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Abstract: Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by motor symp-
toms that result from loss of nigrostriatal dopamine (DA) cells. While L-DOPA provides symptom
alleviation, its chronic use often results in the development of L-DOPA-induced dyskinesia (LID).
Evidence suggests that neuroplasticity within the serotonin (5-HT) system contributes to LID onset,
persistence, and severity. This has been supported by research showing 5-HT compounds targeting
5-HT1A/1B receptors and/or the 5-HT transporter (SERT) can reduce LID. Recently, vortioxetine, a
multimodal 5-HT compound developed for depression, demonstrated acute anti-dyskinetic effects.
However, the durability and underlying pharmacology of vortioxetine’s anti-dyskinetic actions have
yet to be delineated. To address these gaps, we used hemiparkinsonian rats in Experiment 1, examin-
ing the effects of sub-chronic vortioxetine on established LID and motor performance. In Experiment
2, we applied the 5-HT1A antagonist WAY-100635 or 5-HT1B antagonist SB-224289 in conjunction
with L-DOPA and vortioxetine to determine the contributions of each receptor to vortioxetine’s
effects. The results revealed that vortioxetine consistently and dose-dependently attenuated LID
while independently, 5-HT1A and 5-HT1B receptors each partially reversed vortioxetine’s effects.
Such findings further support the promise of pharmacological strategies, such as vortioxetine, and
indicate that broad 5-HT actions may provide durable responses without significant side effects.

Keywords: levodopa-induced dyskinesia; Parkinson’s disease; serotonin; dopamine; serotonin
transporter; 5-HT1A receptor; 5-HT1B receptor; vortioxetine; 6-hydroxydopamine

1. Introduction

Parkinson’s Disease (PD) is a debilitating neurodegenerative disease characterized
by bradykinesia, tremor, rigidity, and postural instability [1] resulting from progressive
dopamine (DA) cell loss in the substantia nigra [2,3]. As the second most prevalent neurode-
generative disorder, PD affects as many as 6 million individuals worldwide, an increase
that has doubled over the last 25 years [4]. Fortunately, DA replacement therapy with
DA precursor L-3,4-dihydroxyphenylalanine or levodopa (L-DOPA) effectively attenuates
motor symptoms in early-stage PD [5]. Regrettably, within 10 years of chronic treatment,
upwards of 90% of patients experience drug-related choreic and dystonic movements
termed L-DOPA-induced dyskinesia (LID; [6,7]). LID can have detrimental effects on
patient and caregiver quality of life while introducing additional economic stressors [8–10].
Given the dearth of effective treatments, unraveling the neurobiological basis of LID and
investigating novel approaches that reduce LID remain paramount.

Recent studies point to a compensatory role for the serotonin (5-HT) system in me-
diating L-DOPA-driven DA release in later stages of PD in states of severe nigrostriatal
depletion. Striatal 5-HT neuronal hyperinnervation has been demonstrated in L-DOPA-
treated PD patients [11,12] and has been replicated in DA-denervated non-human primates
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and rodents [13,14]. Clinical investigations have positively correlated SERT:DA transporter
(DAT) ratios with LID severity [15,16] and 5-HT neurons have been shown to mediate
L-DOPA conversion and DA release during later stages of PD [17,18]. However, the lack
of DA autoregulatory elements on 5-HT neurons can ultimately result in dysregulated
DA efflux [19–21]. In corroboration, partial 5-HT lesions of the raphe nuclei greatly lim-
ited L-DOPA-induced increases in striatal DA release and the development of LID in
hemi-parkinsonian rats [19,22,23].

Given the preclinical and clinical support implicating 5-HT neuroplasticity in LID,
regulatory strategies that act at 5-HT1A receptors (5-HT1AR), 5-HT1B receptors (5-HT1BR),
and the 5-HT transporter (SERT) have gained traction as therapeutic targets [24–26].
Intriguing retrospective clinical analyses have shown that the use of selective-serotonin-
reuptake inhibitors (SSRIs) delayed LID onset and severity, implicating SERT as a thera-
peutic target [27]. Though the mechanisms by which SSRIs reduce LID remain specula-
tive, there is evidence that SSRIs may normalize DA signaling in part by augmenting
endogenous 5-HT levels at 5-HT1AR and 5-HT1BR [28–30]. In fact, agonists acting at
5-HT1AR, 5-HT1BR, or both, have shown promise preclinically and clinically, of which an
extensive review has been done in our lab [25]. Unfortunately, many have been limited
by their effects on L-DOPA efficacy, problematic side effect profiles, and induction of
5-HT syndrome [31–34].

This has led to efforts to combine these known anti-dyskinetic 5-HT actions by using
multimodal 5-HT compounds, first developed for their anti-depressant actions. Recently,
we confirmed the potential of dual-action 5-HT1A/1BR agonists and SERT blockers vi-
lazodone (VZD) and vortioxetine (VTX) to dose-dependently attenuate LID [35]. The
durability of this multimodal mechanism of action was demonstrated following chronic
treatment with VZD, which sustained anti-dyskinetic efficacy while maintaining the motor
benefits of L-DOPA [35–37]. Therefore, to further support the promise of such broader act-
ing compounds, here, we used hemiparkinsonian rats to better characterize VTX. First, we
sought to determine whether sub-chronic VTX administration maintains anti-dyskinetic ef-
ficacy without affecting L-DOPA’s benefits. We then examined the contribution of 5-HT1AR
and 5-HT1BR to VTX’s anti-dyskinetic effects.

2. Materials and Methods
2.1. Animals

Adult male and female Sprague-Dawley rats were used for experimentation (N = 52;
Envigo, Indianapolis, IN, USA). Animals were housed in plastic cages (22 cm high, 45 cm
deep, and 23 cm wide) and had access to water and standardized lab chow ad libitum
(Rodent Diet 5001; Lab Diet, Brentwood, MO, USA). The colony was maintained on a
12/12 h light/dark cycle beginning at 07:00 h at a room temperature of 22–23 ◦C. Animals
were cared for in accordance with the Institutional Animal Care and Use Committee of
Binghamton University and the “Guide for the Care and Use of Laboratory Animals”
(Institute for Laboratory Animal Research, National Academic Press, Washington, DC,
USA, 2011).

2.2. Surgeries

All animals underwent unilateral DA lesions using an infusion of 6-hydroxydopamine
hydrobromide (6-OHDA; Sigma-Aldrich, St. Louis, MO, USA) into the left medial fore-
brain bundle (MFB) to produce a hemiparkinsonian phenotype. Following an injection of
buprenorphine hydrochloride, (0.03 mg/kg, i.p.; Hospira Inc., Lake Forest, IL, USA) rats
were anesthetized with inhalant isoflurane (2–3%; Sigma-Aldrich) in oxygen (2.5 L/min)
and placed in a stereotaxic apparatus (David Kopf Instruments, Tujunga, CA, USA). After
drilling a small hole in the skull, a 10 µL Hamilton syringe (Reno, NV) with a 26-gauge
needle was lowered to the following coordinates with the incisor bar positioned at 5 mm
below the interaural line: AP, −1.8 mm; ML, −2.0 mm; DV, −8.6 mm [38]. 6-OHDA was
prepared at 3 µg/µL, dissolved in 0.9% NaCl + 0.1% ascorbic acid, and injected at a rate of
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2 µL/min for a total volume of 4 µL. The needle was held at the target site for 5 min after
infusion to allow for diffusion of toxin. Rats were monitored for 3 weeks post-surgery to
ensure full recovery and lesion stabilization.

2.3. Pharmacological Treatments

For both experiments, sufficiently lesioned rats (n = 43) underwent 14 days of chronic
treatment with levodopa methyl-ester (L-DOPA; 6 mg/kg, s.c.; Sigma-Aldrich, St. Louis,
MO, USA) prepared in 0.9% NaCl + 0.1% ascorbic acid and co-administered with peripheral
decarboxylase inhibitor benserazide hydrochloride (15 mg/kg; Alfa Aesar, Ward Hill,
MA, USA), the combination hereafter referred to as L-DOPA, to elicit stable dyskinesia.
Following the confirmation of stable dyskinesia, rats who met inclusion criteria (n = 35) later
received acute or chronic injections of vortioxetine hydrobromide (VTX; Sigma-Aldrich)
at a dose of 0, 3, or 10 mg/kg (s.c.) in a vehicle comprised of 25% dimethyl sulfoxide
(DMSO; VWR International; Randor, PA, USA). Doses were chosen based on effective doses
revealed in prior investigation [35]. All drugs were administered at 1 mL/kg.

2.4. Behavioral Assays and Procedures
2.4.1. Forepaw Adjustment Stepping Test

The Forepaw Adjustment Stepping (FAS) test was employed to verify lesion efficacy
and examine treatment-related improvements or subsequent reversal [29,34]. For this test,
a trained experimenter holds each rat so that all but one forepaw are gently restrained. The
free forepaw is dragged laterally on a surface at a rate of 90 cm/10 s, and steps are counted
in the forehand and backhand directions for each paw in 3 separate trials. This test was
chosen as both an exclusionary measure as well as a measure of treatment effects, as rats
that perform poorly on this test typically show >80% striatal DA denervation [39].

2.4.2. Abnormal Involuntary Movements Test

The Abnormal Involuntary Movements (AIMs) test was used to monitor the devel-
opment of LID during chronic L-DOPA treatment and during pharmacological reversal
testing. After L-DOPA injection, rats were placed in clear 20 cm × 45 cm plexiglass cylin-
ders lined with bedding. A trained observer then measured the severity of LID according
to the AIMs scale by quantifying the expression of axial, limb, and orolingual dyskinetic
behaviors for 60 s every 10 min for 180 min beginning 10 min after L-DOPA injection [40].
“Axial” is defined as the uncontrolled torsion of the trunk contralateral to lesion. “Limb” is
characterized by choreic and dystonic jerky movements of the limb contralateral to lesion.
“Orolingual” is defined by rhythmic side-to-side jaw movements and tongue protrusions.
Behaviors were ranked on a scale from 0 to 4, where 0 indicates the behavior was absent, 1
indicates the behavior was present for <30 s, 2 indicates the behavior was present for >30 s
but <60 s, 3 indicates the behavior was present for the full 60 s, but could be interrupted by
an external stimulus (tap on cylinder), and 4 indicates that the behavior was present for the
full 60 s duration and could not be interrupted. Animals displaying ALO sums < 25 by day
14 of chronic L-DOPA treatment were excluded from further study, as an ALO score > 25
correlates with striatal DA loss exceeding 95% [41].

2.5. Neurochemical Analyses
2.5.1. Tissue Preparation

Following completion of all testing, rats were allowed a washout period of at least
48 h before rapid decapitation and brain tissue collection. Whole brains were flash-frozen
for 5–10 s in 2-methylbutane maintained at −80 ◦C (Sigma-Aldrich) before being stored at
−80 ◦C. All brains were cut coronally on a cryostat (Lecia Biosystems; Wetzlar, Germany),
and 2 mm diameter × 1 mm depth dorsal striatum tissue punches were collected +2.50 mm
from bregma [38]. Tissue punches were stored at −80 ◦C until later analysis by high
performance liquid chromatography (HPLC).
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2.5.2. HPLC Tissue Analysis

Lesions were confirmed in all rats post-mortem using reverse phase HPLC coupled
with electrochemical detection to evaluate striatal levels of 3,4-dihydroxyphenylacetic
acid (DOPAC), DA, 5-hydroxyindoleacetic acid (5-HIAA), and 5-HT. Tissue samples were
homogenized in ice-cold 0.1 M perchloric acid containing 10 mM EDTA and 1% ethanol
before being spun for 45 min at 14,000 rpm while being maintained at 4 ◦C. Supernatant
was separated and loaded into an AMUZA AS-700 autosampler (San Diego, CA, USA)
and continuously maintained at 4 ◦C. Mobile phase comprised of 0.1 M citrate-acetate
buffer, including 17% methanol, 190 mg/L sodium octansulfonate, and 5 mg/L EDTA-2Na,
adjusted to pH 3.5, was propelled by an EICOM HTEC-510 (AMUZA) at a flow rate of
500 µL/min. Samples were chromatographically separated by a reverse-phase separation
column (EICOMPAK SC-5ODS, 3.0 id × 100 mm; AMUZA) held at 25 ◦C, then samples were
passed through a graphite working electrode (WE-3G; AMUZA) at an applied potential
of +750 mV vs. Ag/AgCl with a time constant of 3.0 s. Neurotransmitters were oxidized
upon contact with the graphite electrode of the electrochemical detection cell, generating a
spike in measured current. This measure of electrical current over time was recorded and
later analyzed using Clarity software (version 8.7.; Data Apex; Tucson, AZ, USA). Each
neurotransmitter was detected as a peak; therefore, peak areas were converted to ng per
mg of tissue using a standard curve (1E-6 M to 1E-10 M).

2.6. Statistical Analysis

All AIMs data (expressed as median + median absolute deviation; M.A.D.) were
assessed using nonparametric statistics. Between-subjects designs were assessed using a
Kruskal–Wallis ANOVA followed by Dunn post hoc analyses to examine treatment effects.
Within-subjects designs were assessed using a Friedman’s ANOVA followed by a Wilcoxon
post hoc analyses of treatment effects. All FAS data (expressed as mean percent intact
+ standard error of the mean; S.E.M.) were assessed using repeated measures ANOVAs
followed by Fisher LSD post hoc analyses as appropriate. All HPLC monoamine data
collected from tissue were analyzed by t-tests.

2.7. Experimental Design
2.7.1. Experiment 1: Sub-Chronic Vortioxetine Intervention in Dyskinetic Rats

As detailed in Figure 1, male and female Sprague-Dawley rats (N = 26; 10F, 16M)
underwent unilateral 6-OHDA MFB lesion surgeries after 1 week of acclimation and 5 days
of handling. After surgery, rats were allowed 3 weeks for recovery before undergoing
baseline FAS testing and then 2 weeks of daily L-DOPA treatment. AIMs were assessed
on days 1, 7, and 14 to determine AIMs development (criterion for inclusion: ALO sum
> 25) and create equally dyskinetic groups. Following priming, rats began 2 weeks of
daily VTX (0, 3 or 10 mg/kg, s.c.) and L-DOPA (6 mg/kg) treatment in a between-subjects
design. VTX was administered 5 min prior to L-DOPA. Sixty min into the AIMs test on
days 15, 22, and 29, the FAS test was again employed to assess drug-induced changes in
motor performance. After a washout of at least 2–3 days, rats were euthanized via rapid
decapitation and brain tissue was collected for later HPLC analyses.
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Figure 1. Experimental Design 1: Chronic Vortioxetine Intervention in Dyskinetic Rats.

2.7.2. Experiment 3: Role of 5-HT1A and 5-HT1B Receptors in Vortioxetine’s
Behavioral Effects

As shown in Figure 2, to determine the contribution of 5-HT1R to VTX effects, 5-HT1A
or 5-HT1B antagonists were used. For this experiment, Sprague-Dawley rats (N = 9, 5F,
4M) were rendered hemiparkinsonian via 6-OHDA left MFB lesioning. Following post-
operative recovery, rats underwent baseline FAS testing to verify lesion severity, followed
by 2 weeks of daily L-DOPA (6 mg/kg). Rats were assessed for AIMs on days 1, 7, and 14 to
monitor LID progression. Thereafter, rats meeting criterion (ALO AIMs > 25) underwent a
within-subjects, counterbalanced treatment paradigm, where all rats received both L-DOPA
(6 mg/kg) and VTX (0, 3, and 10 mg/kg), as well as 5-HT1A antagonist WAY-100635 (0,
0.5 mg/kg) or 5-HT1B antagonist SB-224289 (0, 2.5 mg/kg) and AIMs and FAS assessments.
Within a week of final testing, rats were euthanized via rapid decapitation, and HPLC was
performed on striatal tissue.

Figure 2. Experimental Design 2: Role of 5-HT1A and 5-HT1B Receptors in Vortioxetine’s
Behavioral Effects.
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3. Results
3.1. Development of L-DOPA-Induced AIMs across Experiments

To monitor the development of LID, all rats received 2 weeks of daily treatment with
L-DOPA prior to sub-chronic VTX intervention in Experiment 1 (N = 26), or for 5-HT
pharmacological studies in Experiment 2 (N = 9). Of the rats that entered the treatment
phase, 35 of 43 met inclusion criterion (ALO Sum > 25 by day 14). In Experiment 1,
non-parametric Friedman’s ANOVAs demonstrated a significant effect of day (χ2(2)
= 39, p < 0.05). Post hoc analyses revealed that ALO AIMs were elevated within a
week of starting treatment compared to Day 1 and were maintained when tested a
week later (both p < 0.05). When analyzing the effects of daily L-DOPA on ALO AIMs
in Experiment 2, the same pattern of effects was observed (χ2(2) = 17.543, p < 0.05),
supporting prior work that within 1 week of daily treatment, AIMs stabilize at this dose
of L-DOPA [35,36,42].

3.2. Experiment 1: Sub-Chronic Vortioxetine Intervention in Dyskinetic Rats

With the purpose of understanding the anti-dyskinetic benefits of sub-chronic
VTX intervention over time, analyses revealed significant treatment effects on each
day (χ2(3) = 21.582, p < 0.05). As shown in Figure 3, post hoc analyses demonstrated
differences between VEH-VEH and all other treatments on Day 15 and Day 29 (all
p < 0.05; Figure 3A). On Day 22, there was a significant difference in ALO median
sums between vehicle treatment (VEH-VEH) versus all treatments except 10 mg/kg
of VTX with L-DOPA (p < 0.05; Figure 3A). Moreover, pretreatment of 3 vs. 10 mg/kg
VTX produced statistically unique effects on all 3 treatment days as well. For example,
the high dose of VTX reduced AIMs severity in comparison to L-DOPA treatment on
all treatment days (p < 0.05; Figure 3A), whereas the low dose of VTX was without
significant effects on day 15. Figure 3B displays the within session time-course effects
of sub-chronic VTX on ALO AIMs on Day 29. Kruskal–Wallis analyses revealed that
the 10 mg/kg dose suppressed dyskinesia from timepoint 30–150 min while 3 mg/kg
reduced it from timepoint 50–110 min (all p < 0.05).

Analyses of the effects of VTX intervention on L-DOPA improvement of stepping
over time (Figure 4A) revealed a significant main effect of treatment (F(1,4) = 5.10, p <
0.05) but no interaction between day and treatment. Post hoc analyses of the main effect
revealed significant increases in stepping between VEH-VEH vs. VEH-LD, VTX(3)-LD,
and VTX(10-LD across days (p < 0.05). In Figure 4B, a comparison of baseline stepping vs.
that on day 29 revealed a main effect of day (F(1) = 149.282, p < 0.05). Selected pairwise
comparisons across time demonstrated that any pretreatment paired with L-DOPA on day
29 increased stepping versus baseline (all p < 0.05) while significant stepping improvements
due to treatment were observed in VEH-LD and VTX(3)-LD in comparison to VEH-VEH
(p < 0.05).
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Figure 3. Experiment 1: Sub-Chronic Vortioxetine Intervention in Dyskinetic Rats. Rats (N = 26) were
treated with vortioxetine (VTX; 3, 10 mg/kg, s.c.) or vehicle (VEH) 5 min prior to administration
of L-DOPA (LD; 6 mg/kg, s.c.) or VEH for 14 consecutive days following a 2 week daily L-DOPA
only regimen in a between-subjects design (n = 6 VEH-VEH, n = 6 VEH-LD; n = 7 VTX(3)-LD; n = 7
VTX(10)-LD). Axial, limb, and orolingual (ALO) abnormal involuntary movements were observed
over a 3 h time course every 10 min following the L-DOPA injection. To determine effects over
the 2-week testing period, (A) weekly ALO AIMs sums are shown and were expressed as median
and mean absolute deviation (M.A.D.). To examine the time-course of effects on the final day of
testing (B), individual timepoints are shown for each group’s ALO AIMs. Significant differences
in ALO AIMs between treatments on each day (A) and across time course (B) were determined
using non-parametric Kruskal–Wallis ANOVAs with Mann–Whitney U’s post hoc tests. * p < 0.05
VEH-VEH vs. VEH-LD; + p < 0.05 VEH-VEH vs. VTX(3)-LD; # p < 0.05 VEH-VEH vs. VTX(10)-LD;
ˆ p < 0.05 VEH-LD vs. VTX(3); @ p < 0.05 VEH-LD vs. VTX(10)-LD.

Figure 4. Experiment 1: Effects of Chronic Vortioxetine Intervention on Forehand Motor Performance.
Rats (N = 26) were treated with vortioxetine (VTX; 3, 10 mg/kg, s.c.) or vehicle (VEH) 5 min prior
to administration of L-DOPA (LD; 6 mg/kg, s.c.) or VEH (n = 6 VEH-VEH; n = 6 VEH-LD; n = 7
VTX(3)-LD; n = 7 VTX(10)-LD). At 60 min into each abnormal involuntary movements (AIMs) session,
the forepaw adjusting steps (FAS) test was employed to evaluate motor performance. Forehand
motor performance was expressed as forehand percent intact values ([number of lesioned forepaw
steps/number of non-lesioned forepaw steps] × 100). FAS data is shown as mean percent intact
and standard error mean (S.E.M.). Analysis of FAS measures across the 2 week period (A) were
determined using 3 × 4 mixed-model ANOVAs. ˆ p < 0.05 VEH-LD and VTX(3)-LD vs. VEH-VEH.
Final day 29 testing (B) were determined using 2 × 4 mixed-model ANOVAs. * p < 0.05 VEH-VEH vs.
VEH-LD; # p < 0.05 VEH-VEH vs. VTX(3)-LD; @ p < 0.05 Any treatment vs. Baseline.
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3.3. Experiment 2: Role of 5-HT1A and 5-HT1B Receptors in Vortioxetine’s Behavioral Effects

To determine the contribution of 5-HT receptor subtypes on VTX’s behavioral effects,
the selective 5-HT1AR and 5-HT1BR antagonists WAY-100635 (WAY) and SB-224289 (SB)
were used. Friedman’s ANOVA analyses demonstrated main effects of treatment for
each (WAY χ2(4) = 34.083, p < 0.05; SB χ2(4) = 32.163, p < 0.05). Post hoc analyses across
treatments demonstrated that as in the other experiments both doses of VTX reduced ALO
AIMs in a dose-dependent manner (all p < 0.05; Figure 5A,B). Moreover, blocking 5-HT1AR
or 5-HT1BR reversed the effects of the lower dose of VTX (both p < 0.05; Figure 5A,B).
Interestingly, in neither WAY nor SB alone were able to fully reverse the effects of higher
dose VTX, the combinations of which remained lower than L-DOPA alone (both p < 0.05).

Figure 5. Experiment 2: Role of 5-HT1A and 5-HT1B Receptors in Vortioxetine’s Behavioral Effects. In
a within-subjects counterbalanced design, rats (N = 9, 4M, 5F) underwent 14 days of chronic L-DOPA
(6 mg/kg, s.c.) priming to establish profound dyskinesia. Following priming, rats were treated with
the 5-HT1A antagonist WAY-100635 (WAY) or WAY vehicle (WAY VEH), or the 5-HT1B antagonist
SB-224289 (SB; 2.5 mg/kg; s.c.) or SB vehicle (SB VEH; s.c.), 5 min prior to the administration
of vortioxetine (VTX; 3, 10 mg/kg, s.c.) or VTX vehicle (VEH). Rats were then administered L-
DOPA (6 mg/kg, s.c.) 5 min after VTX/VTX VEH treatment and were subjected to 180 min AIMs
sessions and FAS. (A,B) AIMs axial, limb, and orolingual behaviors (ALO) were observed over
a 3 h time course every 10 min following the L-DOPA injection with the administration of WAY
(A) or SB (B). Significant differences in ALO SUMs between treatments were determined using
non-parametric Kruskal–Wallis ANOVAs with Mann-Whitney U’s post hoc tests. * p < 0.05 Any
treatment vs. LDVEHVEH.

3.4. High Performance Liquid Chromatography

In order to assess relative DA, 5-HT and respective metabolite concentrations within
striatal tissue, HPLC was used. Following paired-samples t-tests, HPLC results indicated
significant reductions in concentrations of DOPAC (t(34) = 12.43, p < 0.05), DA (t(34) = 9.09,
p < 0.05), DA turnover (DOPAC/DA; t(34) = 1.975, p < 0.05), 5-HIAA (t(34) = 10.76, p < 0.05),
5-HT (t(34) = 2.45, p < 0.05), and 5-HT turnover (5-HIAA/5-HT; t(34) = 9.74, p < 0.05) within
lesioned striata when compared to intact striata (Table 1), indicating sufficient lesioning
across all animals in both experiments 1 and 2.
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Table 1. High Performance Liquid Chromatography.

Side DOPAC (ng/mg) DA (ng/mg) DOPAC/DA 5-HIAA
(ng/mg) 5-HT (ng/mg) 5-HIAA/5-HT

Intact (right) 2.06 ± 0.15 9.74 ± 1.07 0.28 ± 0.03 0.69 ± 0.06 0.11 ± 0.01 7.49 ± 0.69
Lesion (left) 0.12 ± 0.01 * 0.09 ± 0.01 * 2.31 ± 0.27 * 0.05 ± 0.01 * 0.08 ± 0.01 * 1.02 ± 0.23 *

Effects of 6-hydroxydopamine lesion on concentrations of monoamine and metabolite levels and turnover ratios
in intact and lesioned striata. 3-4-dihydroxyphenylacetic acid (DOPAC); dopamine (DA); 5-hydroxyindoleacetic
acid (5-HIAA); serotonin (5-HT). Units are nanogram of monoamine or metabolite per milligram of tissue or
ratios of metabolite to monoamine (mean ± S.E.M.) with percentage of vehicle group in parentheses. Differences
between group means were determined with paired t-tests. * p < 0.05 compared with intact (right) striata.

4. Discussion

Across many studies and laboratories, researchers have consistently found that neuro-
plasticity within the 5-HT system of the parkinsonian brain provides potential targets for
preventing and managing LID [25,43]. While several candidates have been proposed and
tested, many mitigate LID at the expense of L-DOPA’s efficacy or produce intrinsic side
effects limiting clinical translation [31,32,34,44].

In recent years, in attempts to overcome prior limitations, several novel strategies
have been pursued, including biased and selective 5-HT1AR agonists [45,46], combination
strategies [42,47], and multimodal 5-HT approaches [35,36,48]. With several studies now
supporting a combined SERT blockade and 5-HT1R agonism as a promising profile, we
sought to characterize the durability and pharmacology of the FDA-approved multimodal
5-HT antidepressant VTX in the hemiparkinsonian rodent.

In Experiment 1, the effects of chronic VTX intervention on LID and motor performance
were examined. We found AIMs severity was reduced in a dose-dependent manner
(Figure 3). Within a week of treatment, both low and high doses of VTX reduced AIMs
by >75%, and this effect stabilized into day 29 (Figure 3A). On the final day of treatment,
10mg/kg of VTX showed the greatest reduction of LID expression, although both doses of
VTX resulted in lower ALO sums than the VTX vehicle. Given the burgeoning efficacy of
the 3 mg/kg dose, perhaps even lower doses, over time, may be effective. Regarding motor
performance, there were no observed interactions between treatment and day on motor
performance over the 2 weeks (Figure 4). FAS data revealed improved stepping compared
to baseline for both VTX doses paired with L-DOPA, indicating a reversal and maintenance
in lesion-induced motor deficits (Figure 4). The reduction in AIMs and improvement
in stepping compared to baseline at both doses of VTX has been observed with acute
administration in our lab [35]. On day 29, there was a significant difference in stepping
between VEH-VEH compared to VEH-LD and the low dose of VTX, with the higher dose
being intermediate (Figure 4), suggesting possible suppression of L-DOPA efficacy at higher
doses of VTX. This would need to be taken into consideration, as patients often prefer
greater mobility associated with LID as opposed to immobility without LID [49].

VTX’s pharmacological profile implicates clear actions at 5-HT1R [50–52]. Thus,
to investigate the receptor contributions of VTX in alleviating LID, experiment 2 em-
ployed 5-HT1AR (WAY-100635) and 5-HT1BR (SB-224289) antagonists. Following either
5-HT1AR or 5-HT1BR blockade, the effects of VTX were partially reversed relative to
dose (Figure 5A,B). Collectively, these findings corroborate prior work supporting 5-
HT1AR and 5-HT1BR individually or together as a therapeutic agent for the treatment
of LID [25,30,53–55]. Interestingly, neither alone were sufficient to fully reverse VTX
effects, suggesting activity at both receptor subtypes may be needed to produce maximal
effects or other VTX mechanisms also contribute.

Indeed, as a multimodal drug, VTX also targets 5-HT1D, 5-HT3, and 5-HT7 receptors,
as well as SERT [56,57], though these actions are species-specific. The affinity for 5-HT1A
and 5-HT7 are higher in humans versus rats [51], with a notable preferential affinity for
5-HT1AR in humans (Ki = 15 nM) compared to rats (Ki = 230 nM). Conversely VTX also
acts as a partial agonist at the 5-HT1BR to a greater extent in rats (Ki = 16 nM) than in
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humans (Ki = 33 nM) while it is potently antagonistic at 5-HT3 for both rats (Ki = 1.1 nM)
and humans (Ki = 3.7 nM; [50]). VTX has also been shown to display moderate antagonism
at 5-HT7 in humans (Ki = 19 nM) and to a much lesser extent in rats (Ki = 200 nM; [50,58]).
VTX binds to SERT with a potent affinity in humans (Ki = 1.6 nM) and to a lesser extent in
rats (Ki = 8.6 nM; [50]).

Not all of VTX’s targets have been investigated for actions against LID, but there are
hints of the involvement of some. For example, the 5-HT3 receptor antagonist ondansetron
displayed anti-dyskinetic effects in hemiparkinsonian rats [59,60]. Given prior work that
SERT blockade reduces LID [28,29,33], an additional intriguing feature of VTX is that its
antagonism of 5-HT7 receptors may potentiate the effects of SERT inhibition [57,61].

Finally, there is increasing evidence that VTX’s broad actions can modulate known
LID mechanisms both pre- and post-synaptically. Pre-synaptically, 5-HT1R agonists likely
reduce LID in part by the presynaptic inhibition and attenuation of DA release from sero-
tonergic neurons [17,24,62]. There is also evidence that coincident activation of 5-HT1A
heteroreceptors on cortico-striatal projection neurons reduce striatal glutamate release,
contributing to decreased transmission and increased anti-dyskinetic effects [63,64]. Inter-
estingly, the combination of 5-HT1R compounds 8-OH-DPAT and CP-94253 with targeted
actions at both 5-HT1AR and 5-HT1BR, respectively, significantly reduced LID at sub-
threshold doses [19,30,65]. Post-synaptically, 5-HT1R agonists reduce known immediate
early genes and pro-dyskinetic transcripts in direct pathway D1 receptor expressing striatal
neurons [30,36,37,53,66]. Thus, VTX’s multimodal actions at both 5-HT1AR and 5-HT1BR
may account for its promising anti-dyskinetic effects seen even at the low dose (3mg/kg),
in part through articulation across LID neurocircuitry.

In conclusion, VTX durably and dose-dependently reduced dyskinesia following
L-DOPA administration without reducing L-DOPA’s motor efficacy. Additionally, VTX’s
anti-dyskinetic effects were carried in part by its actions at both 5-HT1AR and 5-HT1BR.
Ultimately, these findings both emphasize and elucidate potential mechanisms underlying
VTX’s promising utility as an anti-dyskinetic agent in the treatment of LID and support its
development as a safe and readily repositionable clinical pharmacotherapy.
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