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27 SUMMARY:
28 Rodent models of L-DOPA-induced dyskinesias are invaluable tools to identify therapeutic
29 interventions to attenuate the development or alleviate the manifestations that emerge due to
30 the repeated administration of L-DOPA. This protocol demonstrates how to induce and analyze
31  dyskinetic-like movements in the unilaterally 6-OHDA-lesioned rat model of Parkinson’s disease.
32
33  ABSTRACT:
34  L-DOPA-induced dyskinesias (LIDs) refer to motor complications that arise from prolonged L-
35 DOPA administration to patients with Parkinson’s disease (PD). The most common pattern
36 observed in the clinic is the peak-dose dyskinesia which consists of clinical manifestations of
37  choreiform, dystonic, and ballistic movements. The 6-hydroxydopamine (6-OHDA) rat model of
38 PD mimics several characteristics of LIDs. After repeated L-DOPA administration, 6-OHDA-
39 lesioned rats exhibit dyskinetic-like movements (e.g., abnormal involuntary movements, AlMs).
40 This protocol demonstrates how to induce and analyze AlMs in 6-OHDA-lesioned rats with 90%—
41  95% dopaminergic depletion in the nigrostriatal pathway. Repeated administration (3 weeks) of
42  L-DOPA (5 mg/kg, combined with 12.5 mg/kg of benserazide) can induce the development of
43  AlMs. The time course analysis reveals a significant increase in AIMs at 30-90 min (peak-dose
44  dyskinesia). Rodent models of LIDs are an important preclinical tool to identify effective
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antidyskinetic interventions.

INTRODUCTION:

The dopamine precursor L-3,4-dihydroxyphenylalanine (L-DOPA) represents the most effective
treatment for the motor symptoms of Parkinson's disease (PD)!. L-DOPA therapy may ameliorate
motor symptoms associated with PD but loses effectiveness with time. Motor fluctuations such
as "wearing-off fluctuation" or "end-of-dose deterioration" manifest clinically as a shortened
duration of the effect of single L-DOPA doses?. In other cases, clinical manifestations consist of
slow twisting movements and abnormal postures (dystonia)® and occur when dopamine levels
are low (off-period dystonia)?. On the other hand, L-DOPA-induced dyskinesias (LIDs) appear
when dopamine levels in the plasma and the brain are high®.

LIDs produce debilitating side effects that include motor complications such as choreiform,
dystonic, and ballistic® movements. Once established, LIDs occur after every L-DOPA
administration. Motor complications occur in 40%-50% of PD patients undergoing L-DOPA
therapy for 5 years, and the incidence increases over the years’. Although the pathophysiological
mechanisms involved in the development of LIDs in PD patients are not yet fully elucidated, the
extent of dopaminergic denervation, pulsatile L-DOPA administration, downstream changes in
striatal proteins and genes, and abnormalities in non-dopamine transmitter systems are factors
that contribute to the development of these unwanted side effects®8-1°,

The neurotoxin 6-hydroxydopamine (6-OHDA) is a well-characterized tool to study PD in
rodents™14, Since 6-OHDA does not cross the blood-brain barrier, it must be injected directly
into the nigrostriatal pathway. 6-OHDA-induced dopaminergic depletion is concentration- and
site-dependent®®. Unilateral administration of 6-OHDA at the medial forebrain bundle (MFB) can
produce severe (>90%) nigrostriatal damage in rodents'®1°. Chronic administration of L-DOPA to
severe unilaterally 6-OHDA-lesioned rodents causes the appearance of dyskinetic-like
movements named abnormal involuntary movements (AlMs). Dyskinetic-like movements in
rodents share similar molecular, functional, and pharmacological mechanisms related to LIDs in
PD patients®. Therefore, 6-OHDA-lesioned rats?® and mice?! are valuable preclinical models to
study LIDs. When treated chronically (7-21 days) with therapeutic doses of L-DOPA (5—-20 mg/kg),
unilaterally 6-OHDA-lesioned rats and mice show a gradual development of AlMs that affect the
forelimb, trunk, and orofacial muscles contralateral to the lesion17-1920.22-24 These movements
are presented at a time course similar to L-DOPA-induced peak-dose dyskinesias in PD patients??
and are characterized by hyperkinetic movements and dystonia®. AIMs are usually scored based
on their severity (e.g., when a specific AIM is present) and amplitude (e.g., characterized by the
amplitude of each movement)>%32>,

6-OHDA-lesioned rodent models of LIDs present face validity (i.e., the model has several
characteristics that look like the human condition)>'126-28, Rodent AIMs, similar to what occurs
in PD patients, are seen as hyperkinetic (forelimb and orolingual) and dystonic (axial)
movements?® and mimics peak-dose dyskinesia. At the molecular and functional level, rodent
models share many pathological characteristics with PD patients®, such as upregulation of
FosB/AFosB!26:3033 gand serotonin transporter (SERT)343%, Concerning predictive validity, drugs



89

90

91

92

93

94

95

96

97

98

99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

that reduce LIDs in PD patients (e.g., the N-methyl-D-aspartate (NMDA) receptor antagonist
amantadine) present antidyskinetic efficacy in the rodent model?236-3°,

The rodent AlIMs rating scale was created based on four AIMs subtypes that include AlIMs
affecting the head, neck, and trunk (axial AIMs), hyperkinetic forelimb movements (limb AlMs),
and dyskinetic-like orolingual movements (orolingual AIMs). Although contralateral rotation
(locomotive AlMs) is also present in unilaterally lesioned rodents?%22232540 it has not been
scored as a dyskinetic-like movement since it may not represent a specific measure of LIDs?23741,

Here, we will describe how to induce and analyze dyskinetic-like movements (axial, limb, and
orolingual AIMs) in the severe (>90%) unilaterally 6-OHDA-lesioned rat model of PD. We
organized our protocol based on the previous literature and our laboratory expertise.
PROTOCOL:

All experiments were performed in accordance with The Ethics Committee of the Faculty of
Philosophy, Sciences, and Letters of Ribeirdo Preto (CEUA/FFCLRP 18.5.35.59.5).

1. 6-OHDA lesion

1.1. Use Sprague-Dawley male rats weighing 200-250 g at the beginning of the experiments (6
weeks). House the animals (2—3 per cage) under standard laboratory conditions (12:12 h
light/dark cycle, lights on at 06:00 h, temperature-controlled facilities (22—-24 °C), with food and

water available ad libitum.

NOTE: A complete description of how to generate severe 6-OHDA-lesioned rats is described
elsewhere®?.

1.2. Appropriately acclimate animals before the beginning of any experimental procedure.

1.3. Administer (intraperitoneally, i.p.) the norepinephrine transporter inhibitor imipramine (20
mg/kg, dissolved in 0.9% saline solution) 30 min before surgery.

NOTE: Imipramine administration will increase 6-OHDA selectivity for dopaminergic neurons.
1.4. Administer ketamine/xylazine (70/10 mg/kg) intraperitoneally.

1.5. Make sure the animal is deeply anesthetized by the lack of response to toe pinch and
positioned in a prone position in the stereotaxic apparatus on the top of a heating pad.

1.6. Use a scalpel to make an incision (approximately 1 cm) at the region where the microinjection
will occur.

1.7. Clean the skull region with cotton swabs and ensure the Bregma and Lambda are exposed.
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1.8. Ensure MFB stereotaxic coordinates are taken from bregma**=*°: -4.3 mm anterior, 1.6 mm

lateral (right side), and 8.3 mm ventral (from the dura mater).

1.9. Administer the 6-OHDA at a rate of 0.4 puL/min (10 pg in 4 pL of saline solution containing
0.1% ascorbic acid) unilaterally in the right medial forebrain bundle (MFB) using a 50 uL Hamilton
glass syringe.

1.10. At the end of the surgery, suture the scalp incision and rehydrate the animal with warm
(~37 °C) sterile 0.9% saline solution (~10 mL/kg, s.c.).

1.11. Remove the animal from the stereotaxic frame and place it in a warmed recovery cage.
Monitor until consciousness is regained.

1.12. Assess the effectiveness of the dopaminergic lesion 4 weeks post-lesion using a stepping
test*647,

NOTE: In this test, the akinesia of the forelimb contralateral to the lesion is assessed through the
number of adjusting steps with the forepaw contralateral to the lesion. Rats presenting three or
fewer adjusting steps with the contralateral forelimb are included in the study as putative
severely 6-OHDA-lesioned rats*®.

2. L-DOPA chronic treatment
2.1. Start the chronic treatment on Monday, 4 weeks post-6-OHDA lesion.

NOTE: Since AIMs will be videotaped for 3 consecutive days per week (Wednesday, Thursday,
and Friday) for 3 weeks, it is recommended to start the treatment on Monday.

2.2. Treat the rats with freshly prepared L-DOPA (via subcutaneous (s.c.), 1 mL/kg) plus
benserazide hydrochloride (5 mg/kg and 12.5 mg/kg, respectively) for 3 weeks, once daily from
Monday to Friday®.

NOTE: Once established, AIMs will manifest with each administration of L-DOPA. Therefore, L-
DOPA administration 2—4 times a week after the 3-week induction period is sufficient to maintain
a stable expression of AIMs*8,

3. AlIMs recording and scoring

3.1. Perform experiments between 09:00 h and 17:00 h. Ensure that the investigator is entirely
unaware of the rats' identity and pharmacological treatment.

3.2. Carefully put the rat inside a transparent cylinder (20 cm diameter x 40 cm tall) and allow it
to acclimatize for at least 15 min. Ensure that the floor is covered with the bedding material.
Mirrors must be positioned behind the cylinder so the experimenter can observe the animal from
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all possible angles.

NOTE: If there is more than one rat per experiment, use a cylinder for each rat. Manipulation of
the animals between sessions can interfere with the behavioral analysis.

3.6. Position a high-resolution video camera in a way that favors the viewing of axial, limb, and
orolingual AlMs. Since rotational behavior is present under these experimental conditions, the
mirrors behind the cylinder will allow tracking AIMs at a 360° angle. Use a tripod or fix the camera
directly to the bench.

NOTE: Orolingual AIMs can be challenging to score, especially if there is a high incidence of
rotational behavior. Capturing videos with the camera positioned slightly below the plane where
the animals are at a 15° angle will help observe this movement subtype.

3.7. Gently remove the animal from the cylinder and administer L-DOPA (5 mg/kg combined with
12.5 mg/kg of benserazide, s.c.).

3.8. Put the animal back in the cylinder and start a timer to track AIMs after L-DOPA injection.
Use a video camera to record AlMs for 180 min after the injection of L-DOPA. Although the
analysis can be carried out by direct observation of the animal, offline scoring is preferred.

NOTE: Ensure the timer is also videotaped so that AIMs can be scored at precise times after L-
DOPA administration.

3.9. Score AlMs at 30 min intervals up to 180 min post-L-DOPA injection (see Table 1 for
definitions) as initially described?%?3. Scores must be given over 1-2 min epochs and classified as
axial, limb, or orolingual (Figure 1).

3.10. Carefully observe each AIM and attribute scores for severity and amplitude. Use Table 1 for
instructions. Do not include normal behaviors, such as rearing, sniffing, grooming, and gnawing
in the rating. There will be a total of six observation periods (30, 60, 90, 120, 150, and 180 min).

[Place Table 1 here]

[Place Figure 1 here]
4. Data analysis

4.1. Compute axial, limb, or orolingual AIMs subtypes by multiplying the severity and amplitude
scores for each observation period after L-DOPA administration (i.e., six observation periods) as
previously described?. The theoretical maximum score that one animal could accumulate in one
testing session is 240 (maximum score per observation period is 40, see Table 1 for details).

4.2. Plot AlMs scores for all the six observation periods recorded on Wednesday, Thursday, and
Friday over the 3 weeks of chronic L-DOPA administration (Figure 2). AIMs can be summed up to



221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264

indicate each animal's maximum score on each scoring day (Figure 3) or each week (Figure 4)
over the 3 weeks of chronic L-DOPA administration.

4.3. Verify if the data has a close-to-normal distribution before selecting the statistical analysis
approach.

NOTE: AIMs rating scales consist of ordinal data and can be analyzed with nonparametric
statistics. Parametric tests are widely used when comparing AIMs scores across experimental
groups following repeated testing sessions®.

REPRESENTATIVE RESULTS:

Although the AIMs patterns observed in rats are simpler and limited compared to those observed
in humans and nonhuman primates, this model reproduces both hyperkinetic and dystonic-like
movements induced by chronic L-DOPA administration. Here we present data collected from a
group (n = 10) of unilaterally 6-OHDA-lesioned rats chronically treated with L-DOPA (5 mg/kg
combined with 12.5 mg/kg of benserazide) for 3 weeks (Monday to Friday). Note that the data
presented in Figure 2, Figure 3, and Figure 4 are from the same animals.

Figure 2 shows the time course analysis for scores applied to axial, limb, and orolingual AIMs over
3 weeks of chronic L-DOPA administration. Each AIM score subtype at a specific observation
period is reported as the multiplication of severity and amplitude scores in this analysis. This type
of analysis can be convenient to explore the effect of drugs that interfere with the temporal
profile of AIMs. Note that L-DOPA-induced peak-dose dyskinesias occur between 30—90 min with
a gradual decrease after 120 min post-injection (Figure 2).

[Place Figure 2 here]

Figure 3 shows the sum of AlMs scores presented for all the six observation periods depicted in
Figure 2 (datasets are color-coded for easy comparisons). This analysis indicates each animal's
maximum score on each scoring day (Wednesday, Thursday, and Friday) over the 3 weeks of
chronic L-DOPA administration. This type of analysis can be advantageous to explore the effect
of compounds with potential antidyskinetic profiles, especially because AlMs scores are stable
over weeks 2 and 3 of chronic L-DOPA administration. Furthermore, weekly AlMs scores (Figure
4) can be generated from the sum of scores attributed to 6-OHDA-lesioned rats on Wednesday,
Thursday, and Friday.

[Place Figure 3 here]
[Place Figure 4 here]

FIGURE LEGENDS:
Figure 1: Sequence of photos showing each AIM subtype. (A to A™) Axial AIM showing dystonic-

like movements in different angles (A: 30° angle, A': 30° < angle < 60°, A": 60° < angle < 90°, and
A'"':>90° angle). (B to B") Limb AIM (black arrows) showing involuntary movements of the distal
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(B and B') and whole forelimb (including shoulder, B"). (C) Orolingual AIM (red arrow) of high
amplitude with tongue protrusion.

Figure 2: Time course analysis showing axial, limb, and orolingual AIMs over 3 weeks of chronic
L-DOPA administration (5 mg/kg combined with 12.5 mg/kg of benserazide) to 6-OHDA-
lesioned rats. (A) Axial, (B) Limb, and (C) orolingual AIMs were scored on Wednesday, Thursday,
and Friday over 3 weeks of chronic L-DOPA administration. Each AIM subtype is reported as the
multiplication of severity times amplitude on each of the six observation periods. Each AIM
subtype can be analyzed individually or summed up as indicated in (D). Note that the peak
severity of the AIMs will gradually increase during the first week of chronic L-DOPA
administration. Data are expressed as mean + SEM (n = 10).

Figure 3: Sum of axial, limb, and orolingual AIMs on individual scoring days over 3 weeks of
chronic L-DOPA administration (5 mg/kg combined with 12.5 mg/kg of benserazide) to 6-
OHDA-lesioned rats. In this figure, AIMs scores presented in each of the six observation periods
(see details in Figure 2 legend) were summed. Individual datasets were color-coded to compare
with the data displayed in Figure 2. This analysis indicates each animal's maximum score on each
scoring day (Wednesday - W, Thursday - T, and Friday - F) following 3 weeks of chronic L-DOPA
administration. (A) Axial, (B) Limb, and (C) orolingual AlMs. (D) Sum of axial, limb, and orolingual
AlMs. One-way repeated measures ANOVA and Holm-Sidak post-hoc test revealed that AIMs
increase gradually over the chronic administration of L-DOPA. Note that AlMs scores are stable
over weeks 2 and 3 of chronic L-DOPA administration (*p < 0.05, **p < 0.01, ***p < 0.001 vs.
Wednesday (W) on Week 1). Data are expressed as mean + SEM (n = 10).

Figure 4: Sum of weekly axial, limb, and orolingual AlMs throughout chronic L-DOPA
administration (5 mg/kg combined with 12.5 mg/kg of benserazide) to 6-OHDA-lesioned rats.
In this figure, AIMs scored each week (Wednesday, Thursday, and Friday — see Figure 3) were
summed. This analysis indicates each animal's maximum score on each week of chronic L-DOPA
administration. (A) Axial, (B) Limb, and (C) orolingual AlMs. (D) Sum of axial, limb, and orolingual
AlMs. One-way repeated measures ANOVA and Holm-Sidak post-hoc test revealed that AlMs
increase over the chronic administration of L-DOPA (*p < 0.05 vs. Week 1). Data are expressed as
mean = SEM (n = 10).

Table 1: AIMS definition and rating criteria.

DISCUSSION:

This protocol demonstrates how to induce and analyze AIMs in the rat model of Parkinson’s
induced by unilateral microinjection of 6-OHDA in the MFB. Chronic daily administration of low
doses of L-DOPA (5 mg/kg, combined with 12.5 mg/kg of benserazide) produced the
development of AIMs over the 3 weeks of treatment. Temporal analysis revealed a significant
increase of AIMs, and the peak-dose dyskinesia is observed between 30 and 90 min after L-DOPA
administration. AlMs are repetitive and purposeless movements affecting axial, limb, and
orolingual muscles. The protocol and the data presented here agree with the previous
literature?22349-51,
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The axial, limb, and orolingual AIMs rating scale is very sensitive because it rates the amount of
time (i.e., severity) that the rodents display dyskinetic-like movements and indicates the
amplitude of these movements?°. AIMs scores can be expressed in different temporal resolutions
(see Figures 2-4)1771952_ Several studies have addressed the role of L-DOPA dosage on the
development of AlMs. Chronic administration of lower doses of L-DOPA (5—-20 mg/kg) favors a
gradual development of AIMs over the treatment, while high doses of L-DOPA (25 mg/kg or more)
result in the rapid and robust development of AIMs?32>27:53 |nterestingly, a proportion of severe
6-OHDA-lesioned animals may not develop AIMs (or have very low AlMs scores) following chronic
administration of low doses of L-DOPA*4933 |t is also essential to consider the L-DOPA's route
of administration. Although AIMs share similar onset, time profile, and severity grade??, it has
been demonstrated that dose-failure episodes frequently occurred in rats treated
intraperitoneally?’. Also, i.p. administration of L-DOPA produced inter-individual variations in
plasma levels, an effect that was not observed after s.c. injections?’.

In this study, AIMs were evident in animals with severe nigrostriatal damage (over 90% of
dopaminergic depletion). Massive loss of striatal dopaminergic innervation is characterized by a
reduction in the number of adjusting steps performed with the forelimb contralateral to the
lesion®®. Therefore, we recommend the stepping test to select animals with putative severe 6-
OHDA lesions at the nigrostriatal pathway. The amphetamine-induced rotation test is commonly
used to select putative 6-OHDA-lesioned rats. Amphetamine increases dopamine release in the
intact striatum, and thus it increases the existing imbalance between the innervated and
denervated striatum. However, an interesting study conducted in 312 6-OHDA-lesioned rats'!
revealed no correlation between amphetamine-induced rotation and tyrosine hydroxylase
positive cells in the ipsilateral substantia nigra pars compacta. This same study showed a poor
correlation between amphetamine-induced rotation and the severity of AlMs.

There is a clear relationship between the phenomenology of AIMs and the pattern of nigrostriatal
dopaminergic depletion?°. The 6-OHDA rat model of PD we used in this protocol develops severe
unilateral depletion of nigrostriatal dopamine terminals following 6-OHDA infusion in the MFB.
Fully dopamine-depleted 6-OHDA-lesioned rats have a higher incidence of AIMs compared to
partially dopamine-depleted animals. A detailed analysis of striatal expression of the
neuropeptides dynorphin and enkephalin following 6-OHDA lesion and chronic L-DOPA
administration is described elsewhere* and is consistent with previous literature?*2>, At the
molecular level, dyskinetic rodents share molecular markers associated with the dyskinesia
evident in nonhuman primate models of PD and PD patients, such as striatal upregulation of
AFosB transcription factor?323354, Also, the rodent model of PD shows increased microvessel
density in the striatum in response to L-DOPA treatment®® in a similar way observed in the
putamen of PD patients®®. Rodent models of LIDs respond to antidyskinetic pharmacological
approaches used in the clinic, such as the NMDA receptor antagonist amantadine??3°,
Altogether, these pieces of evidence confirm the face validity and predictive validity of the 6-
OHDA rat model to characterize the pathophysiology of LIDs and for the screening of compounds
with antidyskinetic properties. The mice model of LIDs is also a valuable tool to study several
aspects of LIDs in transgenic mice. Protocols for the mice model of LIDs can be found in papers
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from different research groups30->"-3,

It is important to note that the 6-OHDA-lesioned rodent model of LIDs has limitations. 6-OHDA-
induced dopaminergic depletion is acute compared to the progressive nature of nigrostriatal
depletion in the PD patient®. Also, it can be challenging to find an excellent therapeutic window
for using an antidyskinetic drug in patients because increasing the dosage of a drug may interfere
with the beneficial effect produced by L-DOPA or induce side effects that may not have been
observed in the animal model>>°, Another limitation of the rat model of LIDs is the lack of
physical similarity between AIMs in the rodents and the manifestation of the choreiform
movements observed in patients and nonhuman primates!?662 Another potential limitation of
the protocol presented here is that AIMs are scored every 30 min after L-DOPA administration,
but this issue can be managed if the experimenter videotapes all animals for 180 min after L-
DOPA administration. The experimenter can then adjust the scoring protocol for more frequent
scoring (e.g., every 10 or 20 min). This approach is advantageous in experiments that require a
more dynamic picture of AlMs time course (e.g., the combination of AlMs scoring and in vivo
electrophysiological or neurochemical recordings).

In conclusion, the 6-OHDA rat model of LID reproduces the pathophysiology of disease and
develops AIMs that can be modulated by drugs clinically used. Although it has limitations, the 6-
OHDA rat model of LID still represents an invaluable preclinical tool to identify effective
antidyskinetic interventions with translational potential.
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SUBTYPES
Axial: torsion of head, neck, and trunk
Limb: involuntary movements of both distal and proximal forelimb
Orolingual: involuntary movements of the orofacial muscles
SEVERITY
0: Absent
1: Occasional (with interruptions, present in less than half of the observation time)
2: Frequent (with interruptions but present in more than half of the observation time)
3: Continuous but interrupted by external sensory stimuli
4: Continuous and not interrupted by external sensory stimuli
AMPLITUDE
Axial
1: Torsion of head and neck at approximately 30° angle
2: Torsion of head and neck at approximately 30° < angle < 60°
3: Torsion of the head, neck, and upper trunk at approximately 60° < angle < 90°
4: Torsion of head, neck, and trunk at > 90° angle, often causing the rat to lose balance
Limb
1: Small involuntary movements of the distal forelimb
2: Movements of low amplitude causing translocation of both distal and proximal forelimb
3: Involuntary movements of the whole limb, including shoulder muscles
4: Strong limb and shoulder movements, often similar to ballism
Orolingual
1: Small involuntary movements of the orofacial muscles
2: Orofacial movements of high amplitude with tongue protrusion
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