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Motor symptoms in Parkinsons disease (PD) are directly related to the reduction of a neurotransmitter dopamine. Therefore, its precursor L-
DOPA became the gold standard for PD treatment. However, chronic use of L-DOPA causes uncontrollable, involuntary movements, called L-
DOPA-induced dyskinesia (LID) in the majority of PD patients. LID is complicated and very difficult to manage. Current rodent and non-human
primate models have been developed to study LID mainly using neurotoxins. Therefore, it is necessary to develop a LID animal model with defects
in genetic factors causing PD in order to study the relation between LID and PD genes such as a-synuclein. In this study, we first showed that a low
concentration of L-DOPA (100 uM) rescues locomotion defects (ie., speed, angular velocity, pause time) in Drosophila larvae expressing human
mutant a-synuclein (A53T). This A53T larval model of PD was used to further examine dyskinetic behaviors. High concentrations of L-DOPA (5
or 10 mM) causes hyperactivity such as body bending behavior (BBB) in A53T larva, which resembles axial dyskinesia in rodents. Using Image]
plugins and other third party software, dyskinetic BBB has been accurately and efficiently quantified. Further, we showed that a dopamine agonist
pramipexole (PRX) partially rescues BBB caused by high L-DOPA. Our Drosophila genetic LID model will provide an important experimental

platform to examine molecular and cellular mechanisms underlying LID, to study the role of PD causing genes in the development of LID, and to

identify potential targets to slow/reverse LID pathology.
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INTRODUCTION

There is no cure for Parkinson’s disease (PD) in spite of inten-
sive research for last decades. Nonetheless, several drugs have
been used to ameliorate PD symptoms. L-DOPA became a gold
standard drug to treat PD symptoms. However, chronic use of L-
DOPA for 5~10 years causes uncontrollable movements, called L-
DOPA-induced dyskinesia (LID) in the majority of PD patients [1,
2]. LID is very difficult to manage and complicated to understand.
Therefore, animal models have been developed to seek the mecha-
nisms involved in LID and identify new drug targets [3, 4]. Cur-
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rent rodent and non-human primate models have been developed
mainly using MPTP and 6-OHDA neurotoxins. In addition to
neurotoxins, genetic factors (e.g., a-synuclein, parkin, and LRRK2)
are involved in PD [5, 6]. Since the discovery of the first PD gene
a-synuclein (a-Syn), the genetic PD models have provided key
insights into disease mechanisms. Therefore, it is necessary to de-
velop a LID animal model with defects in these PD genes to study
the relation between LID and these genes such as a-Syn. However,
genetically tractable mouse models are known to poorly recapitu-
late PD symptoms (e.g., no degeneration of DA neurons) [7, 8],
and thus it is urgent and necessary to develop a new genetic PD
model showing LID.

The fruit fly Drosophila melanogaster has been a highly useful
genetic model of human neural diseases. In addition to the short-
generation time and dramatically reduced costs of maintaining
large populations, the ability to combine behavioral and biochemi-
cal approaches with sophisticated molecular genetics has made
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Drosophila a‘model organism of choice for identification of genes
involved in higher brain function and disease pathogenesis. Per-
haps surprisingly to some, gene sequences and function are highly
conserved between flies, rodents and humans [9, 10]. About two
thirds of human disease gene homologues are found in the Dro-
sophila genome. Furthermore, a humanized fly disease model can
be easily created using a transgenic fly expressing a mutant human
disease gene (e.g. mutant human a-Syn) [11-13]. Drosophila a-Syn
flies replicate all major PD symptoms: selective loss of dopaminer-
gic (DA) neurons, intracellular aggregates called Lewy Bodies, and
locomotion defects [11-15]. Therefore, mutant a-Syn Drosophila
can be an excellent genetic PD model to study LID.

In order to develop an LID model, it is necessary to confirm that
PD symptoms can be rescued by L-DOPA. Next step is to study
whether prolonged or high L-DOPA administration causes dyski-
netic behavior. In this study, we showed that a low concentration
of L-DOPA (100 uM) rescues locomotion defects in Drosophila
larvae expressing human mutant a-Syn (A53T). Therefore, this
fly larval model of PD was used to further examine dyskinetic
behaviors. High concentrations (5 or 10 mM) of chronic L-DOPA
administration showed hyperactivity in A53T larva such as body
bending behavior (BBB), which resembles axial dyskinesia in
rodents [16, 17]. We also developed a method to accurately and
efficiently quantify LID behavior via the use of Image] plugins
and other third party software. Further, dyskinetic BBB by high L-
DOPA was rescued by a dopamine agonist pramipexole (PRX).
Our LID model developed in a Drosophila genetic model of PD
can be a useful experimental platform to study pathophysiological
mechanisms underlying LID and also provide a new avenue for

developing potential treatments of LID.
MATERIALS AND METHODS

Fly strains

Flies were grown in standard cornmeal/agar media with 0.4%
propionic acid on a 12-hour light/dark cycle at 25°C. Fly strains
used were: wild type w1118 (from Bloomington Stock Center),
TH-Gal4 (a kind gift from Dr S. Birman at ESPCI, France) [18],
UAS-a-Syn (A53T) (A53T, a gift from Dr. L. Pallanck, University
of Washington, USA) [19]. In this study, we used a fly line carrying
TH-Gal4 and UAS-a-Syn (A53T) on chromosome 3, designated
as A53T. Flies were allowed to lay eggs onto an agar plate for an
hour. Each plate had roughly 50 eggs on its surface. The plate was

then incubated at 25°C for locomotion assay.

Larval locomotion assay
Larvae were collected at 90~96 hours after egg laying for the

274

www.enjournal.org

locomotion assay as previously described [15]. An assay stage was
prepared by boiling 2.5% agar in ddH20, adding 5 drops of India
ink for contrast, and pouring the mixture into a petri dish to solid-
ify. Third instar larvae were loosened from the food using ddH20
and placed individually on the stage to be tested. First, the larvae
were allowed to move freely for one minute to let them acclimate
to the stage. Next, the larva was recorded using a Moticam3 digital
camera recording at approximately 10 frames/sec with the Motic
Images Plus 2.0 software. The recording time was 30 seconds, with
recording being stopped if the larva left the field of view (FOV).
Several drops of ddH2O were periodically added to the stage to
keep it from drying,

L-DOPA was added to the melted food in the egg laying plates
before solidifying and larvae were incubated in this food for the
entire 90-96 hour period or 48 hours during the third instar stage
before testing. L-DOPA was administered in food with ascorbic
acid (25 mg/100 ml) to prevent oxidation [20]. Stock solutions
were prepared monthly and kept at 4°C to ensure freshness. All L-
DOPA controls contained matching amounts of ascorbic acid.

Analysis of locomotion parameters

The program Image] (http://rsb.info.nih.gov/ij/) was used to
analyze the video files. The videos were first imported to produce
a stack of images for each frame. The color threshold was then
adjusted so that the larva was a distinct object in contrast with
the background. In order to determine the locomotion speed of
the larvae, the MTrack2 plug-in (http://valelab.ucsf.edu/~nico/
IJplugins/MTrack2.html) was used to determine the path length.
The length was then converted to mm/min by using the number
of seconds in the video file as well as a conversion factor between
pixels and millimeters (12.2 pixels/mm), which had been deter-
mined to be given the height of the camera as previously adopted
[15].

To find the angular speed and pause time of the larvae, software
was developed (with the assistance of J. Bury, B.S., Computer Sci-
ence, University of Toledo, USA) to analyze the raw movement
data as exported from MTrack2. The raw data consisted of a set
of ordered pairs corresponding to all the points to which the larva
moved. To analyze the raw data, the software divided the number
of frames in the video by the number of seconds in the video. The
resulting number corresponded to the number of frames in one
second of video, and the software then sampled the position of the
larva at each second. This was done to reduce noise in the video
to provide more accurate results. The camera used in this study
recorded at 16 frames per second. Lines were then made connect-
ing each of the selected points (Fig. 1A). To determine the angular

speed, the angle was determined at the intersection of each pair of
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Fig. 1. L-DOPA rescues locomotion defects in a-Syn (A53T) Drosophila model. Fly larvae expressing a-Syn (A53T) showed locomotion defects quanti-
tied with three locomotion parameters: speed, angular velocity, and pause time. (A) Crawling paths were visualized by selecting the 30 second paths that
most closely represents the locomotion parameters of each group. Arrows were placed at the end of each pathway to show the direction of motion. When
100 pM L-DOPA were applied to A53T larvae for 92 hours, all three locomotive parameters including speed (B), angular velocity (C), and pause time (D)
were rescued. Note that rescue was not complete, as there was still a significant difference between flies treated with L-DOPA and wild type flies. Student

t-test, “p<0.01,*p<0.001. For each group, 30 larvae from 4 separate experiments were examined.

lines. To do this, the distance formula (Equation 1) was used to de-
termine the distance of each of the two lines, as well as the distance
of a third line that would produce a triangle between the two lines.

Equation 1: d=(x=x)%+ 2 = »1)?

Given this triangle, the angle of interest (y) was determined using
the law of cosines (Equation 2).

Equation 2: c? =a®+ b% — 2ab * cos(y)

This angle was then subtracted from 180° to determine how
many degrees the larva had deviated from a straight line in that

given second. This analysis was done for each second, and the
average in degree (°)/sec was subsequently determined by divid-
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ing the sum of all of the angles by the number of seconds. The
pause time was determined using the same software. For each line
indicating a second of movement, the distance was converted to
mm/min using the technique described above. A threshold value
would determine whether the larva was considered to be “paused”
or “in motion” as even a stopped larva registers some movement
due to head shaking, rolling, etc. A value of 45 mm/min was found
to correlate well with the pause time seen by a human observer for
several videos. The number of seconds in which the larva moved
at a speed less than the threshold value (45 mm/min) was found,
and this was then converted to the number of seconds paused per

minute.
Quantifying body bending behavior

Our method involves keeping a larva in a small well (¢=2 mm)

275

www.enjournal.org



en

Joshua A. Blosser, et al.

C
24
A . * %%k
o £ 204 T
2
AB g 164
AB S
E 12
B ®|AC B
- 8 = -
(o]
()
BC g 4
0"‘ T T T
c o wr A53T  A53T+100uM A53T+10mM

L-DOPA L-DOPA

AS3T +10mM L-DOPA

Fig. 2. L-DOPA-induced dyskinesia in A53T Drosophila larvae. (A) Example snapshots of body bending behavior (BBB) in A53T Drosophila larvae
treated with high concentration of L-DOPA (A53T+10 mM L-DOPA) or without L-DOPA (A53T Control). A larva was kept in a well (2 mm diameter)
to limit free-crawling and thus enable us to analyze body bending behavior (BBB). A well is delineated with a dotted circle. (B) Three points were selected
at the head, midpoint, and tail of the larva on every frame in the sub-stack, creating a three point skeleton which can be used to quantify BBB (see Mate-
rials and Methods). (C) Larvae exposed to a high concentration (10 mM) of L-DOPA display a higher body bending percentage, but A53T larvae with
low concentration of L-DOPA (A53T+100 uM) or without L-DOPA (A53T Control) did not show changes in BBB, demonstrating dyskinetic behaviors

in a genetic PD model exposed to high concentration of L-DOPA. Student t-test,

were examined.

that is slightly larger than the length of the larva (Fig. 2A), inhibit-
ing the larvae from any lateral crawling motion, but only allows
movement along the body axis of the larva and around the vertical
axis of the well. To analyze body bending behavior (BBB), 30 sec-
ond video was taken of a larva in the well and then imported into
Image] to create a stack. Sub-stacks were created by selecting every
32nd frame. As the MoticCam shoots 16 frames/second, this cre-
ated a stack with one frame for every two seconds of video. The
subsequent sub-stacks were then analyzed in Image] via the Man-
ualTracking plugin. Three points, one on the head, midpoint, and
tail, were tracked by manually selecting them on every frame in
the sub-stack, reducing the body of the larva to a three-point skel-
eton (Fig. 2B). The distance formula (Equation 1) was used to
compare the entire length of the larva to the distance from the
head to the tail. The entire length of the larva was measured as the
length of 4B + BC, while the distance from head to tail was mea-
sured as the length of AC. The rate of body bending was then cal-
culated as a ratio of the length of 4B + BC to the length of 4C, via
Equation 3.

Equation 3: rate of body bending=1 — AC /(4B + BC)

As the body of the larva bent and the head was brought down to-
wards the tail, 4C decreased while 4B + BC stayed the same. As
this ratio is a measure of overall straightness, the fraction was sub-

tracted from one to get a measure of the decrease in straightness,
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“*p<0.001. For each group, 27~32 larvae from 8 separate experiments

or body bending behavior (BBB).

Statistical analysis

Data are shown as mean+SEM. Statistical analysis was performed
using Graph-Pad Prism software. Means were compared using an
unpaired two-tailed Students t-test. p values <0.05 were consid-
ered significant.

RESULTS

L-DOPA rescues a-Syn-mediated locomotion defects

Our previous study showed that the fruit fly Drosophila larva
expressing human a-Syn (A53T) crawls significantly slower com-
pared to wild type fly larva [15]. A53T fly larva (TH-Gal4, UAS-
a-SynA53T) also shows reduced number of dopaminergic (DA)
neurons in the brain [15]. In addition to the speed, we also ana-
lyzed two additional motor behaviors: angular velocity and pause
time. Since slow movement (bradykinesia) is only one of the mo-
tor symptoms of PD, and other measures of locomotion such as
angular velocity and pause time have been measured. Locomotion
speed represents bradykinesia, which is one of the major motor
symptoms of PD, but angular velocity and pause time are used to
see other behaviors related to PD symptoms such as walking diffi-
culties and gait freezing. These three parameters are different ways
to examine various PD-like symptoms.

Using UAS x Gal4 binary system [21], a mutant human a-Syn

https://doi.org/10.5607/en20028
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Table 1. Locomotion speed of A53T larvae at various concentrations of
L-DOPA

L-DOPA Crawling speed n
conc. (uM) (mm/min, +/-SEM)

10 433 +/-2.64 6

100 83.4+/-4.13 18

1,000 78.8+/-6.73 6

n, number of larvae tested.

(A53T) was expressed in DA neurons (TH-Gal4 x UAS-A53T).
A53T larvae showed locomotion deficits in crawling speed, aver-
age angular velocity, and pause time (Fig. 1), demonstrating that
A53T larva is a useful genetic animal model for Parkinsons disease
(PD).

Since L-DOPA is a gold standard drug to ameliorate PD symp-
toms, we examined L-DOPA effects on locomotion defects in
A53T larva. When L-DOPA (100 pM) was administered in food,
crawling speed of a-Syn (A53T) larvae was significantly increased
(Fig. 1A, B). In addition, angular velocity and pause time were also
rescued by L-DOPA (Fig. 1C, D). However, 10 uM L-DOPA did
not rescue the crawling speed in A53T larva (Table 1). We also ob-
served that rescue effects of 1 mM L-DOPA were slightly reduced
compared to 100 uM. Therefore, 100 pM L-DOPA was used in
these experiments to rescue locomotive symptoms as it has been
determined to have the highest rescue effects in A53T Drosophila
larvae. 100 uM L-DOPA rescued speed deficits by 42.2%, average
angular velocity deficits by 75.3%, and pause time deficits by 67%
(Fig. 1). Our results demonstrated that treatment with 100 uM L-
DOPA rescued the locomotion defects of A53T larvae comparable
to wild type levels.

L-DOPA-induced dyskinesia in A53T larvae

Because L-DOPA had experimentally shown to rescue Parkin-
sonian symptoms in Drosophila A53T larvae, it was hypothesized
that excessive exposure to L-DOPA would induce dyskinetic be-
havior. Experiments were designed to induce dyskinetic behavior
in Drosophila A53T larvae by overexposure to L-DOPA. We de-
veloped a method to quantify dyskinetic behavior in Drosophila
larvae (Fig. 2A, B; also refer to Materials & Methods section). In
order to simulate the effects of prolonged exposure to L-DOPA,
A53T larvae were treated with a high concentration (e.g, 10 mM)
of L-DOPA for 92 hours and compared to wild type (WT), A53T
and A53T larvae rescued with 100 uM L-DOPA (Fig. 2C). In this
study, we used 10 mM L-DOPA to induce dyskinetic behavior,
which is 100 times the rescuing amount. Exposing larvae to 10
mM L-DOPA showed body bending behavior (BBB; Fig. 2A),
which mimics the axial dyskinesia, a symptom of dyskinetic be-

https://doi.org/10.5607/en20028

havior in mammals [16, 22]. Therefore, BBB was used as a param-
eter of LID to quantify dyskinetic behavior in this study. Larvae
exposed to a high concentration (10 mM) of L-DOPA increased
BBB dramatically, but A53T larvae with (A53T+100 uM) or with-
out (A53T Control) a low concentration of L-DOPA did not show
changes in BBB, demonstrating dyskinetic behaviors specifically
in a genetic Drosophila model of PD exposed to a high concentra-
tion of L-DOPA.

Inherent L-DOPA toxicity

Because LID is not a symptom of PD, but rather a symptom of
long-term exposure to L-DOPA, we hypothesized that there would
be no significant difference in BBB of WT, A53T, or L-DOPA
rescued larvae. In order to ensure that the change in body bend-
ing behavior is in fact due to L-DOPA-induced dyskinesia, and
not due to inherent L-DOPA toxicity, various concentrations of
L-DOPA were administered to WT larvae for 92 hours (Fig. 3A).
The BBB of the WT larvae were then analyzed. Because WT larvae
are not expressing a-synuclein, no PD-related dyskinetic behavior
was expected when exposed to any levels of L-DOPA. Despite not
expressing a-synuclein, however, WT larvae showed significantly
higher levels of body bending behavior when exposed to high
concentrations of L-DOPA (5 or 10 mM) although percent of
BBB in WT larvae was lower compared to that of A53T+10 mM
L-DOPA larvae. The results suggest that BBB observed in Fig. 2C
is not in fact due to the isolation of LID, but involves, at least partly
due to the inherent L-DOPA toxicity or drug-induced dyskinesia
(see Discussion) possibly by an increase of neuronal DA levels.

No inherent toxicity when WT larvae are exposed to L-
DOPA for 48 hours

In order for the LID model to reliably isolate and quantify dys-
kinetic behavior, it was necessary to reduce the amount of time
the flies were exposed to L-DOPA. This would minimize the toxic
effects seen in WT flies exposed to high concentrations of L-
DOPA for 92 hours (Fig. 3B). All eggs were initially laid onto three
control food plates. After incubating for the first and second instar
stages (~44 hours) without L-DOPA, larvae were then transferred
to new food plates: WT, WT+100 uM L-DOPA, and WT+10 mM
L-DOPA. The larvae on all three plates were then returned to the
incubator for 48 more hours before testing. By limiting the expo-
sure time, L-DOPA-dependent BBB seen in WT larvae with long-
term exposure were eliminated (Fig. 3B). Therefore, this L-DOPA
treatment protocol can be used to examine dyskinetic behavior in
the A53T larval model of PD.
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each group, 9~18 larvae from 3 separate experiments were examined.

Rescue of locomotion defects in A53T larvae with 48 hour
exposure to 100 uM L-DOPA

Because WT larvae have shown no locomotion deficits (speed,
angular velocity and pause time) when 100 uM L-DOPA was ap-
plied for only 48 hours (data not shown), the next step was to test
the rescue effects of 100 pM L-DOPA when applied to A53T larvae
for only 48 hours to make sure that L-DOPA could still rescue PD
symptoms. The rescue effects of 100 uM of L-DOPA were tested by
applying for only 48 hours (Fig. 4). Even when applied for a shorter
duration, L-DOPA still rescued the speed deficits of A53T larvae
by 30.7%, average angular velocity by 79.9%, and pause time by
58.5%. As far as body bending behavior was concerned, there was
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no difference between WT Control, A53T Control, and A53T lar-
vae rescued with 100 M L-DOPA (Fig. 5A). The results prove that
any behavior being measured by the BBB model is not a PD symp-
tom, as it is not present in A53T larvae with or without 100 uM L-
DOPA.

LID in A53T larvae with 48 hour exposure to 10 mM L-
DOPA

In this study, we examined whether the application of high
doses of L-DOPA for 48 hours can induce dyskinetic behavior in
Drosophila A53T larvae. The A53T larvae rescued with 100 uM
L-DOPA were compared to larvae treated with 5 and 10 mM L-

https://doi.org/10.5607/en20028
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DOPA (Fig. 5). Exposure to 5mM L-DOPA increase BBB in A53T
larvae by 172%, and exposure to 10 mM L-DOPA increased it in
A53T larvae by 252%, when compared to A53T larvae rescued by
100 pM L-DOPA. Our data showed that high L-DOPA (5 or 10
mM) significantly increases involuntary and hyperactive LID be-
haviors including body bending. In contrast, WT larvae showed no
increase in body bending rate with 10 mM L-DOPA for 48 hours
(Fig. 3B), confirming the successful development of a genetic LID
model using Drosophila A53T larvae. This successful develop-
ment of a Drosophila genetic LID model is very significant as LID
is currently one of most difficult challenges in PD management.

Rescue of LID with a dopamine agonist pramipexole

With high L-DOPA proven to induce dyskinetic behavior in
A53T larvae, the next step was to see if the symptoms of LID could
be rescued. Pramipexole (PRX), a D2-like receptor agonist, was
chosen, as it has been used in clinical settings on humans to treat
LID [23,24]. Larvae were treated with 10 mM L-DOPA and 0.4
mM PRX for 48 hours and compared to A53T larvae exhibiting
dyskinetic behavior for 48 hour-exposure to 10 mM L-DOPA
alone (Fig. 5). The administration of PRX fully rescued body
bending behavior to the level similar to A53T without L-DOPA.
PRX also rescued average angular velocity by 36.4% and pause
time by 29.3%. Interestingly the crawling speed was not rescued.
The increase in angular velocity/pause time and decrease in speed
by a high concentration of L-DOPA (10 mM) can be explained by

https://doi.org/10.5607/en20028

the loss of lateral movement due to BBB. Our results suggest that
PRX has potential to be a therapeutic agent for the treatment of L-
DOPA-induced dyskinesia in a genetic PD.

DISCUSSION

The leading treatment for Parkinson’s disease symptoms is L-
DOPA, a precursor of dopamine, of which administration increas-
es dopamine levels in the brain. But too much dopamine being
present in the brain is expected to cause dysfunctional dopamine
signaling. Prolonged exposure to L-DOPA can lead to L-DOPA-
induced dyskinesia (LID) [1, 2, 25]. LID consists of involuntary,
hyperactive behavior, and is a common occurrence among Parkin-
sons disease (PD) patients, yet there is currently no known cure
and also no convenient way to screen potential therapeutic drugs.
Complications of LID can be reduced by lowering the amount
of L-DOPA that is taken, but unfortunately, this decrease in L-
DOPA can lead to a return of Parkinsonian symptoms. The cur-
rent study is significant because it establishes a genetic LID model
for the study of dyskinetic behavior. Depending on L-DOPA
levels in brain and blood plasma, various patterns of LID have
been characterized such as peak-dose LID, diphasic dyskinesia
and off-period dystonia [26]. The most common pattern is peak-
dose LID which causes involuntary movements when L-DOPA
level is high. On the basis of our method to administer L-DOPA,
Drosophila larval LID model appears to represent peak-dose LID
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in mammals. Previously, there were few LID models which can be
used to study underlying pathophysiological mechanisms, genetic/
molecular targets initiating the development of LID, and potential
pharmacological therapies [27], largely due to lack of rich genetic
resources. Recently, Gupta et al. [28] has been developed C. elegans
LID model expressing human a-synuclein, which shows increase
body bending with L-DOPA. Overall, our Drosophila genetic
LID model will provide an important experimental platform to
examine molecular and cellular mechanisms underlying LID, to
study the role of PD causing genes in the development of LID, and
to identify potential targets to slow and/or reverse LID pathology.
Therefore, this genetic LID model can greatly contribute our ef-
forts to develop better therapeutic strategies and rapidly screen
drugs alleviating PD symptoms without causing LID, providing
significant translational impacts.

LID occur in 30~80% of PD patients treated with L-DOPA [1, 2,
54-56]. Two conditions are necessary for their appearance: 1) the
loss of DA in the nigrostriatal pathway and 2) treatment with L-
DOPA [55, 56]. In order to study LID, it should use a PD model
showing the loss of DA neurons. Therefore, it is necessary to start
with a PD model showing locomotion defects and degeneration
of dopaminergic system, and then study its rescue with L-DOPA.
LID can be developed using such PD model. The utilization of
Drosophila in this study is particularly practical due to the estab-
lished PD model available in fruit flies [11, 29]. In addition, the
relatively short lifespans of Drosophila make experimentation a
quick process. Rather than waiting months to years for a neurode-
generative disease to present in mice, rats, or other animal models,
experiments can be performed on larvae only four days after eggs
are laid. In addition, the relatively low cost of maintenance and the
large quantity in which they can be raised make the Drosophila
model particularly accessible to labs across the world. Although
adult fly is also widely used to study human neurodegenerative
diseases, we used third instar larvae in this study because it is much
easier to examine PD symptoms in terms of locomotive behavior.
Also it takes less time to observe PD symptoms (4 days) and thus
LID can be studied in this time frame.

Because of the longitudinal body shape of Drosophila larvae,
axial dyskinesia is easily tracked. Axial dyskinesia has been ef-
fectively used to quantify LID in mice models [16], and therefore
made sense as a parameter to be used in larva. The nature of the
wells in the metal bar used to establish this model made tracking
dyskinetic behavior along the longitudinal axis of the larvae par-
ticularly easy. The diameter of the wells is not much longer than
the length of the larvae. This inhibits the larvae from any lateral
crawling motion, but only allows two different degrees of motion.

The first motion is rotation about the longitudinal axis of the larva,
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and the second motion is bending, or deviation, from the longi-
tudinal axis of the larva (=involuntary movement in the fly larva).
In future experiments, rotational movement could also be tracked
[30]. In this study; axial dyskinesia was tracked, by comparing the
distance between the head and the tail was compared to the length
of the entire larva. Therefore, as the larva spends more time with its
body contorted, bringing its head down to its tail, its percent body
bending behavior goes up. This provides an easily identifiable and
quantifiable method of measuring body bending behavior (BBB).

LID is an example of drug-induced dyskinesia (DID). Drug-
induced dyskinesia (e.g. Tardive dyskinesia or LID) is caused by
the long-term use of a certain type of medications including an-
tipsychotic drugs and levodopa [57]. It was interesting to observe
that wild type larvae without PD symptoms showed dyskinetic
behavior induced by high concentrations of L-DOPA (Fig. 3). It is
possible to use wild type larva to study DID, but the current study
focusses on LID which should be developed from a PD model
with DA neurodegeneration in the brain. DID with wild type larva
is certainly an interesting research topic to further explore.

Treatment of LID is still a major challenge. However, several
drugs have been used to ameliorate LID including dopaminergic
(e.g., DA-R agonist apomorphine) and non-dopaminergic drugs
(e.g., NMDA receptor antagonist amantadine). Studies showed
that DA receptor agonists can reduce LID [56, 58, 59]. After suc-
cessfully established fly larval model of LID, we tested a D2/3 ago-
nist pramipexole to rescue LID in fly larvae as it has been shown
pramipexole reduces dyskinesia in MPTP-treated primate when
it was applied with L-DOPA [23, 60]. Similarly, other known LID
drugs (e.g., amantadine, safinamide) can be also studied for their
therapeutic potentials on LID. Our model can be also used to
screen new potential therapeutic drugs. Since we added pramipex-
ole and L-DOPA concomitantly in the food, it certainly possible
that pramipexole may cause neuroprotection against LID instead
of rescuing LID. This possibility should be further examined in
order to clearly show the rescue effects of pramipexole in the fly
larval LID model.

It still remains to completely understand pathological mecha-
nisms underlying LID [31, 32]. Nonetheless, some potential
mechanisms are related to alterations in DA signaling. Long-term
exposure to L-DOPA alters neural circuits in basal ganglia [2,4]. It
has been suggested that uncontrollable release of dopamine (DA)
by L-DOPA results in dyskinetic behaviors [1, 33]. Altered activi-
ties of D1 and D2 receptors also cause abnormal movements by
excessive cortical stimulation through L-DOPA-dependent disin-
hibition of thalamus [2]. Therefore, both PD and LID are caused
by dystunctional DA signaling although PD is due to reduced DA

signaling while LID is by increased and uncoordinated DA activi-

https://doi.org/10.5607/en20028



en

LID in a Genetic Drosophila Model of PD

ties. Recently, it has been shown that hyperkinetic activity and
altered D1 signaling underlie L-DOPA induced dyskinesia in C.
elegans [28], further supporting the notion that uncontrollable DA
signaling is a key pathological mechanism of LID. One important
factor considering use of Drosophila model for LID is the similar-
ity of DA signaling mechanisms in mammals and Drosophila.
DA neurons in Drosophila receive both excitatory and inhibitory
synaptic inputs and are spontaneously active. Drosophila DA au-
toreceptors also known to suppress the excitability [34-36]. Like
mammals, excitatory dopamine D1-like and inhibitory D2-like
receptors are expressed in Drosophila nervous system. Both Dro-
sophila D1- (i.e. dDA1, DAMB) and D2-like (i.e. DD2R) receptors
have been molecularly characterized [37-40]. Like in mammals,
DA is known to play important roles in behavior such as locomo-
tion, memory formation and drug addiction in Drosophila [41,
42]. Therefore, Drosophila LID model can be used to study patho-
logical mechanisms underlying LID. One such signaling example
is cCAMP-PKA-CREB pathway, which has been intensively studied
in Drosophila [43]. It is well known that cAMP signaling pathway
is downstream of DIR signaling. Indeed, LID models using PD
neurotoxins showed over-expression of Gaolf and adenylyl cy-
clase V [44, 45]. It will be interesting to examine whether increased
cAMP-PKA signaling is associated with our genetic LID model.
Further, a chemogenetic approach (i.e, DREADD) [46,47] can be
used to manipulate intracellular cAMP levels.

In addition to L-DOPA, D2 agonists (e.g., pramipexole, bro-
mocriptine, ropinirole) have been used clinically to treat PD symp-
toms [48]. We showed that activation of D2 receptors is critical
to rescue dopaminergic (DA) degeneration by a PD toxin MPP+,
and that D2 autoreceptors expressed in DA neurons are sufficient
for this rescue [36]. For LID, few drugs are available to alleviate its
symptoms at present, but clinical studies with PD patients showed
that D2 agonists reduce the risk of dyskinesia incidence [24, 49,
50]. Among D2 agonists, pramipexole is known to alleviate symp-
toms of LID in PD patients treated with L-DOPA [23]. D2 agonists
are known to regulate the amount of DA release in the brain as
they act mainly on presynaptic D2 receptors and thus inhibit DA
release, counterbalancing increased levels of DA. Interestingly, we
also observed rescue effects of a D2 agonist pramipexole (PRX) on
LID in Drosophila a-Syn larvae (Fig. 5). PRX shows a strong bind-
ing affinity to D3 subtype, a type of D2-like receptors. So far, how-
ever, only one D2 receptor DD2R has been identified in Drosoph-
ila [40]. Therefore, it is assumed that Drosophila DD2R may be a
common D2 receptor representing mammalian D2-like receptor
subtypes — D2, D3 & D4. Further, it has been shown that PRX
improves motor symptoms in PD flies [51]. Therefore, role of D2-

like receptor family in LID can be further examined in Drosophila

https://doi.org/10.5607/en20028

a-Syn model. In addition, our larval LID model can be used to test
the rescue effects of neuroprotective drugs, like nicotine and caf-
feine, on dyskinetic behavior [52]. Smoking and coffee drinking
are known to protect against neurodegeneration, and thus prevent
PD and Alzheimers disease. For these reasons, Drosophila can be
an effective and practical model to examine potential drugs for the
rescue of LID.

Our study showed that low L-DOPA (100 pM in food) rescues
PD motor symptoms in Drosophila larvae expressing mutant hu-
man a-Syn (a-Syn larva) while higher L-DOPA (10 mM) causes
dyskinetic behaviors including involuntary and continuous body
bending (similar to axial dyskinesia in rodents), demonstrating
that Drosophila a-Syn larvae can be an excellent genetic LID
model. However, our current method is largely based on laborious
manual analysis, limiting our quantification only to the bending
behavior. It is desirable to automate and optimize the dyskinetic
behavior analysis with high resolution images using a recently in-
troduced method called MaggotTracker’ - a single-animal tracking
system for Drosophila larval locomotion [30]. This tracker system
can quantify uncontrollable rotational behavior and peristalsis
movement, which may be relevant to LID. MaggotTracker can also
analyze free-moving larvae with high resolution images, instead
of analyzing constrained larvae in a small well. In addition, it can
analyze more behavioral phenotypes. LID in mammals is typically
determined using sums of abnormal involuntary movement (AIM)
scales: axial, limb and orolingual dyskinesias [53]. Further automa-
tion of LID analysis with more behavioral phenotypes (e.g, head
bending, uncoordinated peristaltic movements) will enhance utili-
ties of our Drosophila LID model to study its underlying patho-
logical mechanisms and develop its therapeutic treatments.

In human, it takes several years to develop LID whereas it takes
weeks to months for rodent models [17, 61]. Although continuous
administration of L-DOPA can induce dyskinesia in preclinical
studies [62], most studies have reported an increase in the frequen-
cy of LID by extended period of L-DOPA use. Therefore, our fly
model dose not exactly recapitulate what happened in mammals
including human. However, we believe that our fly LID model is
very useful to study molecular and cellular mechanisms underly-
ing LID pathology as the primary cause of LID is initiated from
the dysfunctional dopamine signaling. Drosophila has a conserved
dopamine neural circuits which is known to play an important
role in locomotion [42]. Further, LID in the fly larval model can
be developed in 4 days and thus this model can be a very useful
genetic platform to screen genes modifying LID pathology and
also potential therapeutic LID drugs. There are limitations in the
fly LID model but it has other advantages over mammalian LID

models.
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