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Abstract

Background: The gold standard for symptomatic relief of Parkinson’s disease is L-DOPA.
However, long-term treatment often leads to motor complications such as L-DOPA-induced
dyskinesia (LID). While amantadine (Gocovri™) is the only approved therapy for dyskinesia in
people with Parkinson’s disease on the American market, it is associated with neurological side
effects and limited efficacy. Thus, there remains a high unmet need for addressing LID in
Parkinson’s disease patients worldwide.

Obijective: The objective of this study was to evaluate the efficacy, safety and performance
compared to approved treatments of the serotonin receptor 1A (5-HT1A) and 5-HT1B/D agonists
buspirone and zolmitriptan in the 6-hydroxydopamine unilaterally lesioned rat model for
Parkinson’s disease.

Methods: The hemi-parkinsonian 6-OHDA lesioned rats underwent chronic treatment with L-DOPA
to induce dyskinesia and were subsequently used for efficacy testing of buspirone, zolmitriptan and
comparison with amantadine, measured as abnormal involuntary movement (AIM) scores after L-
DOPA challenge. Safety testing was performed in model and naive animals using forelimb
adjusting, rotarod and open field tests.

Results: 5-HT1A and 5-HT1B/D agonism effectively reduced AIM scores in a synergistic manner.
The drug combination of buspirone and zolmitriptan was safe and did not lead to tolerance
development following sub-chronic administration. Head-to-head comparison with amantadine
showed superior performance of buspirone and zolmitriptan in the model.

Conclusions: The strong anti-dyskinetic effect found with combined 5-HT1A and 5-HT1B/D
agonism renders buspirone and zolmitriptan a potential clinical candidate for LID in Parkinson’s
disease.
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1. Introduction

Parkinson’s disease (PD), affecting approximately 1 in 100 people over the age of 60, is a
devastating neurological disorder historically characterized by the pathological hallmarks of
accumulated protein inclusions known as Lewy bodies and neurites 12 as well as the
progressive loss of the dopamine-producing neurons in the substantia nigra pars compacta
(SNc) . In consequence, the concomitant loss of dopamine leads to profound changes in
dopamine-mediated neurotransmission in the basal ganglia network that controls motor
coordination in humans®. Symptomatic relief of the motor symptoms in Parkinson’s disease
patients is currently achieved with levodopa (L-DOPA), a precursor of dopamine, which in the
brain is taken up by not only dopamine-producing cells but also serotonergic neurons
projecting from the dorsal raphe nucleus, and converted by dopa decarboxylase into the
neurotransmitter dopamine that subsequently is released to restore dopamine-mediated
neurotransmission®.

Under normal conditions the extracellular dopamine concentration in the striatum is finely
balanced by presynaptic uptake of dopamine by the dopamine transporter as well as
autoregulatory inhibition via the dopamine D2 receptor 5. Under the progression of PD and the
concomitant loss of dopamine producing cells, the feedback loop is gradually lost whereas
serotonergic neurons are still able to take up L-DOPA, convert it to dopamine and release it in
a pulsative fashion that leads to an overactivation of the entire basal ganglia network®.
Consequently, use of L-DOPA in advanced stages of the disease is associated with
dysregulated dopamine neurotransmission that gives rise to a hyperkinetic state characterized
by abnormal involuntary movements known as L-DOPA induced dyskinesia (LID)". It is
considered that LID requires severe loss of nigrostriatal dopamine neurons, a pulsatile
delivery of dopamine from serotonergic neurons in the dorsal raphe nuclei and a well-
preserved postsynaptic nigrostriatal system in the striatum?®. L-DOPA-induced dyskinesia is
manifest, and more than half of the patients treated with L-DOPA develop dyskinesia within
the first five years of therapy %°. LID frequency increases significantly with higher L-DOPA
doses, as well as with young age of PD onset, and disease duration **.

The weak NMDA receptor antagonist amantadine can reduce dyskinesia intensity, but with
limited efficacy and associated with adverse effects (such as dizziness, insomnia,
hallucinations) at the high doses needed for effective treatment of LID, and tolerance
development has also been reported 2. An extended-release form of the drug (Gocovri™,
Adamas Pharmaceuticals, USA) is currently approved for treatment of dyskinesia in
Parkinson’s disease patients, with superior peak plasma concentrations and with sustained
levels throughout the day compared to the amantadine immediate release formulation that has
been prescribed as off-label treatment for dyskinesia.

Serotonin neurons are equipped with the same enzymatic machinery as dopaminergic
neurons to convert L-DOPA to dopamine, store it and release it in the extracellular medium,
however they lack the feedback mechanisms as evidenced by Sellnow et al.**, to control its
synaptic levels and thereby avoid the excessive stimulation of dopamine receptors 4. In
addition, serotonin neurons can take up dopamine from the extracellular medium via the
serotonin transporter (SERT)*® and are expected to gradually take over the conversion and
the pulsative release of DA, leading to a pathological state with excessive dopamine receptor
activation that is likely responsible for L-DOPA-induced dyskinesia. PD patients suffering from
LID have a relatively preserved serotonergic system that contributes to the abnormal
increases in synaptic dopamine following L-DOPA administration 1°. Furthermore, LID-affected
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patients present high serotonergic to dopaminergic terminal availability ratio 1" as well as an
increase in serotonin transporter to dopamine transporter ratio with PD progression 18, thus
supporting the involvement of the serotonergic system in the molecular mechanisms of
Parkinson’s disease and L-DOPA-induced dyskinesia.

Notably, projection neurons from the dorsal raphe are not regulated by an autoregulatory
feedback via dopamine D2 receptors, as nigral dopaminergic cells, but by serotonin 5-HT1A
and 5-HT1B receptors®?°. Thus, serotonin 5-HT1A and 5-HT1B receptors, either individually
or combined, have been considered as targets for LID and studied in PD animal models.
Activation of serotonin 5-HT1A receptors using the selective agonist 8-OH-DPAT in animals
with a compromised presynaptic nigrostriatal system attenuates the increase in striatal
extracellular dopamine derived from administration of exogenous L-DOPA 2!, suggesting that
such agonists could be used to regulate the concentration of dopamine following L-DOPA
administration. There is abundant evidence from animal model studies that serotonin receptor
modulation with 5-HT1A agonists such as 8-OH-DPAT %%2-24 puspirone 252¢, piclozotan %,
sarizotan 26%° can reduce LID symptoms. Likewise, evidence from exploratory clinical trials
supports anti-dyskinetic effects of the 5-HT1A agonists in Parkinson’s disease patients on L-
DOPA treatment!®39-32, High 5-HT1A intrinsic agonistic activity is associated with risk of
adverse events including a worsening of PD motor complication 3233 thus impacting the
therapeutic potential of 5-HT1A agonists. This is hypothesized to be mediated either through
activation of pre-synaptic 5-HT1A auto-receptors or by off-target activities on dopamine
receptors®+-%7.

Since 5-HT1B receptors have been shown to impact neurotransmitter release in the
striatum®4° the therapeutic index limitations from 5-HT1A agonism might be overcome by
combining lower and safe doses with a simultaneous effect coming from 5-HT1B agonists
acting at the same presynaptic terminals.

Compatible with this concept studies suggest that a combination of 5-HT1A and 5-HT1B
agonists could act synergistically and be a better treatment that drugs acting on only one of
the receptors. Accordingly, LID studies in PD model monkeys 4! and rats ° shows that the
combination was effective at doses that were individually ineffective at completely reducing
LID. This supports using the modulation of other neurobiological targets important for the
development of dyskinesia to improve the efficacy and therapeutic profile of a 5-HT1A agonist.

Another way of impacting the hyperkinetic disease state is to restore the imbalance in the
entire basal ganglia network by reducing glutamatergic output from cortical-striatal projection
neurons onto the striatal medium spiny neurons. Serotonin 5-HT1D receptors in the human
brain affect glutamate release #? and there is data suggesting that the 5-HT1D and the 5-HT1B
receptors can be differentiated on the basis of their ability to modulate release of glutamate (5-
HT1D) or serotonin (5-HT1B) *-°,

Similarly, balancing the GABAergic output from the striatal medium spiny neurons of the
indirect (iIMSNSs) and direct (AMSN) pathway impacts the hyperkinetic state in LID PD.
Preclinical and clinical evidence for such a postsynaptic mechanism is observed with the
NMDA-R antagonist amantadine“®. Amantadine mediates the effect by reducing the
postsynaptic activation of NMDA-Rs on both iMSNs and dMSNs*’; however, since the NMDA-
R is broadly expressed in the brain amantadine is also associated with a number of serious
adverse events such as constipation, orthostatic hypotension and edema, neuropsychiatric
symptoms such as visual and auditory hallucinations, anxiety, nausea and livedo reticularis
that may limit the use of amantadine in the PD patient population*®. Postsynaptic activation of
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5-HT1D receptors inhibits adenylate cyclase mediated increases cAMP levels**°. In the
MSNs where 5-HT1D receptors are selectively expressed® activation in the dyskinetic
disease state could theoretically lead to a decreased neuronal excitability.

We therefore hypothesized that the simultaneous agonism of 5-HT1A and 5-HT1B/D receptors
could alleviate LID. To test this hypothesis, we investigated the effect of the 5-HT1A agonist
buspirone in combination with the 5-HT1B/D agonist zolmitriptan on L-DOPA-induced
dyskinesia in the 6-OHDA-lesioned hemi-parkinsonian rat model.

2. Materials and methods

2.1. Animals
Experimentally naive male Sprague-Dawley rats weighing =250 g (Shanghai SLAC Co. Ltd.)
were housed in groups of 2/cage, with ad libitum access to standard rodent chow and water.
The animals were housed under controlled environmental conditions, on a 12-hour light-dark
cycle. All animal experiments were performed under the Regulations for the Administration of
Affairs Concerning Experimental Animals, approved by the State Council of the People's
Republic of China on October 31, 1988.

2.2. Unilateral 6-OHDA lesions

The rats were anesthetized with pentobarbital sodium (purchased from the Chinese domestic
market) 50 mg/kg (IP), positioned in a stereotaxic frame and injected 6-OHDA (Sigma Aldrich)
into the medial forebrain bundle at the following coordinates relative to bregma and dural
surface, in mm: tooth bar position -3.3, AP = -1.8, ML = -2, DV =-8.6 (18ug 6-OHDA). Two
weeks after surgery the animals were injected apomorphine HCI (Sigma Aldrich, given IP) and
contralateral full body turns were recorded over 30 minutes. Only rats with rotational scores
2180 turns/30 minutes were selected for the next experimental stage.

To generate L-DOPA-induced dyskinesia, one day after the apomorphine-induced rotation test
the rats were administered daily 6 mg/kg L-DOPA (Sigma Aldrich) and 15 mg/kg benserazide
HCI (purchased from the Chinese domestic market), hereafter denoted as L-DOPA, for 21
days. Thereafter, the rats that had not developed dyskinesia were excluded from the study,
and the rats with total axial, limb, orolingual and locomotive abnormal involuntary movement
(AIM) scores 228 points/120 minutes were kept on a treatment regimen of at least two
injections of L-DOPA per week to maintain stable AIM scores. The rats with stable AIM scores
were allocated to groups balanced with respect to AIM severity and treated with the drugs or
drug combinations as described in the figure legends.

2.3. AIM score

AIM score ratings were performed by an investigator not aware of the treatment as described
elsewhere %2, Briefly, axial (Ax), limb (Li), orolingual (OL) and locomotive AIM were scored on
a severity scale from O to 4, where 0 = absent, 1 = present during less than half of the
observation time, 2 = present for more than half of the observation time, 3 = present all the
time but suppressible by external stimuli, and 4 = present all the time and not suppressible by
external stimuli.

Although rated in the experiments and included in the model stability evaluations, locomotive
AIM scores were excluded from the pharmacology analyses as it was previously established
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that they do not provide a specific measure of dyskinesia, but instead are an indirect measure
of contralateral turning behaviour in 6-OHDA-lesioned rodents (Lundblad et al., 2002, 2005).
Raw data were presented as time courses of AIM ratings and integrated AIM scores were
calculated from the raw data as area under curve (AUC) using the following formula:

AIMZO min + AIMGO min
2

AUC20.gomin = + Al | X 20

2.4. Forelimb adjusting steps

The stepping test >3-°° was performed as described previously 2> with few modifications. The
test is a valid assessment of drug effects on the Parkinson’s disease state, a check of whether
the drug combination is affecting the Parkinson’s disease state itself (which could be a side
effect in case of worsening or efficacy in case of improvement).

The 6-OHDA-lesioned rats had been kept on at least twice a week chronic treatment with 6
mg/kg L-DOPA combined with 15 mg/kg benserazide HCI to maintain dyskinesia, evaluated
for baseline AIM severity and allocated randomly to groups balanced with respect to the
baseline test. The baseline adjusting step test consisted of two tests taken on the same day,
the mean of which was calculated as baseline.

To evaluate the effect of acute treatment with buspirone HCI (Sigma Aldrich) and zolmitriptan
(Damas-Beta) on Parkinson’s disease state, the animals were administered the drugs on the
day of testing. For determining the effect of sub-chronic buspirone and zolmitriptan treatment,
the animals were administered combinations of L-DOPA, buspirone and zolmitriptan once
daily for 3 weeks and the stepping test was performed on the 21 day.

During the stepping test, the rats were held with one forepaw touching the table, and then
moved slowly sideways (5 sec for 90 cm) by the experimenter, first in the forehand direction
(defined as compensating movement toward the body) and then in the backhand direction
(defined as compensating movement away from the body). The number of adjusting steps
was counted for both forepaws in the backhand and forehand directions of movement.

Data was presented as percentage of adjusting step of impaired forepaw to intact forepaw and
it indicates the degree of forepaw disability.

2.5. Rotarod

The rotarod test served the purpose of detecting potentially deleterious effects of the studied
compounds on the rats’ motor performance and coordination. In brief, the animals (Sprague
Dawley male rats at 9 weeks of age) were trained twice a day for a 3-day period. The rats
were placed on the accelerating rod apparatus (Shanghai Jiliang, China) at an initial speed of
4 rotations per minute (rpm), with the speed increasing gradually and automatically to 40 rpm
over 300 seconds. Each training trial was ended if the animal fell off or gripped the device and
spun around for two consecutive revolutions. The time that rat stayed on the rotarod was
recorded. The staying duration recorded at last training trial was used as baseline. Rats were
grouped according to a randomly distributed baseline.

For the test session on the fourth day, the rats were evaluated on the Rotarod with the same
setting as above 30 min after drug dosing. Dosing and rotarod measurements were conducted
by two different scientists. The rotarod performance is expressed as total number of seconds
spent on the accelerating rod.
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2.6. Open field test

The open field test was used to determine the drugs’ effects on locomotor activity. The rats
were put in open-field chambers (40 x 40 x 40 cm) 30 minutes after dosing. After a 15-
minutes habituation, locomotion was recorded and analysed by Enthovision Video Tracking
Software (Noldus Information Technology, Netherlands) for 60 minutes. All locomotor activities
were done during dark phase and to eliminate olfactory cues, the arena was thoroughly
cleaned with 70% v/v ethanol between tests. The locomotor activity is expressed as total
moved distance (cm) every 10 minutes.

2.7. Data analysis

Data analysis and statistical tests were carried out using GraphPad Prism 9 software (San
Diego, CA, USA). One-way or two-way ANOVA followed by post hoc tests was employed as
indicated in the figure legends. Data is presented as mean + SEM and P < 0.05 was
considered statistically significant.

3. Results
3.1. Buspirone and zolmitriptan reduce LID in 6-OHDA-lesioned rats

The 6-OHDA-leasioned rat is a reliable model for Parkinson’s disease and can be induced to
develop dyskinesia upon chronic treatment with L-DOPA. As previously noted, and as shown
here, the model is ideally suited for the pharmacological validation of anti-dyskinetic therapies
using the AIM score rating scale ', For this study, the 6-OHDA-leasioned rat model was
validated based on previous studies °2, with some modifications (Figure 1A). To evaluate the
model validity, after 3 weeks of daily L-DOPA administration, AIM scores were monitored
following acute L-DOPA administration (see Figure 1B for a time course of AIM scores during
120 minutes of rating). The results show that the effect of L-DOPA on AIM scores is stable
within at least 100 minutes of the observation period (Figure 1B). The animals with 228
points/120 minutes were deemed stable PD LID models and continued a twice-weekly L-
DOPA administration regimen to maintain dyskinesia.

The effects of buspirone and zolmitriptan alone and in combination on the dyskinesia state in
6-OHDA-lesioned rats were then evaluated after a single administration of L-DOPA (dose SC)
by rating the AIM scores. The time course of AIM scores reveals buspirone and zolmitriptan
combined suppress the L-DOPA-induced AIM robustly and consistently compared to
zolmitriptan alone or the vehicle control (Figure 1C).

The AUC of the 20-60 minutes period after L-DOPA administration shows that 1 mg/kg
buspirone in combination with both doses of zolmitriptan (3 or 10 mg/kg) significantly reduced
L-DOPA-induced dyskinesia compared to the vehicle control (53 £ 17 AIM and 52 + 23 AIM
respectively, compared to 255 + 45 AIM, P < 0.01, Figure 1D; statistical significance
determined by one-way ANOVA followed by Dunnett’s test, data reported as mean = SEM,
n=6), while buspirone as mono treatment had a nominal but shorter-lived and statistically
insignificant effect compared to vehicle treated animals (150 + 46 AIM compared to 255 + 45
AIM, mean + SEM, n=6, p=0.15) and zolmitriptan alone had no effect at all (270 + 40
compared t0255 £ 45 AIM, mean £ SEM, n=6, p=0.99). Collectively, these data show that
combining buspirone and zolmitriptan leads to synergistic effect in reducing L-DOPA-induced
dyskinesia in 6-OHDA-lesioned rats.
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3.2. Sub-chronic treatment with buspirone and zolmitriptan does not cause tolerance
development

To determine whether long-term combined treatment with buspirone and zolmitriptan leads to
tolerance development, dyskinetic 6-OHDA-lesioned rats were kept on a 3-week daily
treatment regimen of either L-DOPA alone, referred to as scL, or L-DOPA co-administered
with buspirone (0.5 mg/kg) and zolmitriptan (10 mg/kg), referred to scLBZ, as described in
Figure 2A. After the sub-chronic treatment, the animals were split further into 4 groups and
were acutely administered L-DOPA alone or L-DOPA co-administered with buspirone (0.5
mg/kg) and zolmitriptan (10 mg/kg), after which the animals were evaluated for AIM scores
(Figure 2A).

The results show a 0.5-fold change in AIM scores following acute treatment with buspirone
and zolmitriptan both in rats pre-treated for 3 weeks with buspirone and zolmitriptan and in
animals pre-treated for 3 weeks with L-DOPA alone (Figure 2B and C, compare LBZ (scLBZ)
with LBZ (scL)), indicating that sub-chronic treatment with a combination of buspirone and
zolmitriptan does not cause the development of tolerance. There was no significant difference
between the acute L-DOPA-treated groups (Figure 2B and C, L(scL) compared to L(scLBZ)),
indicating that a 3-week-long treatment with buspirone and zolmitriptan did not prevent L-
DOPA induced dyskinesia.

This demonstrates that a combined sub-chronic treatment with buspirone and zolmitriptan in
L-DOPA- induced dyskinesia model rats is not causing the development of significant
tolerance with the risk of a deterioration of the treatment effect.

3.3. Acute or sub-chronic treatment with buspirone and zolmitriptan does not affect
Parkinson’s disease symptoms or the coordination and locomotor activity of rats

Serotonergic treatments that attenuate dyskinesia can interfere with the anti-akinetic effects of
L-DOPA in both animal models and humans 3358-¢0, To assess whether the combination of
buspirone and zolmitriptan is affecting classical motor symptoms of PD or the efficacy of L-
DOPA treatment, 6-OHDA-lesioned hemi-parkinsonian rats were subjected to the forelimb
adjusting step test following acute and sub-chronic buspirone and zolmitriptan combination
treatment. The forelimb adjusting step test serves to detect motor initiation deficits in the
forelimbs of lesioned rats *°.

The results show that acute treatment with buspirone in combination with zolmitriptan has
comparable effects to L-DOPA alone and both perform significantly better than the vehicle-
treated group in this model (Figure 3A, p<0.01 and 0.05 respectively, one-way ANOVA
followed by Dunnett’s test). Following 3 weeks of daily treatment, L-DOPA alone and L-DOPA
plus buspirone in combination with zolmitriptan have similar beneficial effects on the
percentage of adjusting steps, and both perform better than the untreated (vehicle) group in
this model (Figure 3B). The differences between the treatment with vehicle and L-DOPA alone
or vehicle and L-DOPA plus the buspirone and zolmitriptan combination are statistically
significant (Figure 3B, p<0.001, one-way ANOVA followed by Tukey’s test) whereas there is
no statistically significant difference between L-DOPA alone and L-DOPA plus the
combination treatment (Figure 3B, p=0.92). A nominal effect of the combination treatment
alone is observed but the difference is not statistically significant from the vehicle group
(Figure 3B, p=0.26).
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This demonstrates that the combination of buspirone and zolmitriptan, in the current setting
and at doses effective in treating L-DOPA induced dyskinesia in the rat, is unlikely to have any
negative effects on the Parkinson’s disease state and the anti-akinetic effect of L-DOPA.

The rotarod test was used to detect treatment-induced motor deficits in normal rats, and the
sedative barbiturate pentobarbital served as positive control. Animals treated with buspirone in
combination with zolmitriptan had no statistically significant different performance in the
rotarod model compared to vehicle treated animals, showing that motor performance and
coordination are not significantly impaired in rats after administration of the combination
(Figure 3C, p=0.06, one-way ANOVA followed by Dunnett’s test). As expected, pentobarbital
reduced the time rats spent on the rotarod when compared to the vehicle treated group; the
difference was statistically significant (Figure 3C, p<0.001).

The open field test was used to determine the effects of buspirone and zolmitriptan on
locomotor activity in rodents. The results revealed that compared to the vehicle buspirone in
combination with zolmitriptan had no statistically significant effects on rat performance in the
open field test measured as total moved distance during a 30-minute observation period
(Figure 3D, p=0.1, one-way ANOVA followed by Dunnett’s test). Pentobarbital significantly
reduced rat motor performance during the total observation period when compared to vehicle
treated animals (Figure 3D, p<0.001).

3.4. The combined effect of buspirone and zolmitriptan is superior to amantadine in
reducing AlMs

We compared the effect of the NMDA-R antagonist amantadine at doses selected based on
published data °? as well as a dose-range-finding study (data not shown), with the effect of
buspirone and zolmitriptan in combination in 6-OHDA-lesioned LID model rats.

Treatment with buspirone (0.5 mg/kg or 1 mg/kg) and zolmitriptan (10 mg/kg) had statistically
significant inhibitory effects on L-DOPA induced dyskinesia in terms of AUC of total AIM
scores when compared to the vehicle group (Figure 4). While amantadine (40 or 60 mg/kg)
showed minor nominal effects in reduction of AIM scores, but not statistically significant
(Figure 4B, p=0.17 and p=0.09 for 40 and 60 mg/kg amantadine, respectively; one-way
ANOVA followed by Tukey’s test). Both doses of buspirone (0.5 mg/kg, or 1mg/kg) combined
with zolmitriptan had statistically significant effects compared to both doses of amantadine
tested. The inhibitory effect of buspirone (0.5 mg/kg or 1 mg/kg) combined with zolmitriptan
(20 mg/kg) on LID showed a clear dose-dependency.

Collectively, in this rat PD dyskinesia model which is predictive for the clinical efficacy of
amantadine and under the current test conditions, the combination of buspirone and
zolmitriptan is superior to the approved treatment for LID, amantadine.

4. Discussion

It has been previously shown that combined 5-HT1A and 5-HT1B agonism potently and safely
alleviates LID in 6-OHDA-lesioned rats and MPTP-treated macaques®*, but in the present
study we report for the first time that a combination of 5-HT1A and 5-HT1B/D agonism
presents with a strong anti-dyskinetic effect in a rodent model of PD dyskinesia. We also show
that the anti-dyskinetic effect obtained with the combination of buspirone and zolmitriptan is
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synergistic of nature: treatment with buspirone or zolmitriptan alone resulted in either a small,
statistically insignificant effect or no effect at all, respectively. However, the combination
treatment reduced, with up to 80%, the AUC of total AIM scores compared to the vehicle
control group.

Moreover, we demonstrate that the combination of buspirone and zolmitriptan does not induce
motor complications in L-DOPA-treated hemi-parkinsonian rats. Higher doses of buspirone (2-
4 mg/kg) than those used in the present study, while effective at reducing AIM scores, have
been shown to cause significant reductions in the rotarod performance of rats °2 or to trigger
serotonin syndrome symptoms®!. Eltoprazine, another 5-HT1A agonist, is highly effective in
suppressing dyskinesia, but associated with a worsening of the therapeutic effect of L-
DOPA%8%2 The lack of motor complications observed with the combination of buspirone and
zolmitriptan may be due to the lower buspirone doses used, which supply sufficient 5-HT1A
receptor occupancy to give a strong anti-dyskinetic effect when combined with zolmitriptan,
but low enough to circumvent motor side effects. The anti-dyskinetic effect of buspirone was
shown to correlate with normalized striatal D1 receptor signalling via normalization of
DARPP32 and ERK2 phosphorylation ratios®. It is reasonable to speculate that a reduction in
CcAMP in the dMSN by zolmitriptan could add to the beneficial effect of buspirone on LID.
Furthermore, modulation of glutamate release via the 5-HT1D receptor*? could contribute to
the efficacy of the combination treatment. Tolerance development is a concern when
developing new therapies, and can contribute to the high failure rate in translating preclinical
to clinical efficacy in neuroscience®. We have shown here that the combination of buspirone
and zolmitriptan does not lead to tolerance confirming the lack of clinical evidence on
development of tolerance for either buspirone or zolmitriptan.

Lastly, we show that in terms of preclinical efficacy the combination is superior to amantadine,
the only medication approved for treatment of dyskinesia in Parkinson’s disease patients on L-
DOPA therapy. We have tested buspirone and zolmitriptan alongside amantadine and found a
=44-70% reduction in AUC of total AIM scores relative to the vehicle group, compared to the
=17-20% reduction observed with amantadine. The doses of amantadine used in the
preclinical model (40 and 60 mg/kg) are in line with previous studies®>®°. Furthermore, the
results of a PK/PD correlation analysis of amantadine for LID across multiple species supports
that the doses used in this study correlate with the clinically relevant dosage and would ensure
an amantadine plasma concentration in rats sufficient for a consistent anti-dyskinetic effect?®.

To identify novel treatments for motor fluctuations due to LID in Parkinson’s disease an in-
depth understanding of the underlying disease biology circuitry in the basal ganglia network is
crucial. A pathophysiological model for LID in Parkinson’s disease has been proposed?® which
postulates the following requirements for LID to manifest in late-stage PD patients: (i) A
presynaptic nigrostriatal loss of dopamine neurons in the SNc; (ii) A pulsatile delivery (short
half-life) of dopamine from serotonergic neurons projecting from the dorsal raphe nuclei
(DRN); and (iii) A relatively well-preserved postsynaptic nigrostriatal system in the striatum,
i.e. medium spiny neurons (MSN) of the direct and indirect pathways. Besides this there are
other neuronal pathways that can modulate the manifestation of LID such as the cortico-
striatal projection neurons that release glutamate in the striatum or the cholinergic neurons
that release acetylcholine. In line with this model, the serotonin receptors 5-HT1A and 5-HT1B
are highly expressed in the dorsal raphe nucleus®*®” and on the cortico-striatal projection
neurons®!, while 5-HT1D expression is enriched in MSN of both the indirect and direct
pathway®. A decrease in neuronal excitability could theoretically be achieved selectively in the
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dMSN by 5-HT1D agonism countering the cCAMP increase mediated by the Gs-coupled
dopamine D1 receptor®®, but not in iMSNs where the cAMP levels are already decreased
under the inhibition of adenylyl cyclase via the Gi, proteins coupled to the dopamine D2
receptor®®. Serotonin 5-HT1D receptor agonism could thus be effective in balancing the output
from the direct and indirect pathways in a similar way to amantadine, albeit without the safety-
related concerns.

In addition it has been shown that 5-HT1B receptor striatal expression is induced in hemi-
parkinsonian rats after L-DOPA administration®.

This study aimed to identify pre-existing medicines for drug targets localized in the
abovementioned neuronal circuitry that would selectively reduce the pulsative dopamine
release as well as modulate the imbalance in the entire basal ganglia network. The aim was to
achieve this by combining drugs mechanistically acting on presynaptic DRN neurons and/or
on pre-synaptic cortico-striatal projection neurons or on postsynaptic MSN neurons.
Buspirone, a 5-HT1A receptor partial agonist, and zolmitriptan, a 5-HT1B/D receptors agonist,
which are both FDA-approved medicines for anxiety and migraine, respectively, fulfilled those
requirements. Activation of 5-HT1A auto-receptors reduces release of serotonin’>"2 thus it is
likely to lead to a reduction in “false neurotransmitter”, i.e. dopamine or glutamate, release
from serotonergic neurons and cortical neurons 473, Similar effects have been shown for 5-
HT1B"". In addition to the effects of 5-HT1A and 5-HT1B, activation of the 5-HT1D receptor,
a Gi-protein-coupled receptor, in striatal medium spiny neurons (MSNs) reduces cAMP levels
via inhibition of adenylate cyclase’ and will lead to decreased cAMP levels in MSNs of both
dopamine D1 receptor, direct and dopamine D2 receptor, indirect pathway® thus balancing
the basal ganglia output to the thalamus and motor cortex’’. Collectively, this is hypothesized
to underlie the synergistic anti-dyskinetic effect of the buspirone and zolmitriptan combination.

The overall outcome of our studies with the combination of buspirone and zolmitriptan is
positive and fulfills the preclinical therapeutic conditions on multiple parameters, including
synergy between the two compounds, lack of tolerance development and interference with PD
symptoms upon long-term treatment, safety, and performance in comparison to amantadine.
Moreover, in the adjusting step test following sub-chronic drug administration, the combination
treatment itself without L-DOPA showed a nominal increase in the percentage of adjusting
steps compared to the vehicle control group, suggesting buspirone and zolmitriptan might
have a beneficial effect on the Parkinson’s disease state. The open field and rotarod test
results support that buspirone and zolmitriptan do not have sedative effects and are safe when
used at doses that are effective at reducing L-DOPA-induced dyskinesia in rats, in consensus
with published reports on safety’®81,

There is a high unmet need for addressing motor complications such as wearing off and motor
fluctuations to improve the daily life of Parkinson’s disease patients. Around 40-45% of PD
patients develop dyskinesia within 5 years of L-DOPA treatment initiation'®82, and the number
increases to 50-75% after 10 years of L-DOPA treatment®#4, PD patients with LID show
increased postural instability®® and have a higher risk of falls®® compared to non-dyskinetic
patients. Furthermore LID has a negative social impact and diminishes overall the quality of
life of PD patients while increasing the burden on caregivers®’:88,

Thus, the serotonin receptor agonist combination presented in this study will be developed
into a therapy for L-DOPA-induced dyskinesia. Given its synergistic effect primarily on 5-HT1A
and 5-HT1B/D, it may show improved efficacy compared to targeting 5-HT1A alone, a strategy
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that has failed in the past®®, and to existing medicines. Future clinical studies are necessary to
establish the efficacy and safety of this drug combination in PD patients suffering from LID.


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Bibliography

1. Lewy F. Zur pathologischen Anatomie der Paralysis agitans. Dtsch Ztschr
Nervenheilkd. 1914;50:50-55.

2. Goedert M, Spillantini MG, Del Tredici K, Braak H. 100 years of Lewy pathology. Nat
Rev Neurol. 2013;9(1):13-24. doi:10.1038/nrneurol.2012.242

3. Galvan A, Devergnas A, Wichmann T. Alterations in neuronal activity in basal ganglia-
thalamocortical circuits in the Parkinsonian State. Front Neuroanat. 2015;9(FEB):1-21.
doi:10.3389/fnana.2015.00005

4. Mura A, Jackson D, Manley MS, Young SJ, Groves PM. Aromaticl-amino acid
decarboxylase immunoreactive cells in the rat striatum: a possible site for the
conversion of exogenousl-DOPA to dopamine. Brain Res. 1995;704(1):51-60.
doi:10.1016/0006-8993(95)01104-8

5. Carta M, Carlsson T, Kirik D, Bjorklund A. Dopamine released from 5-HT terminals is
the cause of L-DOPA-induced dyskinesia in parkinsonian rats. Brain. 2007;130(7):1819-
1833. d0i:10.1093/brain/fawm082

6. Tanaka H, Kannari K, Maeda T, Tomiyama M, Suda T, Matsunaga M. Role of
serotonergic neuron in L-DOPA-derived extracellular dopamine in the striatum of 6-
OHDA-lesioned rats. Neuroreport. 1999;10(3):631-634. doi:10.1097/00001756-
199902250-00034

7. De La Fuente-Fernandez R, Sossi V, Huang Z, et al. Levodopa-induced changes in
synaptic dopamine levels increase with progression of Parkinson’s disease:
Implications for dyskinesias. Brain. 2004;127(12):2747-2754. doi:10.1093/brain/awh290

8. Espay AJ, Morgante F, Merola A, et al. Levodopa-induced dyskinesia in Parkinson
disease: Current and evolving concepts. Ann Neurol. Published online 2018.
doi:10.1002/ana.25364

9. Holloway RG, Shoulson I, Fahn S, et al. Pramipexole vs levodopa as initial treatment
for Parkinson disease: a 4-year randomized controlled trial.[erratum appears in Arch
Neurol. 2005 Mar;62(3):430]. Arch Neurol. Published online 2004.

10. Rascol O, Brooks DJ, Korczyn AD, De Deyn PP, Clarke CE, Lang AE. A Five-Year
Study of the Incidence of Dyskinesia in Patients with Early Parkinson’s Disease Who
Were Treated with Ropinirole or Levodopa. N Engl J Med. 2000;342(20):1484-1491.
doi:10.1056/nejm200005183422004

11. Warren Olanow C, Kieburtz K, Rascol O, et al. Factors predictive of the development of
Levodopa-induced dyskinesia and wearing-off in Parkinson’s disease. Mov Disord.
Published online 2013. doi:10.1002/mds.25364

12.  Thomas A, lacono D, Luciano AL, Armellino K, Di lorio A, Onofrj M. Duration of
amantadine benefit on dyskinesia of severe Parkinson’s disease. J Neurol Neurosurg
Psychiatry. 2004;75(1):141-143.

13. Sellnow R, Newman J, Chambers N, et al. Regulation of dopamine neurotransmission
from serotonergic neurons by ectopic expression of the dopamine D2 autoreceptor
blocks levodopa-induced dyskinesia. Acta Neuropathol Commun. 2019;7(1):8.
doi:10.1186/S40478-018-0653-7

14. Carta M, Tronci E. Serotonin system implication in L-DOPA-induced dyskinesia: From
animal models to clinical investigations. Front Neurol. Published online 2014.
doi:10.3389/fneur.2014.00078

15. Kannari K, Shen H, Arai A, Tomiyama M, Baba M. Reuptake of I-DOPA-derived
extracellular dopamine in the striatum with dopaminergic denervation via serotonin


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

transporters. Neurosci Lett. 2006;402(1-2):62-65. doi:10.1016/j.neulet.2006.03.059

Politis M, Wu K, Loane C, et al. Serotonergic mechanisms responsible for levodopa-
induced dyskinesias in Parkinson’s disease patients. J Clin Invest. 2014;124(3):1341-
1349. doi:10.1172/3CI71640

Lee J-Y, Seo S, Lee JS, Kim H-J, Kim YK, Jeon BS. Putaminal serotonergic
innervation: monitoring dyskinesia risk in Parkinson disease. Neurology. Published
online 2015. doi:10.1212/WNL.0000000000001909

Roussakis A-A, Politis M, Towey D, Piccini P. Serotonin-to-dopamine transporter ratios
in Parkinson disease Relevance for dyskinesias. Neurology. Published online 2016.

Evrard A, Laporte AM, Chastanet M, Hen R, Hamon M, Adrien J. 5-HT1A and 5-HT1B
receptors control the firing of serotoninergic neurons in the dorsal raphe nucleus of the
mouse: studies in 5-HT1B knock-out mice. Eur J Neurosci. 1999;11(11):3823-3831.
doi:10.1046/J.1460-9568.1999.00800.X

Davidson C, Stamford JA. Evidence that 5-hydroxytryptamine release in rat dorsal
raphé nucleus is controlled by 5-HT1A, 5-HT1B and 5-HT1D autoreceptors. Br J
Pharmacol. 1995;114(6):1107. doi:10.1111/J.1476-5381.1995.TB13321.X

Kannari K, Yamato H, Shen H, Tomiyama M, Suda T, Matsunaga M. Activation of 5-
HT1A but not 5-HT1B receptors attenuates an increase in extracellular dopamine
derived from exogenously administered L-DOPA in the striatum with nigrostriatal
denervation. J Neurochem. Published online 2001. doi:10.1046/].1471-
4159.2001.00184.x

Bishop C, Krolewski DM, Eskow KL, et al. Contribution of the striatum to the effects of
5-HT1A receptor stimulation in L-DOPA-treated hemiparkinsonian rats. J Neurosci Res.
Published online 2009. doi:10.1002/jnr.21978

Eskow KL, Dupre KB, Barnum CJ, Dickinson SO, Park JY, Bishop C. The role of the
dorsal raphe nucleus in the development, expression, and treatment of L-dopa-induced
dyskinesia in hemiparkinsonian rats. Synapse. 2009;63(7):610-620.
doi:10.1002/syn.20630

Ostock CY, Dupre KB, Eskow Jaunarajs KL, et al. Role of the primary motor cortex in |-
DOPA-induced dyskinesia and its modulation by 5-HT1A receptor stimulation.
Neuropharmacology. Published online 2011. doi:10.1016/j.neuropharm.2011.05.021

Eskow KL, Gupta V, Alam S, Park JY, Bishop C. The partial 5-HT1A agonist buspirone
reduces the expression and development of I-DOPA-induced dyskinesia in rats and
improves |-DOPA efficacy. Pharmacol Biochem Behav. Published online 2007.
doi:10.1016/j.pbb.2007.05.002

Lundblad M, Usiello A, Carta M, Hakansson K, Fisone G, Cenci MA. Pharmacological
validation of a mouse model of L-DOPA-induced dyskinesia. Exp Neurol. Published
online 2005. doi:10.1016/j.expneurol.2005.02.002

Tani Y, Ogata A, Koyama M, Inoue T. Effects of piclozotan (SUN N4057), a partial
serotonin 1A receptor agonist, on motor complications induced by repeated
administration of levodopa in parkinsonian rats. Eur J Pharmacol. Published online
2010. doi:10.1016/j.ejphar.2010.09.013

Grégoire L, Samadi P, Graham J, Bédard PJ, Bartoszyk GD, Di Paolo T. Low doses of
sarizotan reduce dyskinesias and maintain antiparkinsonian efficacy of I-Dopa in
parkinsonian monkeys. Park Relat Disord. 2009;15(6):445-452.
doi:10.1016/j.parkreldis.2008.11.001

Marin C, Aguilar E, Rodriguez-Oroz MC, Bartoszyk GD, Obeso JA. Local administration
of sarizotan into the subthalamic nucleus attenuates levodopa-induced dyskinesias in 6-


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

OHDA-lesioned rats. Psychopharmacology (Berl). Published online 2009.
doi:10.1007/s00213-008-1452-9

Kleedorfer B, Lees AJ, Stern GM. Buspirone in the treatment of levodopa induced
dyskinesias [10]. J Neurol Neurosurg Psychiatry. 1991;54(4):376-377.
doi:10.1136/jnnp.54.4.376-a

Bonifati V, Fabrizio E, Cipriani R, Vanacore N, Meco G. Buspirone in levodopa-induced
dyskinesias. Clin Neuropharmacol. Published online 1994. doi:10.1097/00002826-
199402000-00008

Kannari K, Kurahashi K, Tomiyama M, et al. Tandospirone citrate, a selective 5-HT1A
agonist, alleviates L-DOPA-induced dyskinesia in patients with Parkinson’s disease.
Brain and Nerve. Published online 2002.

Ludwig CL, Weinberger DR, Bruno G, et al. Buspirone, Parkinson’s disease, and the
locus ceruleus. Clin Neuropharmacol. Published online 1986. doi:10.1097/00002826-
198608000-00004

Le Foll B, Payer D, Di Ciano P, et al. Occupancy of Dopamine D3 and D2 Receptors by
Buspirone: A [11C]-(+)-PHNO PET Study in Humans. Neuropsychopharmacology.
2016;41(2):529-537. doi:10.1038/npp.2015.177

Kula NS, Baldessarini RJ, Kebabian JW, Neumeyer JL. S-(+)-aporphines are not
selective for human D3 dopamine receptors. Cell Mol Neurobiol. 1994;14(2):185-191.
doi:10.1007/BF02090784

Hamik A, Oksenberg D, Fischette C, Peroutka SJ. Analysis of tandospirone (SM-3997)
interactions with neurotransmitter receptor binding sites. Biol Psychiatry. 1990;28(2):99-
109. doi:10.1016/0006-3223(90)90627-E

Bartoszyk GD, Van Amsterdam C, Greiner HE, Rautenberg W, Russ H, Seyfried CA.
Sarizotan, a serotonin 5-HT1A receptor agonist and dopamine receptor ligand. 1.
Neurochemical profile. J Neural Transm. 2004;111(2):113-126. doi:10.1007/s00702-
003-0094-7

De Groote L, Olivier B, Westenberg HGM. Role of 5-HT1B receptors in the regulation of
extracellular serotonin and dopamine in the dorsal striatum of mice. Eur J Pharmacol.
2003;476(1-2):71-77. doi:10.1016/S0014-2999(03)02154-X

Sarhan H, Grimaldi B, René H, Fillion G. 5-HT(1B) receptors modulate release of
[3H]dopamine from rat striatal synaptosomes: Further evidence using 5-HT moduline,
polyclonal 5-HT(1B) receptor antibodies and 5-HT(1B) receptor knock-out mice.
Naunyn Schmiedebergs Arch Pharmacol. 2000;361(1):12-18.
doi:10.1007/s002109900163

Ase AR, Reader TA, Hen R, Riad M, Descarries L. Regional changes in density of
serotonin transporter in the brain of 5-HT1A and 5-HT1B knockout mice, and of
serotonin innervation in the 5-HT1B knockout. J Neurochem. 2001;78(3):619-630.
doi:10.1046/j.1471-4159.2001.00437.x

Mufoz A, Li Q, Gardoni F, et al. Combined 5-HT1A and 5-HT1B receptor agonists for
the treatment of L-DOPA-induced dyskinesia. Brain. 2008;131(12):3380-3394.
doi:10.1093/brain/fawn235

Maura G, Marcoli M, Tortarolo M, Andrioli GC, Raiteri M. Glutamate release in human
cerebral cortex and its modulation by 5-hydroxtryptamine acting at h 5-HT(1D)
receptors. Br J Pharmacol. Published online 1998. doi:10.1038/sj.bjp.0701581

Huot P, Johnston TH, Koprich JB, Fox SH, Brotchie JM. The pharmacology of L-DOPA-
induced dyskinesia in Parkinson’s disease. Pharmacol Rev. 2013;65(1):171-222.
doi:10.1124/pr.111.005678


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Marcoli M, Maura G, Munari C, Ruelle A, Raiteri M. Pharmacological diversity between
native human 5-HT(1B) and 5-HT(1D) receptors sited on different neurons and involved
in different functions. Br J Pharmacol. 1999;126(3):607-612. doi:10.1038/sj.bjp.0702336

Shimizu S, Ohno Y. Improving the treatment of parkinson’s disease: A novel approach
by modulating 5-HT1A receptors. Aging Dis. Published online 2013.

Brigham EF, Johnston TH, Brown C, et al. Pharmacokinetic/Pharmacodynamic
correlation analysis of amantadine for levodopa-induced dyskinesia. J Pharmacol Exp
Ther. 2018;367(2):373-381. doi:10.1124/jpet.118.247650

Bibbiani F, Oh JD, Kielaite A, Collins MA, Smith C, Chase TN. Combined blockade of
AMPA and NMDA glutamate receptors reduces levodopa-induced motor complications
in animal models of PD. Exp Neurol. 2005;196(2):422-429.
doi:10.1016/j.expneurol.2005.08.017

Pahwa R, Tanner CM, Hauser RA, et al. Amantadine extended release for levodopa-
induced dyskinesia in Parkinson’s disease (EASED Study). Mov Disord.
2015;30(6):788-795. doi:10.1002/mds.26159

Zgombick JM, Borden LA, Cochran TL, Kucharewicz SA, Weinshank RL, Branchek TA.
Dual coupling of cloned human 5-hydroxytryptamine(1Da) and 5-
hydroxytryptamine(1Df) receptors stably expressed in murine fibroblasts: Inhibition of
adenylate cyclase and elevation of intracellular calcium concentrations via pertussis
toxin-sensitive G protein(s). Mol Pharmacol. 1993;44(3).

Hoyer D, Schoeffter P. 5-HT1D receptor-mediated inhibition of forskolin-stimulated
adenylate cyclase activity in calf substantia nigra. Eur J Pharmacol. 1988;147(1):145-
147. doi:10.1016/0014-2999(88)90645-0

Doyle JP, Dougherty JD, Heiman M, et al. Application of a Translational Profiling
Approach for the Comparative Analysis of CNS Cell Types. Cell. 2008;135(4):749-762.
doi:10.1016/j.cell.2008.10.029

Dekundy A, Lundblad M, Danysz W, Cenci MA. Modulation of I-DOPA-induced
abnormal involuntary movements by clinically tested compounds: Further validation of
the rat dyskinesia model. Behav Brain Res. Published online 2007.
doi:10.1016/j.bbr.2007.01.013

Schallert T, De Ryck M, Whishaw 1Q, Ramirez VD, Teitelbaum P. Excessive bracing
reactions and their control by atropine and I-DOPA in an animal analog of parkinsonism.
Exp Neurol. Published online 1979. doi:10.1016/0014-4886(79)90003-7

Schallert T, Norton D, Jones TA. A Clinically Relevant Unilateral Rat Model of
Parkinsonian Akinesia. J Neural Transplant Plast. 1992;3(4):332-333.
doi:10.1155/NP.1992.332

Olsson M, Nikkhah G, Bentlage C, Bjarklund A. Forelimb Akinesia in the Rat Parkinson
Model: Differential Effects of Dopamine Agonists and Nigral Transplants as Assessed
by a New Stepping Test. Vol 15.; 1995.

Cenci MA, Lee CS, Bjorklund A. L-DOPA-induced dyskinesia in the rat is associated
with striatal overexpression of prodynorphin- and glutamic acid decarboxylase mRNA.
Eur J Neurosci. 1998;10(8). doi:10.1046/j.1460-9568.1998.00285.x

Iderberg H, Francardo V, Pioli EY. Animal models of I-DOPA-induced dyskinesia: An
update on the current options. Neuroscience. 2012;211(2012):13-27.
doi:10.1016/j.neuroscience.2012.03.023

Bezard E, Tronci E, Pioli EY, et al. Study of the antidyskinetic effect of eltoprazine in
animal models of levodopa-induced dyskinesia. Mov Disord. 2013;28(8):1088-1096.
doi:10.1002/mds.25366


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

59. Olanow CW, Damier P, Goetz CG, et al. Multicenter, Open-Label, Trial of Sarizotan in
Parkinson Disease Patients with Levodopa-Induced Dyskinesias (the SPLENDID
Study). Clin Neuropharmacol. Published online 2004. doi:10.1097/00002826-
200403000-00003

60. LanzaK, Bishop C. Serotonergic targets for the treatment of -DOPA-induced
dyskinesia. J Neural Transm. 2018;125(8):1203-1216. d0i:10.1007/s00702-017-1837-1

61. Lindenbach D, Palumbo N, Ostock CY, Vilceus N, Conti MM, Bishop C. Side effect
profile of 5-HT treatments for Parkinson’s disease and L-DOPA-induced dyskinesia in
rats. Br J Pharmacol. 2015;172(1):119-130. doi:10.1111/bph.12894

62. Ko WKD, Li Q, Cheng LY, Morelli M, Carta M, Bezard E. A preclinical study on the
combined effects of repeated eltoprazine and preladenant treatment for alleviating L-
DOPA-induced dyskinesia in Parkinson’s disease. Eur J Pharmacol. 2017;813:10-16.
doi:10.1016/j.ejphar.2017.07.030

63. Azkona G, Sagarduy A, Aristieta A, et al. Buspirone anti-dyskinetic effect is correlated
with temporal normalization of dysregulated striatal DRD1 signalling in I-DOPA-treated
rats. Neuropharmacology. 2014;79:726-737.
doi:10.1016/J.NEUROPHARM.2013.11.024

64. Bespalov A, Miller R, Relo AL, Hudzik T. Drug Tolerance: A Known Unknown in
Translational Neuroscience. Trends Pharmacol Sci. 2016;37(5):364-378.
doi:10.1016/}.tips.2016.01.008

65. Spinnewyn B, Charnet C, Cornet S, Roubert V, Chabrier PE, Auguet M. An improved
model to investigate the efficacy of antidyskinetic agents in hemiparkinsonian rats.
Fundam Clin Pharmacol. 2011;25(5):608-618. do0i:10.1111/j.1472-8206.2010.00883.x

66. Miquel MC, Doucet E, Riad M, Adrien J, Vergé D, Hamon M. Effect of the selective
lesion of serotoninergic neurons on the regional distribution of 5-HT1A receptor mRNA
in the rat brain. Mol Brain Res. 1992;14(4):357-362. do0i:10.1016/0169-328X(92)90104-
J

67. Day HEW, Greenwood BN, Hammack SE, et al. Differential expression of 5HT-1A, a1b
adrenergic, CRF-R1, and CRF-R2 receptor mRNA in serotonergic, y-aminobutyric
acidergic, and catecholaminergic cells of the rat dorsal raphe nucleus. J Comp Neurol.
2004;474(3):364-378. doi:10.1002/cne.20138

68. Zhuang X, Belluscio L, Hen R. GOLFa Mediates Dopamine D1 Receptor Signaling. J
Neurosci. 2000;20(16):RC91-RC91. doi:10.1523/INEUROSCI.20-16-J0001.2000

69. Stoof JC, Kebabian JW. Opposing roles for D-1 and D-2 dopamine receptors in efflux of
cyclic AMP from rat neostriatum. Nature. 1981;294(5839):366-368.
doi:10.1038/294366a0

70. Padovan-Neto FE, Patterson S, Nivea NM, et al. Selective Regulation of 5-HT1B
Serotonin Receptor Expression in the Striatum by Dopamine Depletion and Repeated
L-DOPA Treatment: Relationship to L-DOPA-Induced Dyskinesias. Mol Neurobiol.
2020;57(2):736-751. doi:10.1007/s12035-019-01739-x

71. Soderpalm B, Lundin B, Hjorth S. Sustained 5-hydroxytryptamine release-inhibitory and
anxiolytic-like action of the partial 5-HT1A receptor agonist, buspirone, after prolonged
chronic administration. Eur J Pharmacol. 1993;239(1-3):69-73. d0i:10.1016/0014-
2999(93)90977-P

72. Hijorth S, Magnusson T. The 5-HT1A receptor agonist, 8-OH-DPAT, preferentially
activates cell body 5-HT autoreceptors in rat brain in vivo. Naunyn Schmiedebergs Arch
Pharmacol. 1988;338(5):463-471. doi:10.1007/BF00179315

73. Chagraoui A, Boulain M, Juvin L, Anouar Y, Barriére G, De Deurwaerdere P. L-DOPA


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

in parkinson’s disease: Looking at the “false” neurotransmitters and their meaning. Int J
Mol Sci. 2020;21(1). doi:10.3390/ijms21010294

Middlemiss DN. The putative 5-HT1 receptor agonist, RU 24969, inhibits the efflux of 5-
hydroxytryptamine from rat frontal cortex slices by stimulation of the 5-HT autoreceptor.
J Pharm Pharmacol. 1985;37(6):434-437. doi:10.1111/j.2042-7158.1985.tb03032.x

Engel G, Gothert M, Hoyer D, Schlicker E, Hillenbrand K. Identity of inhibitory
presynaptic 5-hydroxytryptamine (5-HT) autoreceptors in the rat brain cortex with 5-
HT1B binding sites. Naunyn Schmiedebergs Arch Pharmacol. 1986;332(1):1-7.
doi:10.1007/BF00633189

Millan MJ, Marin P, Bockaert J, Mannoury la Cour C. Signaling at G-protein-coupled
serotonin receptors: recent advances and future research directions. Trends Pharmacol
Sci. 2008;29(9):454-464. doi:10.1016/j.tips.2008.06.007

Ryan MB, Bair-Marshall C, Nelson AB, Nelson Correspondence AB. Aberrant Striatal
Activity in Parkinsonism and Levodopa-Induced Dyskinesia. Cell Rep.
2018;23(12):3438-3446.e5. d0i:10.1016/j.celrep.2018.05.059

Goa K, Ward A. Buspirone. A preliminary review of its pharmacological properties and
therapeutic efficacy as an anxiolytic. Drugs. 1986;32(2):114-129.
doi:10.2165/00003495-198632020-00002

Manfredi R, Kales A, Vgontzas A, Bixler E, Isaac M, Falcone C. Buspirone: sedative or
stimulant effect? Am J Psychiatry. 1991;148(9):1213-1217.
doi:10.1176/AJP.148.9.1213

Dixon R, Hughes AM, Nairn K, Sellers M, Kemp J V, Yates RA. Effects of the
antimigraine compound zolmitriptan (‘'Zomig’) on psychomotor performance alone and
in combination with diazepam in healthy volunteers. Cephalalgia. 1999;18(7):468-475.
doi:10.1046/].1468-2982.1998.1807468.x

Siemiatkowski M, Sienkiewicz-Jarosz H, Czlonkowska A, Bidzinski A, Ptaznik A. Effects
of buspirone, diazepam, and zolpidem on open field behavior, and brain [3H]muscimol
binding after buspirone pretreatment. Pharmacol Biochem Behav. 2000;66(3):645-651.
doi:10.1016/S0091-3057(00)00200-8

Ahlskog JE, Muenter MD. Frequency of Levodopa-Related Dyskinesias and Motor
fluctuations.pdf. Mov Disord. 2001;16(3):448-458.

Lépez IC, Ruiz PJG, Del Pozo SVF, Bernardos VS. Motor complications in Parkinson’s
disease: Ten year follow-up study. Mov Disord. 2010;25(16):2735-2739.
doi:10.1002/mds.23219

Hauser RA, Rascol O, Korczyn AD, et al. Ten-year follow-up of Parkinson’s disease
patients randomized to initial therapy with ropinirole or levodopa. Mov Disord.
2007;22(16):2409-2417. doi:10.1002/mds.21743

Curtze C, Nutt JG, Carlson-Kuhta P, Mancini M, Horak FB. Levodopa Is a Double-
Edged Sword for Balance and Gait in People With Parkinson’s Disease. Mov Disord.
2015;30(10):1361-1370. doi:10.1002/mds.26269

Rascol O, Perez-Lloret S, Damier P, et al. Falls in ambulatory non-demented patients
with Parkinson’s disease. J Neural Transm. 2015;122(10):1447-1455.
doi:10.1007/s00702-015-1396-2

Khlebtovsky A, Righi A, Melamed E, et al. Patient and caregiver perceptions of the
social impact of advanced Parkinson’s disease and dyskinesias. J Neural Transm.
2012;119(11):1367-1371. doi:10.1007/s00702-012-0796-9

Oertel W, Eggert K, Pahwa R, et al. Randomized, placebo-controlled trial of ADS-5102
(amantadine) extended-release capsules for levodopa-induced dyskinesia in


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in

89.

perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Parkinson’s disease (EASE LID 3). Mov Disord. Published online 2017.
doi:10.1002/mds.27131

Goetz CG, Laska E, Hicking C, et al. Placebo Influences on Dyskinesia in Parkinson’s
Disease NIH Public Access Author Manuscript. Mov Disord. 2008;23(5):700-707.
doi:10.1002/mds.21897.Placebo


https://doi.org/10.1101/2021.08.31.458314
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.31.458314; this version posted September 1, 2021. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

Figures and legends
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Figure 1. Buspirone and zolmitriptan combined effectively reduce dyskinesia in a PD LID rat
model. Schematic representation of the unilateral 6-OHDA-lesioned rat PD model generation
(A) and validation (B). Time-course (C) and AUC (D) of total AIM scores following acute IP
injection of 1 mg/kg buspirone (1 mg/kg), zolmitriptan (10 mg/kg), buspirone and zolmitriptan
(2 mg/kg and 3 or 10 mg/kg, respectively) in 6-OHDA-lesioned PD LID model rats 30 minutes
before L-DOPA and benserazide (6 and 15 mg/kg, respectively, injected SC 20 minutes
before AIM score rating). Vehicle represents a group treated with L-DOPA and saline.
**p<0.01, one-way ANOVA followed by Dunnett’s post-hoc test. Data is presented as mean *
SEM, n=42 (B) and n=6 (C, D).
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Figure 2. Sub-chronic treatment with buspirone and zolmitriptan does not lead to tolerance
development. Schematic representation of the treatment regimen for sub-chronic
administration of L-DOPA and benserazide (6mg/kg and 15 mg/kg, respectively, SC, injected
20 minutes before AIM rating) = buspirone and zolmitriptan (0.5 mg/kg and 10 mg/kg,
respectively, IP, 30 minutes before AIM rating) in 6-OHDA-lesioned PD LID rats (A). Time-
course (B) and AUC (C) of total AIM scores following acute administration of the same doses
of L-DOPA and benserazide * buspirone and zolmitriptan in the sub-chronically treated rats.
*p<0.05, ***p<0.001, one-way ANOVA followed by Tukey’s post-hoc test. $p<0.05, **p<0.01;
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$%9p<0.001 vs. L(scL); #p<0.05, ##p<0.001 vs. L(scLBZ), two-way ANOVA followed by Tukey’s
post-hoc test. Data is presented as mean + SEM, n=10.
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Figure 3. Safety evaluation of the treatment with buspirone and zolmitriptan. The percentage
of adjusting steps of impaired forepaw to intact forepaw following acute treatment with L-
DOPA and benserazide (3 mg/kg and 15 mg/kg, respectively, SC, 60 minutes pre-test) or with
buspirone and zolmitriptan (0.5 mg/kg and 10 mg/kg, respectively, IP, 30 minutes pre-test) in
6-OHDA-leasioned PD LID rats showed that buspirone and zolmitriptan do not have negative
effects on Parkinson’s disease symptoms (A). Daily 3-week treatment with L-DOPA and
benserazide (3 mg/kg and 15 mg/kg, respectively, SC, 60 minutes pre-test) alone, in
combination with buspirone and zolmitriptan (0.5 mg/kg and 10 mg/kg, respectively, IP, 30
minutes pre-test) or with buspirone and zolmitriptan alone in in 6-OHDA-leasioned PD LID rats
showed that buspirone and zolmitriptan do not interfere with the anti-akinetic effects of L-
DOPA (B). The time spent on the rotarod (C) and total move distance in the open field test (D)
of naive rats treated with buspirone and zolmitriptan (1 mg/kg and 3 mg/kg, respectively, IP,
30-35 minutes pre-test) compared to rats treated with pentobarbital (15 mg/kg, IP, 30 minutes
pre-test) revealed that buspirone and zolmitriptan combined do not have sedative effects. V1
represents saline, V2 represents 10% Tween-80. ***p<0.001, one-way ANOVA followed by
Tukey’s post-hoc test. #p<0.05, #p<0.01, #*p<0.001 vs. Vehicle control, one-way ANOVA
followed by Dunnett’s post-hoc test. Data is presented as mean + SEM, n=9-12.
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Figure 4. Buspirone and zolmitriptan are significantly more efficacious in reducing AIM scores
than amantadine. Time-course (A) and AUC (B) following administration of amantadine (40 or
60 mg/kg, SC, 2h pre-test) and buspirone combined with zolmitriptan (0.5 or 1 mg/kg and 10
mg/kg, respectively, IP, 30 min pre-test) show that both dose combinations of buspirone and
zolmitriptan are significantly better at reducing AIM scores than amantadine and the effect is
dose-dependent. Vehicle represents 10% Tween-80. ***p<0.001, *p<0.05, one-way ANOVA
followed by Tukey’s post-hoc test. Data is presented as mean = SEM, n=8.
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