
when L-DOPA was combined with the higher dose of SCH, a significant
reduction in ipsilateral rotations was detected compared to all other
conditions (Fig. 4G’, —48%, p < 0.05 vs. baseline; —54%, p < 0.01 vs.
veh + L-DOPA, and —39%, p < 0.01 vs. SCH 0.05 + L-DOPA). The effects
of SCH on L-DOPA-induced horizontal, vertical, and rotational activities
are summarized in Table 4, which also enables comparisons with the ef-
fects produced by the other DAR antagonists.

3.3. Effects of the D2R antagonist Raclopride

Raclopride (Rac) is a D2-class DAR antagonist with low
nanomolar affinity for both D2 and D3 receptors. The doses of 0.05
and 0.250 mg/kg (Rac 0.05 and Rac 0.250) were selected based on pre-
vious literature (Santini et al., 2009a). The compound dose-dependently
reduced dyskinesia severity throughout the test session (Fig. 5A). Global
AIM scores were significantly reduced by both doses of Rac, although
the larger dose was more effective (Fig. 5A’, Rac 0.05 + L-DOPA:
—59%, p < 0.001 vs. veh + L-DOPA; Rac 0.250 + L-DOPA: —69%,
p < 0.001 vs. veh + L-DOPA, and —25%, p < 0.05 vs. Rac 0.05 + L-
DOPA). Significant effects of Rac were detected also upon analysis of
basic AIM scores and amplitude scores per se, although the effect was
less pronounced than that on global AIMs (cf. Table 3). Thus, Rac 0.05
and 0.250 mg/kg reduced basic AIM scores by 49% and 58%, respectively
(Fig. 5B, p < 0.001 for both doses vs. veh + L-DOPA, and p < 0.05 for Rac
0.250 + L-DOPA vs. Rac 0.05 + L-DOPA). Amplitude scores were re-
duced by 40% and 55%, respectively (Fig. 5C, p < 0.001 for both drug
doses vs. veh + L-DOPA and p < 0.01 for Rac 0.250 + L-DOPA vs. Rac
0.05 + L-DOPA).

Paralleling the reduction in dyskinesia severity, treatment with ei-
ther dose of Rac increased the total distance travelled compared to
both baseline and .-DOPA treatment (Fig. 5D’, Rac 0.05 + L-DOPA:
+1535%, p < 0.001 vs. baseline, and +43%, p < 0.01 vs. veh + L-
DOPA; Rac 0.250 + L-DOPA: +1582%, p < 0.001 vs. baseline, and
+47%, p < 0.01 vs. veh + L-DOPA).

Counts of rearing events were increased compared to baseline by
both doses of Rac in combination with L-DOPA (Fig. 5E’, Rac 0.05 + 1-
DOPA: 4 1776% p < 0.001 vs. baseline; Rac 0.250 + L-DOPA: + 1396%,
p <0.01 vs. baseline) and did not differ significantly from the values re-
corded after treatment with L-DOPA only.

Cotreating mice with Rac 0.05 and 0.125 mg/kg and L.-DOPA led to an
increased number of contralateral rotations similar to that produced by
L-DOPA only (Fig. 5F’, Rac 0.05 4 L-DOPA and Rac 0.250 + L-DOPA:
~300-fold increase, p < 0.001 vs. baseline). Mice performed comparable
levels of ipsilateral rotations upon all treatment conditions, but for Rac
0.250 and L-DOPA cotreatment, which resulted in a mild reduction
(Fig. 5G’, —27%, p < 0.05 vs. Rac 0.05 + -DOPA).

3.4. Effects of the D3R antagonist PG01037

PG01037 is a selective D3R antagonist already tested in rodent
models of LID. For the present study we selected the doses of 3 and
10 mg/kg (PG 3 and PG 10) based on the documented in vivo D3R bind-
ing activity of the lower dose (Higley et al., 2011) and the reported
antidyskinetic activity of the higher dose (Solis et al., 2015). The D3R an-
tagonist dose-dependently reduced global AIM scores throughout the
dyskinesia-time curve (Fig. 6A) and both doses of PG had a significant
effect (Fig. 6A’, PG 3 + L-DOPA: —38%, p < 0.001 vs. veh + L-DOPA;
PG 10 + L-DOPA: —48%, p < 0.001 vs. veh + L-DOPA). Basic AIM scores
were also significantly blunted by both the low and the high dose
(Fig. 6B, reductions by 22% and 32%, respectively, p < 0.001 vs.
veh + L-DOPA). Interestingly however, the lower dose of PG failed to re-
duce amplitude AIM scores, while the higher dose yielded a 28% de-
crease (Fig. 6C, p < 0.001 vs. both veh + L-DOPA, and PG 3 + L-DOPA).

After challenge with the lower dose of PG, total distance travelled
did not differ significantly from that recorded upon L-DOPA
monotreatment. On the other hand, the higher dose of PG increased
the total distance travelled to a level higher than all other treatment
conditions (Fig. 6D’, +1790%, p < 0.001 vs. baseline; + 65%, p < 0.001
vs. veh + 1-DOPA, and +45%, p < 0.001 vs. PG 3 + L-DOPA).

The total number of rearings was increased by both PG doses (Fig. 6E’,
PG 3 + 1-DOPA: +2390%, p < 0.001 vs. baseline; PG 10 + L-DOPA:
+4013%, p < 0.001 vs. baseline). The higher dose of PG produced a
number of rearings significantly greater than .-DOPA-only treatment
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Table 3
Effects of amantadine and DAR antagonists on global, basic and amplitude AIMs.
Main target receptor Compound Dose Effect on global AIMs Effect on basic AIMs Effect on amplitude AIMs
NMDAR Amantadine 40 mg/kg —36% —28% —15%
D1R/D5R SCH23390 0.05 mg/kg —64% —50% —49%
0.125 mg/kg —61% —48% —49%
D2R/D3R Raclopride 0.05 mg/kg —59% —49% —40%
0.250 mg/kg —69% —58% —55%
D3R PG01037 3 mg/kg —38% —22% 0.03%
10 mg/kg —48% —32% —28%
D4R L-745,870 1 mg/kg —26% —12% —16%
3 mg/kg —35% —22% —19%
D4R VU6004461 10 mg/kg —59% —44% —39%
20 mg/kg —71% —55% —44%

The effect refers to the average reduction in ALO scores per session (20-180 min) upon administration of the compound with L-DOPA, relative to L-DOPA pus vehicle (cf. Fig. 3A’, B, C" and
Figs. 4A’-C, 5A’-C, 6'-C, 7A’-C, 8A’-C). For amantadine, the mean % change of scores from rater #1 and rater #2 is reported.
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Fig. 4. Effects of the D1R antagonist, SCH23390 (SCH) tested at the doses of 0.05 and 0.125 mg/kg. (A-C) Effects on L-DOPA-induced AIMs, (D-G’) effects of changes in horizontal, vertical
and rotational activity induced by L-DOPA (open field test). A. Time course of global AIM scores (RM Two-way ANOVA, Treatment: F(,5sy = 103.6, p <0.001; Time point: Fg 112y = 128.6,
p<0.001; Interaction F6 224y = 24.28, p<0.001). A’. Total scores for global AIMs (RM One-way ANOVA, Treatment: F(,»g) = 103.6, p < 0.001). B. Total scores for basic AIMs (RM One-way
ANOVA, Treatment: F, gy = 88.46, p < 0.001). C. Total scores for amplitude AIMs (RM One-way ANOVA, Treatment: F(, gy = 74.67, p < 0.001). Results from post-hoc group comparisons
(Bonferroni's test) are reported as follows: ***p < 0.001 vs. veh + L-DOPA; *##p < 0.001 vs. SCH 0.125 + L-DOPA. D. Time course of distance travelled (RM Two-way ANOVA, Treatment:
F(3.42) = 40.46, p <0.001; Time: F(27375) = 3.8, p < 0.001; Interaction F(s; 1134) = 9.93, p<0.001). D". Total distance travelled (RM One-way ANOVA, Treatment: F(5 45) = 40.46, p <0.001).
E. Time course of rearing events (RM Two-way ANOVA, Treatment: F(3 42) = 21.79, p < 0.001; Time: F57 378y = 9.19, p < 0.001; Interaction F(g; 1134y = 6.01, p < 0.001). E’. Total number of
rearing events (RM One-way ANOVA, Treatment: F(3 42y = 21.79, p < 0.001). F. Time course of contralateral rotations (RM Two-way ANOVA, Treatment: F(3 42y = 29.68, p < 0.001; Time:
F(27378) = 6.98, p < 0.001; Interaction Fg; 1134) = 4.31, p<0.001). F. Total number of contralateral rotations (RM One-way ANOVA, Treatment: F(3 42) = 29.68, p<0.001). G. Time course of
ipsilateral rotations (RM Two-way ANOVA, Treatment: F3 42) = 8.23, p < 0.001; Time: F(27 378y = 22.54, p < 0.001; Interaction F(g; 1134y = 11.68, p <0.001). G'. Total number of ipsilateral
rotations (RM One-way ANOVA, Treatment: F3 4y = 8.23, p < 0.001). Results from post-hoc group comparisons (Bonferroni's test) are reported as follows: *p < 0.05 and ***p < 0.001 vs.
baseline, respectively; #p < 0.05, **p < 0.01 and #**#p < 0.001 vs. veh + 1-DOPA, respectively; $3p < 0.01 and 3%3p < 0.001 vs. SCH 0.05 + L-DOPA.
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(Fig. 6E’, +106%, p < 0.05 vs. veh + L-DOPA). Mice challenged with both
doses of PG displayed an increased number of contralateral rotations,
tending to exceed the effect of L-DOPA monotreatment, although the
difference did not reach statistical significance (Fig. 6F’, PG 3 + L-
DOPA: +11%, p > 0.05 vs. veh + 1-DOPA; PG 10 + L-DOPA: +31%,
p>0.05 vs. veh + L-DOPA). No significant differences were detected re-
garding total number of ipsilateral rotations (Fig. 6G’).

3.5. Effects of the D4R antagonist L-745,870

L-745,870 is a D4R antagonist reported to improve LID in both ma-
caque (Huot et al., 2012) and rat models (Huot et al., 2014), and the
doses of 1 and 3 mg/kg (L-7 1 and L-7 3) were chosen based on these
previous publications. Global AIM scores were dose-dependently re-
duced by L-7 throughout the dyskinesia-time curve (Fig. 7A). Accord-
ingly, the global scores per session were significantly reduced by both
drug doses (Fig. 7A’, L-7 1 + 1L-DOPA: —26%, p < 0.001 vs. veh + L-
DOPA; L-7 3 + 1L-DOPA: —35%, p < 0.001 vs. veh + L-DOPA). Both
doses of L-7 had a significant, though modest effect on basic AIM scores
(Fig. 7B, L-7 1 + L-DOPA: —12%, p <0.01 vs. veh + L-DOPA; L-7 3 + 1-
DOPA: —22%,p<0.01 vs. veh + L-DOPA), and similarly reduced the am-
plitude scores (Fig. 7C, L7 1 + L-DOPA: —16%, p < 0.001 vs. veh + L-
DOPA; L-7 3 + L-DOPA: —19%, p < 0.01 vs. veh + L-DOPA).

The analysis of horizontal activity revealed that either dose of L-7
markedly increased the total distance travelled compared to baseline,
but the difference from L-DOPA monotreatment only reached signifi-
cance with the dose of 1 mg/kg (Fig. 7D’, L-7 1 + L-DOPA: + 1445%,
p < 0.001 vs. baseline, and +35%, p < 0.05 vs. veh + L-DOPA; L-7
3 + -DOPA: + 1409%, p < 0.001 vs. baseline).

Rearings were markedly increased compared to baseline by both
doses of L-7, but only 1 mg/kg L-7 induced significantly more rearings
than L.-DOPA monotreatment (Fig. 7E/, L-7 1 + L-DOPA: +3197%,
p < 0.001 vs. baseline, and +65% p < 0.05 vs. veh + 1L-DOPA; L-7
3 + -DOPA: +3188%, p < 0.001 vs. baseline).

Contralateral rotations induced by either L-7 dose were not signifi-
cantly different than after .-DOPA monotreatment (Fig. 7F, L-7 1 + L-
DOPA: ~310-fold increase, p < 0.001 vs. baseline; L-7 3 + L-DOPA:
~270-fold increase, p < 0.001 vs. baseline). No significant difference in
the total number of ipsilateral rotation was found when comparing
the different treatment conditions.

3.6. Effects of the novel D4R antagonist VU6004461

VU6004461 is a novel D4R antagonist, selective and highly brain
penetrable, recently synthetized at the Vanderbilt Center for Neurosci-
ence Drug Discovery (Witt et al., 2016) and never previously tested on
animal models of PD or LID. The doses of 10 and 20 mg/kg (VU 10 and
VU 20) were chosen based on in vivo pharmacokinetic data provided
by Vanderbilt Center for Neuroscience Drug Discovery. VU6004461 po-
tently reduced global AIM scores per monitoring period throughout the
entire dyskinesia-time curve (Fig. 8A). Global scores per session were
dramatically reduced by both doses of VU (Fig. 8A’, VU 10 + L-DOPA:
—59%, p < 0.001 vs. veh + 1-DOPA; VU 20 + L-DOPA: —71%,
p <0.001 vs. veh 4 L-DOPA). Basic scores were decreased in a dose-de-
pendent manner (Fig. 8B, VU 10 + L-DOPA: —44%, p<0.001 vs.veh + L-
DOPA; VU 20 + L-DOPA: —55%, p <0.001 vs. veh + L-DOPA, and — 19%,
p <0.05 vs. VU 10 + -DOPA). However, when amplitude AIM scores
were considered, the two VU doses had comparable efficacy (Fig. 8C,
VU 10 + -DOPA: —39%, p < 0.001 vs. veh + L-DOPA; VU 20 + L-
DOPA: —44%, p < 0.001 vs. veh + L-DOPA).

Cotreatment with VU and 1-DOPA induced a large increase in total
distance travelled, similar to that induced by L-DOPA monotreatment
(Fig. 8D’, VU 10 + L-DOPA: +1367%, p < 0.001 vs. baseline; VU
20 + L-DOPA: + 1408%, p < 0.001 vs. baseline).

The total number of rearings was similarly incremented by both VU
doses when compared to baseline, and the effect was similar to that

produced by -DOPA only (Fig. 8E’, VU 10 + 1-DOPA: +3329%,
p < 0.001 vs. baseline; VU 20 + L-DOPA: +3351%, p < 0.001 vs.
baseline).

Mice treated with either dose of VU showed high levels of contralat-
eral rotation (Fig. 8E, E’), although the difference from L-DOPA
monotreatment did not reach significance (Fig. 8F’). However, counts
of ipsilateral rotations were higher after challenge with VU, and the dif-
ference from L-DOPA monotreatment reached significance with the
lower VU dose (Fig. 8G’, VU 10 + L-DOPA: + 69%, p < 0.01 vs. baseline,
and +47%, p<0.05 vs. veh + L-DOPA; VU 20 + -DOPA: + 60%, p < 0.05
vs. baseline).

4. Discussion

The first aim of this study was to develop and validate a sensitive
method for assessing LID in the mouse, similar to the one currently
used in the rat (Rylander et al., 2010; Breger et al., 2013; Iderberg et
al., 2013; Iderberg et al., 2015). Our results show that a dyskinesia
scale combining a time dimension with an amplitude dimension can
be accurately applied to the mouse model of LID by well-trained inves-
tigators. Moreover, this scale was more sensitive than unidimensional
scales in detecting antidyskinetic effects of pharmacological agents
(Table 3). The second aim of this study was to evaluate the
antidyskinetic efficacy of subtype-specific DAR antagonists, also includ-
ing a novel D4R antagonist never previously tested in any animal model
of PD or LID. Although the role of D1Rs in LID is well established (Westin
et al,, 2007; Darmopil et al., 2009), an increasing number of reports in-
dicate that other types of DARs also are implicated, including DAR sub-
types having low levels of expression in the striatum (Bordet et al.,
1997; Kumar et al., 2009; Huot et al., 2012; Huot et al., 2014; Solis et
al., 2015). We therefore set out to compare the relative ability of selec-
tive D1-type, D2-type, D3 and D4 receptor antagonists to modulate
LID using the new rating scale.

4.1. Methodological considerations

The assessment of dyskinesia in both PD patients and non-human
primate models of PD is based on rating scales that consider the dura-
tion, body distribution and disabling character of the involuntary move-
ments. Similar principles have inspired the development of rating scales
for both rodent and non-human primate models of LID. Although auto-
mated methods are being developed to assess LID severity (Griffiths et
al., 2012; Tsipouras et al., 2012), rating scales will remain necessary to
capture the complexity of the movement disorder and its qualitative
characteristics.

In current mouse models of LID, the most common assessment
method is the basic AIM scale first introduced by Cenci and collaborators
(Lundblad et al., 2004), which defines LID severity based on the propor-
tion of observation time during which different topographic subtypes of
AlIMs are present. This scale has been well validated and it is widely used
to assess candidate antidyskinetic interventions (Pavon et al., 2006;
Santini et al., 2007; Bateup et al., 2010). Our results confirm that this
scale is sufficiently sensitive to detect pharmacologically induced
changes in dyskinesia severity. However, a limitation of this scale is
that it fails to discriminate between large and fine movements. This
may not be a problem when the relationship between frequency and
amplitude of dyskinesia is fixed and predictable. However, this feature
is not known a priori when testing antidyskinetic treatments, nor
when establishing new animal models of LID. For example, we have pre-
viously found that the amplitude of both axial and limb AIMs is general-
ly smaller when LID is induced in rodents with partial striatal 6-OHDA
lesions compared to complete lesions (Winkler et al.,, 2002; Francardo
etal., 2011). The utility of combining a time-based scale with one sensi-
tive to changes in dyskinesia ‘amplitude’ was highlighted by some re-
cent studies, which introduced assessments of movement amplitude
in the evaluation of pro-dyskinetic or anti-dyskinetic interventions
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Table 4
Modulation of L-DOPA-induced changes in motor activity by tested treatments.
SCH SCH Rac Rac PG 3 PG 10 L-71 L-73 VU 10 VU 20
0.05 mg/kg 0.125 mg/kg 0.05 mg/kg 0.250 mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg
Total distance travelled +15% —51%™ +43%™ +47%"" +13% +65%™" +35%" +32% +28% +32%
Total contralateral rotations +13% —60%"™ +9% +8% +11% +31% +13% —1% +18% +20%
Total rearings —41%" —89%™* —6% —25% +25% +106%" +65%" +65% +72% +73%
Total ipsilateral rotations —25% —54%™" +8% —22% —11% +1% +60% +32% +47%" +39%

Compounds were given in combination with L-DOPA. Data report the percentage change relative to the values recorded after .-DOPA plus vehicle. All values refer to data recorded during a
140 min recording session. Abbreviations: SCH: SCH23390; Rac: Raclopride; PG: PG01037; L-7: L-745,870; VU: VU6004461. Results from post-hoc group comparisons (Bonferroni's test)
are reported as follows: *p < 0.05, **p < 0.01 and ***p < 0.001 vs. veh + L-DOPA, respectively.

(Smith et al., 2012; Bordia et al., 2016). However, our scale is the first to anchored to objective criteria. It should, however, be pointed out that

clearly define amplitude grades from 1 to 4 for each of the main topo- the two raters involved had acquired extensive previous training on
graphic subtypes of dyskinesia in the mouse. The strikingly similar the rat global AIM scale. Before applying the global AIM scale to the
scores provided by independent raters prove that the scale is well- mouse, it may therefore be useful to learn how to rate AIMs amplitude
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Fig. 5. Effects of the D2R antagonist, Raclopride (Rac) tested at the doses of 0.05 and 0.250 mg/kg. (A-C) Effects on .-DOPA-induced AIMs, (D-G’) effects of changes in horizontal, vertical
and rotational activity induced by .-DOPA (open field test). A. Time course of global AIM scores (RM Two-way ANOVA, Treatment: F,»g) = 140.8, p < 0.001; Time: F(g112) = 130.6,
p < 0.001; Interaction F(16224) = 24.46, p < 0.001). A’. Total scores for global AIMs (RM One-way ANOVA, Treatment: F, ) = 140.8, p < 0.001). B. Total scores for basic AIMs (RM
One-way ANOVA, Treatment: F(;,5) = 157.7, p < 0.001). C. Total scores for amplitude AIMs (RM One-way ANOVA, Treatment: F ) = 108.1, p < 0.001). Results from post-hoc group
comparisons (Bonferroni's test) are reported as follows: ***p < 0.001 vs. veh + L-DOPA; *p < 0.05 and *#p < 0.01 vs. Rac 0.05 + L-DOPA, respectively. D. Time course of distance
travelled (RM Two-way ANOVA, Treatment: F(3 45y = 47.30, p < 0.001; Time: F(27375) = 2.64, p < 0.001; Interaction Fg; 1134y = 8.34, p < 0.001). D’. Total distance travelled (RM One-
way ANOVA, Treatment: F3 45y = 47.30, p < 0.001). E. Time course for rearing events (RM Two-way ANOVA, Treatment: F(3 42y = 22.35, p < 0.001; Time: F(»737g) = 13.64, p < 0.001;
Interaction Fgy 1134y = 6.41, p < 0.001). E’. Total number of rearing events (RM One-way ANOVA, Treatment: F(3 45y = 22.35, p < 0.001). F. Time course of contralateral rotations (RM
Two-way ANOVA, Treatment: F(3 4) = 28.98, p < 0.001; Time: F(2737s) = 5.72, p < 0.001; Interaction F(gy 1134y = 5.22, p < 0.001). F". Total number of contralateral rotations (RM One-
way ANOVA, Treatment: F(342) = 28.98, p < 0.001). G. Time course of ipsilateral rotations (RM Two-way ANOVA, Treatment: F(342) = 2.26, p < 0.05; Time: F(»7375) = 19.87, p < 0.001;
Interaction Fg;,1134) = 10.51, p < 0.001). G'. Total number of ipsilateral rotations (RM One-way ANOVA, Treatment: F(3 42y = 2.26, p = 0.12). Results from post-hoc group comparisons
(Bonferroni's test) are reported as follows: **p < 0.01 and ***p < 0.001 vs. baseline, respectively; **p < 0.01 vs. veh + L-DOPA; 3p < 0.05 vs. Rac 0.05 + L-DOPA.
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Fig. 6. Effects of the D3R antagonist, PGO1037 (PG) tested at the doses of 3 and 10 mg/kg on LID. (A-C) Effects on .-DOPA-induced AIMs, (D-G') effects of changes in horizontal, vertical and
rotational activity induced by L-DOPA (open field test). A. Time course of global AIM scores (RM Two-way ANOVA, Treatment: F5 sy = 42.95, p < 0.001; Time: Fg 112) = 87.47, p < 0.001;
Interaction F(;6224y = 7.31, p < 0.001). A". Total scores for global AIMs (RM One-way ANOVA, Treatment: F,»g) = 42.95, p < 0.001). B. Total scores for basic AIMs (RM One-way ANOVA,
Treatment: F52g) = 19.44, p < 0.001). C. Total scores for amplitude AIMs (RM One-way ANOVA, Treatment: F(; gy = 21.6, p < 0.001). Results from post-hoc group comparisons
(Bonferroni's test) are reported as follows: ***p < 0.001 vs. veh + L-DOPA; *p < 0.05 and *##p < 0.001 vs. PG 3 + L-DOPA, respectively. D. Time course of distance travelled (RM Two-
way ANOVA, Treatment: F(3 42y = 70.99, p < 0.001; Time: F(»737s) = 14.41, p < 0.001; Interaction F(g; 1134) = 4.85, p < 0.001). D’. Total distance travelled (RM One-way ANOVA,
Treatment: F(3 42) = 70.99, p < 0.001). E. Time course of rearing events (RM Two-way ANOVA, Treatment: F3 45y = 20.57, p < 0.001; Time: F(37,378) = 20.49, p < 0.001; Interaction
F(s11134) = 6.31, p <0.001). E’. Total number of rearing events (RM One-way ANOVA, Treatment: F(342) = 20.57, p < 0.001). F. Time course of contralateral rotations (RM Two-way
ANOVA, Treatment: F(3 4oy = 35.68, p < 0.001; Time: F(»7,375) = 6.68, p < 0.001; Interaction F(gy 1134y = 4.29, p < 0.001). F’. Total number of contralateral rotations (RM One-way
ANOVA, Treatment: F(342) = 35.68, p < 0.001). G. Time course of ipsilateral rotations (RM Two-way ANOVA, Treatment: F3 45) = 0.63, p = 0.59; Time: F(»7375) = 47.16, p < 0.001;
Interaction F(g 1134) = 6.99, p < 0.001). G'. Total number of ipsilateral rotations (RM One-way ANOVA, Treatment: F(342) = 0.63, p = 0.56). Results from post-hoc group comparisons

(Bonferroni's test) are reported as follows: ***p < 0.001 vs. baseline; *p < 0.05 and **#p < 0.001 vs. veh + 1-DOPA, respectively; ¥¥%¥p < 0.001 vs. PG 3 + 1-DOPA.

in the rat model of LID. Differences in AIMs amplitude are easier to dis-
tinguish in rat than mouse. Rats can engage in severe dyskinetic move-
ments and postures for relatively long intervals (e.g. they can display an
amplitude grade 3 in axial or in limb AIMs for longer than the 1 min ob-
servation time). On the contrary, mice have quicker and more variable
movements, most often displaying a mixture of amplitude grades dur-
ing the monitoring periods. Indeed, an important part of the validation
work was to learn how to score AIMs amplitude in a consistent manner,
and we resorted to using half points when the amplitude shifted be-
tween consecutive scores during the 1 min observation period. Video
recordings proved very helpful for an off-line verification of the scores
given on-line. Orolingual AIMs could be difficult to assess given the ten-
dency of mice to cover the mouth with the dyskinetic forelimb. To cir-
cumvent this problem, we advise securing a good view of the mouse
from below by using transparent cages and placing them on well-
spaced metal beams. Additionally, it could be beneficial to perform

extra observational sessions where investigators lift the animals up
and specifically verify the amplitude of the orolingual AIMs, as illustrat-
ed by the pictures in Fig. 1.

In addition to developing a mouse global AIM scale, this study intro-
duces a new complementary approach to evaluating antidyskinetic
drug candidates using open field recordings of horizontal activity, verti-
cal activity and rotational behavior. When studying unilateral models of
LID, rotational behavior is commonly assessed in automated rotameter
bowls, but this method yields results of difficult interpretation (Cenci
et al., 2002; Iderberg et al., 2012). In our dataset, treatments increasing
both distance travelled and contralateral rotations between 20 and
100 min post L.-DOPA administration, invariably reduced AIM scores
during the same interval. Thus, positive changes in distance travelled
and contralateral rotation may verify the antidyskinetic efficacy of a
treatment. Conversely, treatments that significantly reduce these activ-
ity measures may have a motor depressant effect (cf. effects of
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Fig. 7. Effects of the D4R antagonist, L-745,870 (L-7) tested at the doses of 1 and 3 mg/kg. (A-C) Effects on .-DOPA-induced AIMs, (D-G’) effects of changes in horizontal, vertical and
rotational activity induced by L-DOPA (open field test). A. Time course of global AIM scores (RM Two-way ANOVA, Treatment: F; 25y = 26.19, p < 0.001; Time: F(g112) = 122,
p < 0.001; Interaction F(16224) = 6.29, p < 0.001). A’. Total scores for global AIMs (RM One-way ANOVA, Treatment: F,»g) = 26.19, p < 0.001). B. Total scores for basic AIMs (RM One-
way ANOVA, Treatment: F(;2g) = 15.89, p < 0.001). C. Total scores for amplitude AIMs (RM One-way ANOVA, Treatment: F(, gy = 16.67, p < 0.001). Results from post-hoc group
comparisons (Bonferroni's test) are reported as follows: **p < 0.01 and ***p < 0.001 vs. veh + L-DOPA, respectively; **#p < 0.001 vs. L-7 1 + 1-DOPA. D. Time course of distance
travelled (RM Two-way ANOVA, Treatment: F(3 42y = 44.53, p < 0.001; Time: F(2737g) = 12.54, p < 0.001; Interaction F(gy 1134) = 5.31, p < 0.001). D’. Total distance travelled (RM One-
way ANOVA, Treatment: F(342) = 44.53, p < 0.001). E. Time course of rearing events (RM Two-way ANOVA, Treatment: F(342) = 23.17, p < 0.001; Time: F(27,378) = 19.80, p < 0.001;
Interaction F(s1 1134y = 6.06, p <0.001). E’. Total number of rearing events (RM One-way ANOVA, Treatment: F(342) = 23.17, p < 0.001). F. Time course of contralateral rotations (RM
Two-way ANOVA, Treatment: F(3 45) = 26, p < 0.001; Time: F(»7,378y = 5.24, p < 0.001; Interaction Fgy 1134y = 3.55, p < 0.001). F". Total number of contralateral rotations (RM One-
way ANOVA, Treatment: F(3 42) = 26.0, p < 0.001). G. Time course of ipsilateral rotations (RM Two-way ANOVA, Treatment: F(3 45y = 3.67, p < 0.05; Time: F(27378) = 32.62, p < 0.001;
Interaction F(gy,1134) = 9.25, p < 0.001). G'. Total number of ipsilateral rotations (RM One-way ANOVA, Treatment: F(3 42y = 3.67, p < 0.05). Results from post-hoc group comparisons
(Bonferroni's test) are reported as follows: ***p < 0.001 vs. baseline; *p < 0.05 vs. veh + 1-DOPA.

SCH23390 0.125 mg/kg, Table 4). Thus, automated recordings of hori- production of cAMP. Different DAR subtypes have distinct anatomical

zontal, vertical, and rotational activity in an open field can provide a
simple method to explore the therapeutic window of potential
antidyskinetic treatments, i.e. the dose range at which a treatment
counteracts LID without compromising the motor stimulant (anti-
akinetic) action of L-DOPA. Open field tests will not, however, obviate
the need for analyzing specific motor endpoints that can better inform
translation (Cenci et al., 2002; Iderberg et al., 2015; Pinna et al., 2016).

4.2. Evaluation of the antidyskinetic efficacy of DAR antagonists

DARs belong to the G protein-coupled receptors (GPCR) superfamily
and based on their coupling to either Goo)f Or G proteins, they can
be grouped into a D1-like or D2-like family, respectively (Sibley et al.,
1993). The former includes D1R and D5R, which promote the produc-
tion of cAMP; the latter includes D2R, D3R and D4R, which inhibit the

distributions and they are pharmacological targets for multiple disor-
ders affecting the central nervous system, including psychiatric disor-
ders, PD and LID.

Among all DARs, the D1 type has a well-proven role in LID. Genetic
ablation of the D1R completely prevents the development of LID in
the mouse (Darmopil et al., 2009), and altered signaling responses
downstream of D1R are causally linked with LID development in both
rodent and non-human primate models (reviewed in Cenci and
Konradi, 2010). SCH23390 is a potent D1R/D5 antagonist (K; = 0.2
and 0.3 nM for D1R and D5R, respectively; Bourne, 2001), centrally ac-
tive after systemic administration. In rat models of LID, SCH23390 exerts
pronounced antidyskinetic effects (Monville et al., 2005; Westin et al.,
2007). This effect is accompanied by an inhibition of striatal signaling
responses that are strongly associated with LID, such as the phosphory-
lation of extracellular signal-regulated kinases 1 and 2 (ERK1/2)
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Fig. 8. Effects of the selective D4R antagonist, VU6004461 (VU) tested at the doses of 10 and 20 mg/kg on LID. (A-C) Effects on L-DOPA-induced AIMs, (D-G’) effects of changes in
horizontal, vertical and rotational activity induced by L.-DOPA (open field test). A. Time course of global AIM scores (RM Two-way ANOVA, Treatment: F, 5g) = 88.10, p < 0.001; Time:
F(s,112) = 96.44, p < 0.001; Interaction F(y6224) = 20.64, p < 0.001). A’. Total scores for global AIMs (RM One-way ANOVA, Treatment: F, »g) = 88.10, p < 0.001). B. Total scores for
basic AIMs (RM One-way ANOVA, Treatment: F;»s) = 78.32, p < 0.001). C. Total scores for amplitude AIMs (RM One-way ANOVA, Treatment: F,»g) = 56.68, p < 0.001). Results from
post-hoc group comparisons (Bonferroni's test) are reported as follows: ***p < 0.001 vs. veh + L-DOPA; *p < 0.05 vs. VU 10 + L-DOPA. D. Time course of distance travelled (RM Two-
way ANOVA, Treatment: F(342) = 43.33, p <0.001; Time: F(,737s) = 18.44, p < 0.001; Interaction F(gq 1134y = 6.61, p < 0.001). D’. Total distance travelled (RM One-way ANOVA,
Treatment: F3 42) = 43.33, p < 0.001). E. Time course of rearing events (RM Two-way ANOVA, Treatment: F(3 45y = 12.77, p < 0.001; Time: F(»7 375y = 19.18, p < 0.001; Interaction
F(s1,1134) = 4.43, p < 0.001). E’. Total number of rearing events (RM One-way ANOVA, Treatment: F(3 45y = 12.77, p < 0.001). F. Time course of contralateral rotations (RM Two-way
ANOVA, Treatment: F(3 40y = 19.78, p < 0.001; Time: F(37,378) = 9.96, p < 0.001; Interaction F(s1,1134) = 4.41, p <0.001). F’. Total number of contralateral rotations (RM One-way
ANOVA, Treatment: F(3 42y = 19.78, p < 0.001). G. Time course of ipsilateral rotations (RM Two-way ANOVA, Treatment: F(3 4») = 6.92, p < 0.001; Time: F(»7378) = 46.07, p < 0.001;
Interaction F(gy 1134y = 9.51, p < 0.001). G’. Total number of ipsilateral rotations (RM One-way ANOVA, Treatment: F(3 4) = 6.92, p < 0.01). Results from post-hoc group comparisons
(Bonferroni's test) are reported as follows: *p < 0.05, **p < 0.01 and ***p < 0.001 vs. baseline, respectively; #p < 0.05 vs. veh + L-DOPA.

(Westin et al., 2007; Santini et al., 2009a; Fieblinger et al., 2014b), and
the upregulation of FosB/AFosB, a molecular marker of LID in both ro-

2004; Bagetta et al., 2012; Shin et al., 2012). We therefore tested
Raclopride, a potent D2/D3 receptor antagonist (Ki = 1.8 and 3.5 nM

dent (Andersson et al., 1999; Andersson et al., 2001) and non-human
primate models (Berton et al., 2009). In our study, SCH23390 strikingly
reduced all types of .-DOPA-induced AIMs at the doses of 0.05 and
0.125 mg/kg and had a dose-dependent impact on horizontal and verti-
cal activity. While the lower dose of SCH23390 (0.05 mg/kg) increased
both horizontal activity and contralateral rotations, the higher drug
dose (SCH23390 0.125 mg/kg) led to a decrease in all measures of L-
DOPA-induced activity (distance travelled, rearings, contra- and ipsilat-
eral rotations). These findings suggest inhibition of the therapeutic ef-
fect of L-DOPA by the higher dose of SCH (not however shared by the
lower dose).

Notwithstanding the critical role of D1R, there are reports that D2R/
D3R antagonists improve LID in 6-OHDA-lesioned rats (Delfino et al.,

for D2R and D3R, respectively; Kohler et al., 1985) previously found ef-
fective in the rat model of LID (Monville et al., 2005). Raclopride was
found to markedly reduce all type of AIM scores in a dose-dependent
manner. In line with a disengagement from dyskinesia, measures of
general motor activity (distance travelled, rearings and contralateral ro-
tations) were improved after combined treatment with Raclopride and
L-DOPA. In our study, equivalent doses of SCH23390 and Raclopride
(0.05 mg/kg) led to reductions of similar magnitude in all AIM scores,
pointing to a concurrent role of D1R/D5R and D2R/D3R in the genesis
of dyskinesia in the mouse.

In the rat model of LID, repeated L-DOPA injections lead to an induc-
tion of D3R gene expression in the dorsal striatum, mainly within D1R-
expressing neurons (Bordet et al., 2000). Moreover, the development of
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rotational sensitization to L.-DOPA can be blocked by the D3R antagonist
Nafadotride (Bordet et al., 1997). Binding sites for D2R and D3R have a
high degree of homology. Therefore, we set out to test the highly selec-
tive D3R antagonist, PG01037 (Ki = 0.7 nM for D3R and 93.3 nM for
D2R; Higley et al., 2011). Previous studies using PG01037 at the dose
of 10 mg/kg have reported a reduction of L-DOPA-induced AIM scores
in both MFB-lesioned rats (Kumar et al., 2009) and mice with striatal
6-OHDA lesions (Solis et al., 2015). To the best of our knowledge,
antidyskinetic effects of 3 mg/kg PG01037 (a dose more suitable to an-
tagonize the D3R only; Higley et al., 2011) have thus far not been report-
ed. We found that 10 mg/kg PGO1037 significantly reduced all types of
AIM scores, leading to a parallel increase in horizontal and vertical activ-
ity, and contralateral rotations. However, 3 mg/kg PG01037 significantly
reduced global and basic AIM scores, but left amplitude scores unaffect-
ed. Taken together, these data show that the antidyskinetic effects pro-
duced by the selective D3R antagonist PGO1037 are more partial than
those induced by the D2R/D3R antagonist Raclopride (which was fully
effective already at the low dose of 0.05 mg/kg). These results therefore
point to a significant contribution of D2Rs to the induction of dyskinesia
by L-DOPA.

The D4R has been pursued as target for the treatment of schizophre-
nia (partly because of its high affinity for clozapine, see Van Tol et al.
1991) and several other neuropsychiatric conditions. Recent studies
have shown that the selective D4R antagonist L-745,870 (Ki =
0.43 nM for D4R and 960 nM for D2R; Patel et al., 1997) improves LID
in both MPTP-lesioned macaques and 6-OHDA-lesioned rats at the
dose of 1 mg/kg (Huot et al., 2012; Huot et al., 2014). At the same
dose, L-745,870 produced quite a modest reduction in both basic scores
and amplitude scores (—12% and — 16%, respectively), and a more
clear-cut effect on the global AIM scores (—26%). The higher dose of
L-745,870 (3 mg/kg) had slightly better effects. Changes in the open-
field activity induced by L.-DOPA were either not affected or slightly po-
tentiated by L-745,870.

We also investigated the effect of a novel selective D4R antagonist,
VU6004461 (Ki = 14.3 nM for D4R and 2400 nM for D2R; Witt et al.,
2016), having high blood-brain barrier penetrability. VU6004461 in-
duced a dose-dependent reduction in both basic and amplitude AIM
scores. Global AIM scores were markedly improved by both doses of
VU6004461. Along with a disengagement from dyskinesia, mice
showed trends towards an increased horizontal and vertical activity
compared to L-DOPA monotreatment. The clear antidyskinetic effect of
both L-745,870 and VU6004461 point to the D4R as a possible future
target for the treatment of LID, even though the treatment's mecha-
nisms of action are currently unknown.

The striatum is not generally regarded as the primary site of action of
D4R antagonists in neuropsychiatric conditions. Although detectable
(Surmeier et al., 1996; Ariano et al., 1997), striatal expression levels of
D4R are low. A study based on reverse transcription PCR has found
D4R mRNA to be expressed in a subset of striatal projection neurons
(Surmeier et al., 1996), but the functional significance of this finding
has remained unexplored. However, one study has reported increased
striatal levels of D4R binding following MFB lesion in the rat (Zhang et
al., 2001). Brain regions expressing the highest levels of D4R in both ro-
dents and non-human primates are the frontal cortex and limbic system
(Mrzljak et al., 1996; Ariano et al., 1997). Abnormal oscillatory activities
in the motor cortex have been recently linked to LID in both rat models
(Halje et al,, 2012) and human PD patients (Swann et al.,, 2016). These
oscillatory activities involve cortical GABAergic interneurons (Halje et
al., 2012; Swann et al., 2016), which have been shown to express the
D4R (Mrzljak et al., 1996). Moreover, D4Rs are expressed in deep
basal ganglia nuclei, such as the pallidum, substantia nigra reticulata
and subthalamic nucleus (Mrzljak et al., 1996; Mauger et al., 1998;
Flores et al., 1999; Rivera et al., 2002). These nuclei are engaged in path-
ological oscillatory activities in LID (reviewed in Bastide et al., 2015).
These considerations highlight a need for investigating the role of
D4Rs in pathological cortico-basal ganglia oscillations at the basis of LID.

In summary, our behavioral-pharmacological data indicate that an-
tagonizing each main DAR subtype results in antidyskinetic effects
in the mouse model of LID. There are however clear differences
among the compounds here tested regarding both potency of the
antidyskinetic action, and modulatory effects on .-DOPA-induced hori-
zontal, vertical and rotational activities. Eventually, the utility of DAR
antagonists to the treatment of LID will be determined by the balance
between antidyskinetic potency and untoward effects.

4.3. Concluding remarks

Currently, a limited number of antidyskinetic treatments have made
it to the clinic and the quest for drugs to reduce or abolish LID (without
compromising the beneficial effects of DA replacement therapy) re-
mains open. In order to preclinically characterize the effects of potential
treatments, it is advantageous to develop rating scales that are anchored
to objective physical parameters. We show here that this goal can be
achieved by incorporating ‘amplitude scores’ and ‘basic scores’ into a
global rating scale. The basic AIMs scale remains a valuable tool for eval-
uating potential antidyskinetic drugs in the mouse model of LID. Indeed,
significant effects of all tested compounds were detected already by this
scale. However, specific treatments may differentially impact on the fre-
quency versus the amplitude of AIMs. Thus, there is an added value to
evaluating both variables. This will allow for better unveiling subtle ef-
fects otherwise not visible with the sole use of the basic scale.
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