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BACKGROUND AND PURPOSE

Treatment of Parkinson’s disease (PD) with L-DOPA eventually causes abnormal involuntary movements known as dyskinesias
in most patients. Dyskinesia can be reduced using compounds that act as direct or indirect agonists of the 5-HT4 receptor,
but these drugs have been reported to worsen PD features and are known to produce ‘5-HT syndrome’, symptoms of which
include tremor, myoclonus, rigidity and hyper-reflexia.

EXPERIMENTAL APPROACH

Sprague-Dawley rats were given unilateral nigrostriatal dopamine lesions with 6-hydroxydopamine. Each of the following
three purportedly anti-dyskinetic 5-HT compounds were administered 15 min before L-DOPA: the full 5-HT;4 agonist
*+-8-hydroxy-2-dipropylaminotetralin (£8-OH-DPAT), the partial 5-HT;4 agonist buspirone or the 5-HT transporter inhibitor
citalopram. After these injections, animals were monitored for dyskinesia, 5-HT syndrome, motor activity and PD akinesia.

KEY RESULTS

Each 5-HT drug dose-dependently reduced dyskinesia by relatively equal amounts (+8-OH-DPAT > citalopram > buspirone),
but 5-HT syndrome was higher with +8-OH-DPAT, lower with buspirone and not present with citalopram. Importantly, with or
without L-DOPA, all three compounds provided an additional improvement of PD akinesia. All drugs tempered the locomotor
response to L-DOPA suggesting dyskinesia reduction, but vertical rearing was reduced with 5-HT drugs, potentially reflecting
features of 5-HT syndrome.

CONCLUSIONS AND IMPLICATIONS

The results suggest that compounds that indirectly facilitate 5-HT1a receptor activation, such as citalopram, may be more
effective therapeutics than direct 5-HT;a receptor agonists because they exhibit similar anti-dyskinesia efficacy, while
possessing a reduced side effect profile.

Abbreviations

5-HIAA, 5-hydroxyindolacetic acid; 6-OHDA, 6-hydroxydopamine; AIMs, abnormal involuntary movements; DOPAC,
3,4-dihydroxyphenylacetic acid; FAS, forepaw adjusting steps; LID, L-DOPA-induced dyskinesia; MAD, median absolute
deviation; PD, Parkinson’s disease; SSRI, selective 5-HT re-uptake inhibitor
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Tables of Links

5-HT,a receptor

5-HT transporter
D, receptor
D; receptor

8-OH-DPAT Buspirone
Benserazide Citalopram
6-Hydroxydopamine Desipramine
Buprenorphine L-DOPA

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Motor disability in Parkinson’s disease (PD) is primarily a
result of nigrostriatal dopaminergic cell loss, which leads to
resting tremor, rigidity, akinesia and postural instability
(Jankovic, 2008). At first, PD features are optimally amelio-
rated by L-DOPA, but long-term use results in the develop-
ment of debilitating involuntary movements, known as
L-DOPA-induced dyskinesia (LID), in ~90% of PD patients
(Ahlskog and Muenter, 2001). The cause of LID involves both
dys-regulated dopamine release at striatal synapses and
hyperphysiological dopamine receptor signal transduction
within striatal output neurons (Jenner, 2008; Carta and
Bezard, 2011).

Recent evidence suggests that, in the PD brain, a large
portion of L-DOPA-derived dopamine is released by S-HT
neurons (Eskow et al., 2009; Huot et al., 2011a; Nevalainen
et al., 2011). Lacking D, autoreceptors, 5-HT neurons do not
have the ability to regulate their own dopamine release,
leading to large swings in synaptic dopamine (de la
Fuente-Fernandez et al., 2004; Carta et al., 2007). In order to
blunt excessive dopamine signalling in the basal ganglia,
there has been interest in supplementing L-DOPA therapy
with 5-HT,, agonists, which may reduce dyskinesia by acti-
vation of 5-HT,, autoreceptors (Kannari et al., 2001; Bezard
et al., 2013) and 5-HT,, heteroreceptors (Munoz et al., 2009;
Dupre et al., 2011; 2013; Huot et al., 2011b).

While animal models consistently demonstrate that
partial and full 5-HT;, agonists reduce LID, the attenuation of
LID may coincide with an increase in PD symptoms (Bibbiani
et al., 2001; ITravani et al., 2006; Eskow et al., 2007; Gregoire
etal., 2009). In humans, the full 5-HT;, agonist sarizotan
failed in double-blind clinical trials due to lack of anti-
dyskinetic efficacy (Goetz et al., 2007) while the partial 5-HT;,
agonist buspirone has been shown to reduce dyskinesia in
several smaller-scale trials (n = 5-24; Kleedorfer et al., 1991;
Bonifati et al., 1994; Politis et al., 2014). Alternative therapeu-
tic strategies for reducing LID by targeting the 5-HT system
have been explored. For example, selective 5-HT re-uptake
inhibitors (SSRIs) exhibit anti-LID efficacy at least partially
through indirect facilitation of 5-HT;, receptor activation
(Bishop et al., 2012; Inden et al., 2012; Conti et al., 2014).

Although often overlooked and not well-studied in
animal models, a potentially fatal side effect of many drugs
with 5-HT agonist activity is ‘5-HT syndrome’, characterized
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by tremor, myoclonus, rigidity, punding and hyperreflexia
(Jacobs, 1976; Boyer and Shannon, 2005). Many features
of 5-HT syndrome, such as tremor and rigidity, are also
symptoms of PD, leading to diagnostic confusion (Ener
etal.,, 2003). Thus, in PD patients, 5-HT syndrome from
5-HT;, agonists may often be misdiagnosed as a worsening of
PD.

In rats, 5-HT syndrome results from excessive simulation
of post-synaptic 5-HT;, receptors in the spinal cord and
caudal brain stem (Jacobs and Klemfuss, 1975; Wieland et al.,
1989; Lucki, 1992), but in humans, 5-HT syndrome also
involves overactivation of S5-HT,y receptors (Boyer and
Shannon, 2005; Haberzettl et al., 2013). Direct 5-HT;s ago-
nists robustly produce 5-HT syndrome although high doses of
drugs that enhance 5-HT transmission can also produce the
syndrome (Smith and Peroutka, 1986; Ener etal., 2003;
Haberzettl ef al., 2013). Indeed, one of the largest risk factors
for manifesting 5-HT syndrome is ingesting multiple drugs
that affect the 5-HT system in different ways (Bodner et al.,
1995; Boyer and Shannon, 2005). Strikingly, combining
L-DOPA with other commonly prescribed PD medications
that affect the 5-HT system (such as MAO inhibitors or the D,
receptor agonist bromocriptine) can produce 5-HT syndrome
in humans and animals (Jacobs, 1974; Deakin and
Dashwood, 1981; Sandyk, 1986; Heinonen and Myllyla,
1998). Thus, PD patients are at high-risk for manifesting 5-HT
syndrome.

We sought to determine if there is a therapeutic dose
window for certain 5-HT compounds where LID suppression
is achieved without provoking 5-HT syndrome. Additionally,
for the first time, we investigated the effects of 5-HT syn-
drome on motor performance and L-DOPA efficacy, compar-
ing how these effects differ in a parkinsonian versus healthy
motor system. The results show that all three 5-HT com-
pounds tested exhibited similar anti-LID efficacy, but motor
side effects, including 5-HT syndrome, were more prevalent
with 5-HT;, agonists than with a SSRI, suggesting that a SSRI
may be a superior anti-LID agent.

Methods

Animals
Adult male Sprague-Dawley rats were used (n = 22; Harlan,
Indianapolis, IN, USA). Rats were pair-housed in plastic cages
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and given free access to water and standard laboratory rat
food. The colony room was maintained at 22-23°Con a 12 h
light/dark cycle (lights on 07:00 h). The experiments were
approved by the Institutional Animal Care and Use Commit-
tee of Binghamton University and throughout the study, the
animals were cared for in full accordance with the guidelines
of this committee and that of the National Institutes of
Health ‘Guide for the Care and Use of Laboratory Animals’.
All studies involving animals are reported in accordance with
the ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010).

Surgery

Rats were given a unilateral dopamine lesion to the left
medial forebrain bundle. Prior to surgery, rats were given
injections of desipramine (25 mg-kg™') to protect noradrena-
line (NA) neurons and buprenorphine (0.03 mg-kg™") as a
pre-emptive analgesia. Animals were then anaesthetized with
~2% isoflurane (Baxter Healthcare, Deerfield, IL, USA) mixed
with oxygen (1 L-min™"); depth of anaesthesia was assessed by
loss of consciousness and a lack of response to simple nocic-
eptive stimuli. A 26-gauge needle was lowered into the target
site: posterior 1.8 mm, lateral 2.0 mm and ventral —8.6 mm
from bregma (Paxinos and Watson, 1998). Subsequently,
6-OHDA (12 ng in 4 pL) was injected at a constant flow rate
for 2 min and timed to begin 30 min after desipramine injec-
tion. The needle was withdrawn 5 min later.

5-HT syndrome scale
We codified the signs of rat 5-HT syndrome using criteria
from a review by Haberzettl ef al. (2013). Rats were observed
in clear, plastic cylinders and rated by a trained observer
(295% agreement between experimenters). Rats were rated for
the presence of (i) lower lip retraction; (ii) flat body posture;
(iii) forepaw treading; (iv) resting tremor; (v) straub tail; (vi)
hindlimb abduction; and (vii) lateral head-weaving. The scale
rated each subtype as O (not present) or 1 (present).

We attempted to measure the severity of each subtype (as
in Smith and Peroutka, 1986 or Wieland et al., 1989), but did
not observe noticeable severity differences for all subtypes.
Given this, subtypes were scored dichotomously, so that each
subtype exerted proportional effects on the total severity
score.

Abnormal involuntary movements

(AIMs) scale

The AIMs test is a measure of dyskinesia. Rats were monitored
for AIMs using a procedure modified from Cenci and
Lundblad (2007) and described in detail in Lindenbach et al.
(2011). Rats were observed in clear plastic cylinders and were
rated by a trained observer (=95% agreement between experi-
menters). During each rating period, individual dyskinesia
severity scores ranging from O (not present) to 4 (severe and
not interruptible) were given for axial, limb and orolingual
dyskinesias. The three AIM subtypes were summed to create a
single AIMs score for data analysis.

Forepaw adjusting steps (FAS) test
The FAS test is a measure of akinesia, a cardinal symptom of
PD and rats with >80% dopamine depletion perform poorly
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on the test (Chang et al., 1999). L-DOPA reduces this deficit so
the test can be used to determine if an adjunct is interfering
with L-DOPA efficacy (Eskow et al., 2007). To perform the test,
an experimenter held the rat’s hindlimbs and one forelimb
such that the free forelimb was forced to bear the rat’s body
weight. For each trial, rats were moved laterally for 90 cm
over 10s, and the number of laterally adjusting steps was
counted by a trained observer (295% agreement among
experimenters). Each session consisted of three trials in each
direction for a total of six trials with each limb. Higher
stepping numbers are considered to indicate greater motor
performance.

Motion chamber measurements

Motion chambers allow assessment of drug-induced changes
in spontaneous motor activity. Locomotor activity was
assessed by infrared photocell arrays in six identical acrylic
chambers measuring 41 x 41 x 30.5 cm (Accuscan Instru-
ments, Columbus, OH, USA). The software analysed patterns
of photo beam breaks to measure horizontal and vertical
movements (Hillegaart et al., 1989; Lindenbach et al., 2011).

General procedure

Figure 1 contains a flow diagram of the procedure used in the
present study. Three weeks after surgery, all rats were injected
with L-DOPA (12 mg-kg™) daily for 7 days in order to ‘prime’
them for maximal behavioural response to future L-DOPA
injections (Cenci and Lundblad, 2007; Bhide et al., 2013).
Two days later, they were given the test dose of L-DOPA
(6 mg-kg™") and monitored for dyskinesia using the AIMs
scale; only rats displaying >25 AIMs were included in the
study (22 of 24 rats). Rats were run in two cohorts with the
order of experiments counterbalanced between cohorts,
although experiment 2A was only run with the second cohort
(after completing all other experiments). In all cases, behav-
ioural testers were blind to treatment. In between performing
experiments 1, 2A, 2B and 3, rats were given two injections of
L-DOPA (6 mg-kg™) to maintain maximal L-DOPA sensitivity.
Rats participated in experiments 2-3 days per week on non-
consecutive days.

Experiment 1: effects of 5-HT 14 receptor
activation on 5-HT syndrome and LID

Using a counterbalanced, within-subjects design, rats
were injected with the full 5-HT;, agonist +-8-hydroxy-2-
dipropylaminotetralin (£8-OH-DPAT; 0.3 and 1 mg-kg™), the
partial 5-HT;, agonist buspirone (1 and 3 mg-kg™"'), the SSRI
citalopram (2 and 5 mg-kg') or their common vehicle. Rats
were monitored for 5-HT syndrome for 1 min every 10 min
for the next 180 min. Thus, the maximal 5-HT syndrome
severity score was seven for each time point (collapsed across
subtype), 18 for each subtype (collapsed across time) and 126
for each session (collapsed across subtype and time). At
15 min post-injection, they were administered L-DOPA
(6 mg-kg™") and monitored for dyskinesia using the AIMs
scale for 1 min every 10 min for the next 180 min. Thus, rats
were monitored for 5-HT syndrome and AIMs during the
same session, with alternating measurements from each scale
taken 5 min apart from each other.
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Figure 1

Flow diagram illustrating the experimental procedure. The experiment lasted 4-5 months and was run in two cohorts of 12 rats each, with the
cohorts beginning the experiment ~1 month apart. After the 6-OHDA lesion and L-DOPA priming, 22 rats expressed sufficient AIMs to be included
in the main experimental phase. In order to minimize tolerance to 5-HT treatments while maintaining sensitivity to L-DOPA, experiments were
separated from each other by 1 week, during which time rats only received L-DOPA. After completion of all experiments, rats were rapidly

decapitated and striata were microdissected for monoamine analysis.

Experiment 2A: effects of 5-HT1a

receptor activation on motor performance

OFF L-DOPA

Using a counterbalanced, within-subjected design, rats were
injected with £8-OH-DPAT (1 mg-kg'), buspirone (3 mg-kg™),
citalopram (5 mg-kg™') or vehicle. Fifteen minutes later, they
were injected with L-DOPA’s vehicle. Motor performance was
assessed using the FAS test at 45 and 135 min after 5-HT drug
injection.

Experiment 2B: effects of 5-HT4 activation
on motor performance ON L-DOPA

Using a counterbalanced, within-subjected design, rats were
injected with +8-OH-DPAT (1 mg-kg '), buspirone (3 mg-kg™),
citalopram (5 mg-kg™') or vehicle. Fifteen minutes later, they
were injected with L-DOPA (6 mg-kg™'). Motor performance
was assessed using the FAS test at 45 and 135 min after 5-HT
drug injection.

Experiment 3: effects of 5-HT 14 activation on
motor activity ON and OFF L-DOPA

Rats were habituated to the motion chambers for 180 min on
4 days within 1 week. Using a counterbalanced, within-
subjected design, rats were injected with +8-OH-DPAT
(1 mg-kg™), buspirone (3 mg-kg'), citalopram (5 mg-kg™") or
vehicle. Fifteen minutes later, they were injected with
L-DOPA (0 and 6 mg-kg™). Rats were placed in the motion
chambers immediately after the second injection and spon-
taneous horizontal and vertical activity was monitored
continuously for 180 min.

Monoamine tissue analysis
Following completion of all experiments, rats were left
untreated for at least 2 days. Subsequently, rats were
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rapidly decapitated, both striata were microdissected and
the tissue was analysed via HPLC with electrochemical
detection. We analysed striatal tissue concentrations of dopa-
mine, the dopamine metabolite 3,4-dihydroxyphenylacetic
acid (DOPAC), NA, 5-HT and the 5-HT metabolite
5-hydroxyindolacetic acid (5-HIAA). The protocol was based
on Kilpatrick etal. (1986) and described in detail in
Lindenbach et al. (2011). Samples were homogenized in per-
chloric acid and standards were run across a range of 10 to
107 M. Values were adjusted to wet tissue weights.

Statistical analysis

Statistical analysis was performed using Statistical Package for
the Social Sciences (SPSS v20 (IBM, Chicago, IL, USA) with o
set at 0.05. As the AIMs and 5-HT syndrome scales use ordinal
intervals, we present the data as medians with median abso-
lute deviation (MAD) as our variance estimate. These data
were analysed with the non-parametric Friedman test and
Wilcoxon sign-rank contrasts. All other data were analysed
using ANOvAs and f-test contrasts. When using anovas, if
Mauchley’s test of sphericity showed significant heterosche-
dasticity (P < 0.05), we used Huyhn-Feldt degrees of freedom
corrections. For all planned contrasts (parametric and non-
parametric), oo was adjusted for multiple comparisons using
the Dunn-Sidak method.

Drugs

Desipramine hydrochloride (Sigma-Aldrich, St. Louis, MO,
USA) was dissolved in dH,O. Buprenorphine hydrochloride
(Hospira, Lake Forest, IL, USA) was dissolved in saline (0.9%
NaCl). L-DOPA methyl ester hydrochloride (Sigma-Aldrich)
and 6-hydroxydopamine hydrobromide (6-OHDA; Sigma-
Aldrich) were dissolved in saline with 0.1% ascorbic acid. The



peripheral decarboxylase inhibitor benserazide hydrochloride
(Sigma-Aldrich) was co-administered in the same vehicle as
L-DOPA at a dosage of 15 mg-kg™'. Buspirone hydrochloride
(Sigma-Aldrich), £8-OH-DPAT hydrobromide (Sigma-Aldrich)
and citalopram hydrobromide (LKT Laboratories, St. Paul,
MN, USA) were dissolved in 20% DMSO and 80% dH,O.
Systemic administrations were performed s.c. except for
desipramine and buprenorphine, which were given i.p.

Results

Monoamine tissue analysis

Table 1 shows the mean striatal monoamine content for all
rats in this study. Raw monoamine values were considered to
be outliers and removed from subsequent analyses if they
differed from the group mean by more than three SDs. Com-
paring the lesioned striata to the non-lesioned side, tissue
dopamine content was reduced by 98% (t;o=16.77, P < 0.001)
and DOPAC content was reduced by 97% (t, = 7.74, P <
0.001). Despite administration of desipramine prior to
6-OHDA, there was a 62% depletion of striatal NA relative to
the intact hemisphere (t;5 = 2.42, P = 0.026). Also on the
lesioned side, 5-HT was reduced by 12% (t, = 3.51, P = 0.002)
while 5-HIAA was increased by 21% (f;; = 2.31, P = 0.031).

Experiment 1: effects of 5-HT 14 activation on
5-HT syndrome and LID

Table 2 shows the median frequency of each sign of 5-HT
syndrome after each drug. The full 5-HT;s agonist +8-OH-
DPAT elicited all seven subtypes during testing although
lateral head-weaving and hindlimb abduction were rare. Bus-
pirone caused lower lip retraction, flat body posture, forepaw
treading, resting tremor, straub tail and hindlimb abduction,
but lateral head-weaving was never observed. When given
citalopram, S5-HT syndrome behaviours were rare, but
included flat body posture, straub tail and resting tremor;
these behaviours occurred in 1 of 20 rats given 2 mg-kg™' and
in 2 of 20 rats given 5 mg-kg' with a maximal individual
5-HT syndrome score of 3. No 5-HT syndrome was observed
in any animals after an injection of vehicle + L-DOPA.

An omnibus Friedman test indicated significant 5-HT
syndrome induction with certain treatments (x> = 116.40,
P < 0.001). Using the Wilcoxon sign-rank test, £+8-OH-DPAT
and buspirone dose-dependently increased 5-HT syndrome
(all Z>=3.25, P<0.001) while citalopram did not induce 5-HT
syndrome at either dose. At the low dose we tested, 5-HT

Table 1
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syndrome was greater after +8-OH-DPAT 0.3 mg-kg' than
after buspirone 1 mg-kg! (Z=3.93, P<0.001). Likewise, 5-HT
syndrome was more severe with +8-OH-DPAT 1 mg-kg™' than
with buspirone 3 mg-kg' (Z = 3.89, P < 0.001).

All three 5-HT drugs dose-dependently reduced AIMs
scores compared with L-DOPA alone (Table 2; all P < 0.001).
Comparing among drugs at the low dose, AIMs reduction was
equivalent except that +8-OH-DPAT 0.3 mg-kg' reduced
AIMs more than buspirone 1 mg-kg™" (Z = 3.03, P = 0.002).
Examining the high dose, + 8-OH-DPAT 1 mg-kg™' showed
greater AIMs suppression than both buspirone 3 mg-kg™!
(Z =299, P=0.003) and citalopram 5 mg-kg' (Z = 3.13,
P =0.002).

In order to assess the degree to which 5-HT syndrome and
LID suppression temporally coincide, we examined the time
course of each behaviour. For rats given the 0.3 mg-kg™' dose
of +8-OH-DPAT, S5-HT syndrome lasted for 140 min
(Figure 2A) and dyskinesia suppression lasted until 145 min
(Figure 2D; all P < 0.001). With 1 mg-kg™" +8-OH-DPAT, 5-HT
syndrome lasted the entire 180 min rating period (Figure 2A),
while dyskinesia suppression lasted only until 155 min
(Figure 2D; all P < 0.001). Buspirone 1 mg-kg™" caused 5-HT
syndrome for 70 min (Figure 2B), while reducing AIMs until
85 min (Figure 2E; all P < 0.001). The 3 mg-kg™' dose of bus-
pirone caused 5-HT syndrome for 130 min (Figure 2B) while
suppressing AIMs until 145 min (Figure 2E; all P < 0.001). As
noted, citalopram did not induce significant 5-HT syndrome
compared with vehicle (Figure 2C), but 2 mg-kg"' reduced
AIMs until 115 min while 5 mg-kg™ reduced AIMs until
155 min (Figure 2F; all P < 0.001).

Experiment 2A: effects of 5-HT14 activation
on motor performance OFF L-DOPA

The FAS test was used to determine how 5-HT drugs (and
associated 5-HT syndrome) affect baseline motor perfor-
mance in the intact and dopamine-lesioned forelimb. Data
were analysed using a three-way repeated-measures ANOVA: 2
(Lesion) x 4 (Treatment) x 2 (Time). A main effect of lesion
indicated decreased stepping with the lesioned-side forelimb
(Fi1 = 1063.69, P < 0.001, n,? = 0.990). 5-HT treatment also
impacted stepping (Fs3; = 83.75, P < 0.001, n,*> = 0.884).
Importantly for our planned comparisons, the Lesion x
Treatment x Time interaction was significant (Fs3; = 10.09,
P <0.001, n,? = 0.479).

Therefore, we first examined stepping with the intact
forelimb to determine if the 5-HT drugs impacted non-
parkinsonian motor performance (Figure 3A). +8-OH-DPAT
1 mg-kg" increased intact-side stepping at both 45 min

Mean striatal monoamine content of dopamine, DOPAC, NA, 5-HT and 5-HIAA

Dopamine (pg-mg™")

DOPAC (pg-mg™")

6748 = 399 3206 + 401
117*+16 84*+7

Intact striatum

Lesioned striatum

NA (pg'mg”')  5-HT (pg-mg™)  5-HIAA (pg-mg™)
181 +48 511+26 816 + 64
69* + 21 404* + 22 916* + 71

Results are presented as mean + SEM. Striatal tissue (n = 22) was homogenized and monoamine concentrations were determined by HPLC
with values expressed as pg of monoamine mg™' of tissue. *P < 0.05 versus intact striatum.

British Journal of Pharmacology (2015) 172 119-130 123
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*P < 0.001 versus vehicle.

(ti1 = 6.34, P < 0.001) and 135 min post-injection (t;; = 6.78,
P < 0.001). Buspirone 3 mg-kg™" did not change intact-limb
performance at 45 min (t;; = 1.30, P = 0.220), but it decreased
the number of steps taken at 135 min (t;; = 5.81, P < 0.001).
Citalopram 5 mg-kg did not significantly affect intact-side
stepping at either time point. With the lesioned forelimb
(Figure 3B), +8-OH-DPAT 1 mgkg' increased stepping
at 45 min (t,; = 12.63, P < 0.001) and 135 min (t;;, = 7.74,
P < 0.001). At 45 min post-injection, lesioned-side stepping
was improved by buspirone 3 mg-kg™ (t;; = 7.58, P < 0.001)
and citalopram 5 mg-kg™' (t;; =4.43, P=0.001), but the effects
were not statistically significant at 135 min.

Experiment 2B: effects of 5-HT 14 activation
on motor performance ON L-DOPA

We next examined how motor performance was impacted by
an interaction between the 5-HT drugs and L-DOPA, using a
three-way repeated-measures ANOvA: 2 (Lesion) x 5 (Treat-
ment) x 2 (Time). Lesion reduced the number of steps taken
(Fi21=194.44, P < 0.001 n,? = 0.903) while treatment dynami-
cally altered stepping (Fso,61.0 = 73.95, P < 0.001 n,? = 0.779).
There was a significant interaction of Lesion x Treatment x
Time (Fyss = 11.45, P < 0.001, n,% = 0.353).

When using the intact forelimb (Figure 4A), L-DOPA did
not significantly affect stepping at either time point. L-DOPA
combined with £8-OH-DPAT 1 mg-kg™' increased stepping
relative to L-DOPA alone at 45 min (t;; = 5.07, P < 0.001) and
135 min post-injection (t;; = 8.94, P < 0.001). By contrast,
buspirone 3 mg-kg' combined with L-DOPA decreased step-
ping relative to L-DOPA alone at 45 min (f,; = 4.99, P <0.001)
and 135 min (t; = 4.52, P < 0.001). Compared with L-DOPA
alone, citalopram 5 mg-kg™! did not significantly alter intact-
side stepping.

Analysing the lesioned forelimb (Figure 4B), L-DOPA did
not significantly increase stepping at the 45 min time point
(30 min post L-DOPA; t,; = 1.02, P = 0.319), but there was a
significant improvement at the 135 min time point (120 min
post L-DOPA; t;; = 3.62, P = 0.002). Compared with L-DOPA
alone, adding +8-OH-DPAT 1 mg-kg' augmented stepping
at 45 min (& = 13.71, P < 0.001) and 135 min (& = 5.83,
P < 0.001). The combination of buspirone 3 mg-kg™ and
L-DOPA increased stepping relative to L-DOPA monotherapy
at 45 min (t;; = 6.94, P < 0.001). Relative to L-DOPA alone,
adding citalopram 5 mg-kg' improved stepping at 45 min
(t21 = 2.98, P=0.007), but this was not considered statistically
significant given our Dunn-Sidak o adjustment.

Experiment 3: effects of 5-HT 14 activation on
motor activity ON and OFF L-DOPA

We finally examined the effects of 5-HT compounds and
L-DOPA on horizontal and vertical movements in an open
chamber using a two-way repeated-measures ANOVA: 2
(L-DOPA treatment) x 4 (5-HT treatment). L-DOPA treatment
increased horizontal activity relative to vehicle (F,; = 55.33,
P < 0.001, n,*> = 0.725). 5-HT treatment also impacted
horizontal activity (F»347; = 27.36, P < 0.001, n,* = 0.566)
and there was an interaction between the two factors
(Fis3s7 = 23.29, P < 0.001, n,*> = 0.526). Compared with
vehicle, horizontal activity increased after monotherapy with
either L-DOPA (f,; = 6.75, P <0.001) or £8-OH-DPAT 1 mg-kg™!
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Figure 2

Temporal relationship between the induction of 5-HT syndrome and the suppression of LID. Before the injection of L-DOPA, rats (n = 20) were
pretreated with (A) +8-OH-DPAT (0.3 and 1 mg-kg™), (B) buspirone (1 and 3 mg-kg™), (C) citalopram (2 and 5 mg-kg™) or their vehicle and rated
for 5-HT syndrome for 1 min every 10 min for the next 180 min. For each panel, symbols depict the median 5-HT syndrome severity score
(= MAD) at each time point. Inset graphs show the total 5-HT syndrome score for each rat with each treatment with a horizontal line marking
the median score. (D-F) Fifteen minutes after pretreatment, all rats were injected with L-DOPA (6 mg-kg™") and rated for LID for 1 min every
10 min for the next 180 min. Inset graphs denote total AIMs score for each rat with each treatment with a horizontal line marking the median
score. *P < 0.001 + 8-OH-DPAT 0.3 mg-kg™" versus 0 mg-kg™'; AP < 0.001 + 8-OH-DPAT 1 mg-kg™' versus 0 mg-kg™'; @P < 0.001 buspirone
1 mg-kg™ vs. 0 mg-kg™'; #P < 0.001 buspirone 3 mg-kg™' versus 0 mg-kg™"; +P < 0.001 citalopram 2 mg-kg™' versus 0 mg-kg™'; 9P < 0.001
citalopram 5 mg-kg™' versus 0 mg-kg™".

(ty = 3.15, P = 0.005). Relative to L-DOPA alone, decreased buspirone 3 mg-kg! (& = 5.99, P < 0.001) and citalopram
horizontal activity was seen with the addition of +8-OH- Smgkg' (tzi = 3.96, P < 0.001). Likewise, compared with
DPAT 1 mg-kg™" (1 = 4.99, P < 0.001), buspirone 3 mg-kg™' L-DOPA alone, there was a reduction in vertical activity after
(tn = 5.86, P < 0.001) or citalopram 5 mg-kg™' (f; = 6.76, the addition of +8-OH-DPAT 1 mg-kg™! (t» = 6.77, P < 0.001),
P < 0.001). Compared with each 5-HT drug alone, the addi- buspirone 3 mg-kg' (t;; = 5.57, P < 0.001) or citalopram
tion of L-DOPA increased horizontal activity for buspirone S mg-kg' (t,1 =4.57, P<0.001). Relative to monotherapy with
3 mg-kg? (tzi = 6.63, P < 0.001), but the increase was not a 5-HT drug, the addition of L-DOPA increased vertical activ-
significant for +8-OH-DPAT 1 mg-kg™ (t»1 = 0.74, P = 0.467) or ity with buspirone (t;; = 4.64, P < 0.001), but this increase was
citalopram 5 mg-kg™ (t,; = 2.55, P = 0.019) given the multiple not significant with +8-OH-DPAT (f,; = 0.48, P = 0.637) or
comparisons corrections. citalopram (t;; = 2.49, P = 0.021).

We also examined vertical activity using the same two-
way repeated-measures ANOVA. We observed main effects of

L-DOPA treatment (Fy = 23.20, P < 0.001, n,? = 0.525) and Discussion and conclusions

5-HT drug (Fi433.=49.70, P < 0.001, n,? = 0.703) as well as an

interaction (Fi¢336 = 10.79, P = 0.001, n,? = 0.339). L-DOPA The present research compared the efficacy and side-effect
alone increased vertical activity relative to vehicle (t,; = 4.08, profiles of 5-HT compounds known to reduce LID at least
P =0.001). Compared with vehicle, reduced vertical activity partially through 5-HT,, receptor activation. At the doses we
was seen with £8-OH-DPAT 1 mg-kg™' (1 = 6.32, P < 0.001), tested, the 5-HT treatments provided relatively similar anti-
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Figure 3

Motor performance on the FAS test after monotherapy with +8-OH-
DPAT (1 mg-kg™), buspirone (3 mg-kg™), citalopram (5 mg-kg™") or
their vehicle. Fifteen minutes after this injection, they were treated
with vehicle. Rats (n = 12) were tested at 45 and 135 min after 5-HT
drug injection. (A) Total number of steps with the ‘intact side’ fore-
limb. (B) Total number of steps with the ‘lesioned side’ forelimb. *P
< 0.01 versus vehicle.

LID efficacy (although +8-OH-DPAT > citalopram > bus-
pirone), but 5-HT syndrome was most severe with the full
5-HT,s agonist £8-OH-DPAT, milder with the partial 5-HT;a
agonist buspirone and generally absent with the SSRI citalo-
pram. Each 5-HT drug provided an improvement of akinesia
on the FAS test, but also reduced spontaneous rearing behav-
iours in the motion chambers.

Relationship between 5-HT syndrome

and LID

This is the first study to systematically examine 5-HT syn-
drome in an animal model of PD or LID. A key goal of the
present study was to examine the temporal relationship
between the expression of 5-HT syndrome and LID. In line
with previous research, the full 5-HT;, agonist +8-OH-DPAT
potently attenuated LID (Bibbiani et al., 2001; Iravani et al.,
2006), but 5-HT syndrome lasted as long or longer than LID
suppression at each dose tested (cf. Figure 2A and D). The
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Figure 4

Motor performance on the FAS test after co-treatment with 5-HT
compounds and L-DOPA. Rats (n = 22) were injected with £8-OH-
DPAT (1 mg-kg™), buspirone (3 mg-kg™), citalopram (5 mg-kg™) or
their vehicle. Fifteen minutes later, they were given L-DOPA
(6 mg-kg™) or vehicle. The FAS test was performed at 45 and
135 min after the first injection. (A) Total number of steps with the
‘intact side’ forelimb. (B) Total number of steps with the ‘lesioned
side’ forelimb. *P < 0.01 versus vehicle; AP < 0.01 versus L-DOPA.

partial 5-HT,;, agonist buspirone also significantly reduced
LID and induced 5-HT syndrome although the magnitude
was reduced (cf. Figure 2B and E). The present results thus
suggest that direct 5-HT;, agonist compounds are less favour-
able as viable L-DOPA adjuncts as they reduce dyskinesia at
the cost of provoking 5-HT syndrome. Interestingly, human
studies showing LID reductions with buspirone do not
mention 5-HT syndrome by name (Kleedorfer et al., 1991;
Bonifati et al., 1994) although some of the clinical descrip-
tions of buspirone’s side effects are commensurate with 5-HT
syndrome (Politis efal.,, 2014). Given this discrepancy
between the human and rat literature, it is possible that
buspirone has a lower 5-HT syndrome liability in humans
than it does in rats.

In contrast to the 5-HT,, agonists tested, the SSRI citalo-
pram reduced LID by amounts comparable with +8-OH-DPAT
and buspirone without provoking 5-HT syndrome. While
citalopram clearly exhibits some anti-LID efficacy through
activation of 5-HT;, receptors as its efficacy can be partially
blocked by the 5-HT;, antagonist WAY100635 (Inden et al.,
2012; Conti et al., 2014), citalopram may modify L-DOPA’s
actions through additional mechanisms. For example, by



enhancing endogenous 5-HT, citalopram may also stimulate
5-HT;5 receptors known to reduce L-DOPA- and D, receptor-
stimulated dyskinesia (Munoz et al., 2008; 2009; Jaunarajs
et al., 2009; Bezard et al., 2013). A second possibility is that
citalopram has a lower 5-HT syndrome liability since SSRIs
increase 5-HT tone overall while maintaining endogenous
control of 5-HT;, activation.

The interaction of L-DOPA with 5-HT drugs should be
explored in future studies. As L-DOPA potentiates 5-HT syn-
drome induced by an MAO-I (Deakin and Dashwood, 1981;
Heinonen and Myllyla, 1998), L-DOPA may also increase
5-HT syndrome caused by an SSRI or a 5-HT;, agonist. Addi-
tionally, co-expression of 5-HT syndrome and LID may inter-
fere with an experimenter’s ability to code each set of
behaviours independently. While this possibility is difficult to
test empirically, in the present study, the pattern of severity
for 5-HT syndrome (+8-OH-DPAT > buspirone > citalopram)
did not follow the same pattern as for LID suppression (+8-
OH-DPAT 2 citalopram 2> buspirone) indicating that the two
measurements exhibit some degree of independence.

Effect of 5-HT syndrome on motor
performance and spontaneous motor activity
Experimental evidence from animal models has suggested
that stimulation of 5-HT receptors may provide anti-
parkinsonian benefit (Bishop et al., 2004; Mignon and Wolf,
2007; Dupre etal., 2008; Li etal., 2013); however, these
studies have rarely considered concurrent side effects. In this
study, when injected alone, high doses of £8-OH-DPAT, bus-
pirone and citalopram all increased stepping with the
lesioned forelimb during the FAS test (Figure 3). This is con-
gruous with previous research suggesting that 5-HT,, activa-
tion counters akinesia or catalepsy brought about by
dopamine deprivation (Prinssen etal., 1999; Loane and
Politis, 2012). Although 5-HT syndrome was present during
the FAS test (cf. Figures 2A and 3A) it is not clear whether
such increases reflected a side effect of 5-HT}4 receptor stimu-
lation or general motor activating properties (Figure 5A). In
fact, stimulation of striatal 5-HT;, receptors may modify glu-
tamate signalling, providing anti-PD benefit orthogonal to
the effects of L-DOPA.

While most studies find that there is a therapeutic
window for 5-HT;, agonists to relieve LID without worsening
PD features, no therapeutic range was found by Iravani et al.
(2006), who reported that +8-OH-DPAT increased PD motor
disability on its own or when combined with L-DOPA. While
Iravani et al. used the more potent + enantiomer (rather than
the racemic mixture used in the present study), our findings
are similar in that we report that £8-OH-DPAT caused postural
disturbances (i.e. flat body posture: Table 2) altered patterns
of spontaneous movement and suppressed some of the pro-
motor effects of L-DOPA (Figure 5). Given the behavioural
similarities between PD and 5-HT syndrome (Ener ef al., 2003;
Jankovic, 2008), it is possible that with many rating scales,
5-HT syndrome symptoms could be codified as PD symptoms.

Despite increased lesioned-side stepping, buspirone
decreased intact-side stepping at the 135 min time point
(Figures 1B and 2). This apparent motor suppression may be
due to the fact that buspirone is a full antagonist at D, D3 and
D, receptors (k; in the nanomolar range) and that several of
buspirone’s metabolites also possess high affinity for the D3
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Figure 5

Activity in locomotor chambers after a combination of 5-HT com-
pounds and L-DOPA. Rats (n = 22) were injected with £8-OH-DPAT
(1 mg-kg™), buspirone (3 mg-kg™), citalopram (5 mg-kg™) or their
vehicle. Fifteen minutes later, they received L-DOPA (6 mg-kg™") or
vehicle and were immediately placed in the chambers where their
behaviour was recorded continuously for 180 min. (A) Number of
infrared beam breaks along the horizontal plane. (B) Number of
beam breaks along the vertical plane. *P < 0.01 versus vehicle OFF
L-DOPA; AP < 0.01 versus vehicle ON L-DOPA; #P < 0.01 versus
buspirone 3 mg-kg™' OFF L-DOPA.

and D, receptors (Bergman et al., 2013). This profile of dopa-
mine receptor antagonism may have reduced stepping at later
time points when the ratio of buspirone to its metabolites was
decreased.

While the 5-HT compounds appeared to enhance fore-
limb motor performance, effects on spontaneous motor activ-
ity were mixed. Horizontal activity was increased after
+8-OH-DPAT administration while vertical activity was
reduced by all three drugs (£8-OH-DPAT > buspirone > citalo-
pram; Figure 5). This is in accord with previous work in
Sprague-Dawley rats showing that +8-OH-DPAT increased
ambulation at doses between 0.06 and 2.0 mg-kg'
(Tricklebank et al., 1984), but it contrasts with work in Wistar
rats showing horizontal and vertical activity reductions at
doses of 0.05-1.6 mg-kg™" (Hillegaart et al., 1989). Features of
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5-HT syndrome behaviours may have accounted for our
observed effects. Increased horizontal activity by +8-OH-
DPAT corresponded with the time course of reciprocal
forepaw treading and muscular spasticity. Decreased vertical
activity with £8-OH-DPAT and buspirone likely reflected flat
body posture, but may also have indicated a reduction in
exploratory rearing due to increased PD symptoms.

Interaction of L-DOPA and 5-HT syndrome
with motor performance and motor activity
When combined with L-DOPA, each compound provided
additional reductions of PD akinesia. While previous research
has established that 5-HT,4 agonists and SSRIs do not impair
L-DOPA efficacy at peak L-DOPA plasma levels (~45-60 min
post-injection: Dekundy et al., 2007; Eskow et al., 2007; Conti
et al., 2014), for the first time, we investigated if these 5-HT
drugs affected motor performance while L-DOPA efficacy was
waxing or waning (30 and 120 min post L-DOPA). While
L-DOPA alone did not improve stepping 30 min after injec-
tion, the addition of £8-OH-DPAT, buspirone or citalopram
increased stepping compared with vehicle (Figure 4B). At the
later time point when L-DOPA was effective at augmenting
stepping (120 min post L-DOPA and 135 min post 5-HT
drug), +8-OH-DPAT potentiated this increase (Figure 4B). On
the intact side, compared with L-DOPA alone, +8-OH-DPAT
increased stepping while buspirone decreased stepping
(Figure 4A). With the arguable exception of buspirone, this
strongly suggests that 5-HT syndrome in the hemiparkinso-
nian rat does not interfere with the aspects of motor perfor-
mance we have measured in the present study. At the same
time, since each 5-HT drug increased stepping as mono-
therapy and as co-therapy with L-DOPA (Figures 3B and 4B),
our data suggest that modifications to motor performance
brought about by combining 5-HT;, agonists or SSRIs with
L-DOPA may be additive rather than synergistic.

Spontaneous motor activity in the horizontal and vertical
planes was increased several fold by L-DOPA and was tem-
pered by co-administration of each S5-HT compound
(Figure 5). As others have noted, interpretation of motion
chambers data is difficult when animals are given a dyskine-
siogenic agent such as L-DOPA as the movements recorded
reflect a combination of voluntary and involuntary move-
ments (Bezard et al., 2013). Compared with L-DOPA alone,
the addition of each 5-HT drug decreased both horizontal and
vertical activity. These decreases likely reflect LID suppression
rather than L-DOPA efficacy suppression as rats were pre-
exposed to the chambers and testing was performed during
their daylight (inactive) period, both of which are factors that
minimize exploratory behaviour.

Clinical implications

When administering 5-HT compounds to PD patients,
PD-related side effects are often considered as several studies
have suggested that 5-HT;, agonists increase PD disability
and/or attenuate L-DOPA-mediated reductions in PD symp-
toms (Iravani etal., 2006; Dekundy etal., 2007; Gregoire
etal., 2009). The present research suggests that 5-HT syn-
drome should be considered as a more common side effect. In
our study, high doses of the 5-HT,, agonists buspirone and
+8-OH-DPAT reduced LID by 80% and there was no evidence
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for increased PD akinesia (although spontaneous activity was
altered). However, one side effect did coincide with LID sup-
pression even with the low doses of 5-HT;, agonists: 5-HT
syndrome. While there are few clinical reports of 5-HT syn-
drome in the PD literature, the symptoms are almost cer-
tainly underreported: for example, 85% of English doctors
who prescribed nefazodone — a drug known to produce 5-HT
syndrome — were unaware that 5-HT syndrome existed as a
diagnosis (Mackay et al., 1999).

The results of the present research raise several key clinical
questions that future studies should address. It is unclear if
L-DOPA potentiates 5-HT syndrome induction by a 5-HTi,
agonist or SSRI, similar to what is seen when L-DOPA is
co-administered with a MAO inhibitor or bromocriptine
(Jacobs, 1974; Deakin and Dashwood, 1981; Sandyk, 1986).
Also, given the fact that L-DOPA exposure has plastic effects
on the 5-HT system (e.g. Rylander et al., 2010), it is possible
that chronic L-DOPA treatment alters PD patients’ suscepti-
bility to 5-HT syndrome.

In our study, the fact that citalopram suppressed LID
without producing 5-HT syndrome liability indicates its
potential clinical utility. However, an important caveat is that
our measurements of 5-HT syndrome are putatively 5-HT;,
receptor-mediated symptoms (Lucki, 1992; Haberzettl et al.,
2013). The clinical manifestation of 5-HT syndrome includes
hyperthermia and cognitive symptoms mediated by 5-HT
receptors (Boyer and Shannon, 2005). Thus, an SSRI like
citalopram may produce 5-HT,;-mediated features of 5-HT
syndrome that were not assessed in the present experiment.

In PD patients, targeting 5-HT function remains strategi-
cally justified as the 5-HT system is involved in the patho-
physiology and treatment of PD (Carta et al.,, 2007; Huot
etal., 2011b; Loane et al., 2013). Our research suggests that
future clinical trials using 5-HT pharmacotherapies in the
treatment of motor and non-motor PD symptoms should
additionally incorporate 5-HT syndrome as an outcome
measurement.

Acknowledgements

The authors wish to thank Dr Nirmal Bhide, Nadine Brown
and Samantha Meadows for assistance with surgeries and
behavioural testing. This research was supported by the
Center for Development and Behavioral Neuroscience at
Binghamton University and the National Institutes of Health
grant RO1-NS059600 (CB).

Author contributions
D. L. and C. B. designed the experiments. D. L., N. P, C. Y. O.,
N. V. and M. M. C. performed the experiments. D. L. and C.

B. analysed the data. D. L. and C. B. wrote the paper. C. B.
provided funding.

Conflict of interest

None.




References

Ahlskog JE, Muenter MD (2001). Frequency of levodopa-related
dyskinesias and motor fluctuations as estimated from the
cumulative literature. Mov Disord 16: 448-458.

Alexander SPH, Benson HE, Faccenda E, Pawson AJ, Sharman JL,
Spedding M et al. (2013). The Concise Guide to PHARMACOLOGY
2013/14: G protein-coupled receptors. Br ] Pharmacol 170:
1459-1581.

Bergman J, Roof RA, Furman CA, Conroy JL, Mello NK, Sibley DR
et al. (2013). Modification of cocaine self-administration by
buspirone (buspar(R) ): potential involvement of D3 and D4
dopamine receptors. Int ] Neuropsychopharmacol 16: 445-458.

Bezard E, Tronci E, Pioli EY, Li Q, Porras G, Bjorklund A et al.
(2013). Study of the antidyskinetic effect of eltoprazine in animal
models of levodopa-induced dyskinesia. Mov Disord 28: 1088-1096.

Bhide N, Lindenbach D, Surrena MA, Goldenberg AA, Bishop C,
Berger SP et al. (2013). The effects of BMY-14802 against L-DOPA-
and dopamine agonist-induced dyskinesia in the hemiparkinsonian
rat. Psychopharmacology (Berl) 227: 533-544.

Bibbiani F, Oh JD, Chase TN (2001). Serotonin 5-HT1A agonist
improves motor complications in rodent and primate parkinsonian
models. Neurology 57: 1829-1834.

Bishop C, Tessmer JL, Ullrich T, Rice KC, Walker PD (2004).
Serotonin 5-HT2A receptors underlie increased motor behaviors
induced in dopamine-depleted rats by intrastriatal 5-HT2A/2C
agonism. ] Pharmacol Exp Ther 310: 687-694.

Bishop C, George JA, Buchta W, Goldenberg AA, Mohamed M,
Dickinson SO et al. (2012). Serotonin transporter inhibition
attenuates 1-DOPA-induced dyskinesia without compromising
I-DOPA efficacy in hemi-parkinsonian rats. Eur ] Neurosci 36:
2839-2848.

Bodner RA, Lynch T, Lewis L, Kahn D (1995). Serotonin syndrome.
Neurology 45: 219-223.

Bonifati V, Fabrizio E, Cipriani R, Vanacore N, Meco G (1994).
Buspirone in levodopa-induced dyskinesias. Clin Neuropharmacol
17: 73-82.

Boyer EW, Shannon M (2005). The serotonin syndrome. N Engl |
Med 352: 1112-1120.

Carta M, Bezard E (2011). Contribution of pre-synaptic mechanisms
to 1-DOPA-induced dyskinesia. Neuroscience 198: 245-251.

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

Cenci MA, Lundblad M (2007). Ratings of L-DOPA-induced
dyskinesia in the unilateral 6-OHDA lesion model of Parkinson'’s
disease in rats and mice. Curr Protoc Neurosci 9: 9-25.

Chang JW, Wachtel SR, Young D, Kang U]J (1999). Biochemical and
anatomical characterization of forepaw adjusting steps in rat
models of Parkinson’s disease: studies on medial forebrain bundle
and striatal lesions. Neuroscience 88: 617-628.

Conti MM, Ostock CY, Lindenbach D, Goldenberg AA, Kampton E,
Dell’isola R et al. (2014). Effects of prolonged selective serotonin
reuptake inhibition on the development and expression of
1-DOPA-induced dyskinesia in hemi-parkinsonian rats.
Neuropharmacology 77: 1-8.

Deakin JF, Dashwood MR (1981). The differential neurochemical
bases of the behaviours elicited by serotonergic agents and by the
combination of a monoamine oxidase inhibitor and L-DOPA.
Neuropharmacology 20: 123-130.

Side effect profile of 5-HT treatments

Dekundy A, Lundblad M, Danysz W, Cenci MA (2007). Modulation
of 1-DOPA-induced abnormal involuntary movements by clinically
tested compounds: further validation of the rat dyskinesia model.
Behav Brain Res 179: 76-89.

Dupre KB, Eskow KL, Barnum CJ, Bishop C (2008). Striatal 5-HT1A
receptor stimulation reduces D1 receptor-induced dyskinesia and
improves movement in the hemiparkinsonian rat.
Neuropharmacology 55: 1321-1328.

Dupre KB, Ostock CY, Eskow Jaunarajs KL, Button T, Savage LM,
Wolf W et al. (2011). Local modulation of striatal glutamate efflux
by serotonin 1A receptor stimulation in dyskinetic,
hemiparkinsonian rats. Exp Neurol 229: 288-299.

Dupre KB, Ostock CY, George JA, Eskow Jaunarajs KL, Hueston CM,
Bishop C (2013). Effects of 5-HT1A receptor stimulation on D1
receptor agonist-induced striatonigral activity and dyskinesia in
hemiparkinsonian rats. ACS Chem Neurosci 4: 747-760.

Ener RA, Meglathery SB, Van Decker WA, Gallagher RM (2003).
Serotonin syndrome and other serotonergic disorders. Pain Med 4:
63-74.

Eskow KL, Gupta V, Alam S, Park JY, Bishop C (2007). The partial
5-HT1A agonist buspirone reduces the expression and development
of 1-DOPA-induced dyskinesia in rats and improves 1-DOPA efficacy.
Pharmacol Biochem Behav 87: 306-314.

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

de la Fuente-Fernandez R, Sossi V, Huang Z, Furtado S, Lu JQ, Calne
DB et al. (2004). Levodopa-induced changes in synaptic dopamine
levels increase with progression of Parkinson'’s disease: implications
for dyskinesias. Brain 127: 2747-2754.

Goetz CG, Damier P, Hicking C, Laska E, Muller T, Olanow CW

et al. (2007). Sarizotan as a treatment for dyskinesias in Parkinson'’s
disease: a double-blind placebo-controlled trial. Mov Disord 22:
179-186.

Gregoire L, Samadi P, Graham ], Bedard PJ, Bartoszyk GD, Di Paolo
T (2009). Low doses of sarizotan reduce dyskinesias and maintain
antiparkinsonian efficacy of L-DOPA in parkinsonian monkeys.
Parkinsonism Relat Disord 15: 445-452.

Haberzettl R, Bert B, Fink H, Fox MA (2013). Animal models of the
serotonin syndrome: a systematic review. Behav Brain Res 256:
328-345.

Heinonen EH, Myllyla V (1998). Safety of selegiline (deprenyl) in
the treatment of Parkinson’s disease. Drug Saf 19: 11-22.

Hillegaart V, Wadenberg ML, Ahlenius S (1989). Effects of
8-OH-DPAT on motor activity in the rat. Pharmacol Biochem Behav
32: 797-800.

Huot P, Fox SH, Brotchie JM (2011a). The serotonergic system in
Parkinson’s disease. Prog Neurobiol 95: 163-212.

Huot P, Fox SH, Newman-Tancredi A, Brotchie JM (2011b).
Anatomically-selective 5-HT1A and 5-HT2A therapies for
Parkinson’s disease — an approach to reducing dyskinesia without
exacerbating parkinsonism? J Pharmacol Exp Ther 339: 2-8.

Inden M, Abe M, Minamino H, Takata K, Yoshimoto K, Tooyama I
et al. (2012). Effect of selective serotonin reuptake inhibitors via
5-HT1A receptors on L-DOPA-induced rotational behavior in a
hemiparkinsonian rat model. ] Pharmacol Sci 119: 10-19.

Iravani MM, Tayarani-Binazir K, Chu WB, Jackson MJ, Jenner P
(2006). In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated

British Journal of Pharmacology (2015) 172 119-130 129



D Lindenbach et al.

primates, the selective 5-hydroxytryptamine 1la agonist
(R)-(+)-8-OHDPAT inhibits levodopa-induced dyskinesia but only
with increased motor disability. ] Pharmacol Exp Ther 319:
1225-1234.

Jacobs BL (1974). Evidence for the functional interaction of two
central neurotransmitters. Psychopharmacologia 39: 81-86.

Jacobs BL (1976). An animal behavior model for studying central
serotonergic synapses. Life Sci 19: 777-785.

Jacobs BL, Klemfuss H (1975). Brain stem and spinal cord
mediation of a serotonergic behavioral syndrome. Brain Res 100:
450-457.

Jankovic J (2008). Parkinson’s disease: clinical features and
diagnosis. ] Neurol Neurosurg Psychiatry 79: 368-376.

Jaunarajs KL, Dupre KB, Steiniger A, Klioueva A, Moore A, Kelly C
et al. (2009). Serotonin 1B receptor stimulation reduces D1 receptor
agonist-induced dyskinesia. Neuroreport 20: 1265-1269.

Jenner P (2008). Molecular mechanisms of L-DOPA-induced
dyskinesia. Nat Rev Neurosci 9: 665-677.

Kannari K, Yamato H, Shen H, Tomiyama M, Suda T, Matsunaga M
(2001). Activation of 5-HT(1A) but not 5-HT(1B) receptors
attenuates an increase in extracellular dopamine derived from
exogenously administered L-DOPA in the striatum with
nigrostriatal denervation. ] Neurochem 76: 1346-1353.

Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman DG (2010).
Animal research: reporting in vivo experiments: the ARRIVE
guidelines. Br ] Pharmacol 160: 1577-1579.

Kilpatrick IC, Jones MW, Phillipson OT (1986). A semiautomated
analysis method for catecholamines, indoleamines, and some
prominent metabolites in microdissected regions of the nervous
system: an isocratic HPLC technique employing coulometric
detection and minimal sample preparation. ] Neurochem 46:
1865-1876.

Kleedorfer B, Lees AJ, Stern GM (1991). Buspirone in the treatment
of levodopa induced dyskinesias. ] Neurol Neurosurg Psychiatry 54:
376-377.

Li L, Qiu G, Ding S, Zhou FM (2013). Serotonin hyperinnervation
and upregulated 5-HT2A receptor expression and motor-stimulating
function in nigrostriatal dopamine-deficient Pitx3 mutant mice.
Brain Res 1491: 236-250.

Lindenbach D, Ostock CY, Eskow Jaunarajs KL, Dupre KB, Barnum
CJ, Bhide N et al. (2011). Behavioral and cellular modulation of
L-DOPA-induced dyskinesia by B-adrenoceptor blockade in the
6-hydroxydopamine-lesioned rat. ] Pharmacol Exp Ther 337:
755-765.

Loane C, Politis M (2012). Buspirone: what is it all about? Brain Res
1461: 111-118.

Loane C, Wu K, Bain P, Brooks D], Piccini P, Politis M (2013).
Serotonergic loss in motor circuitries correlates with severity of
action-postural tremor in PD. Neurology 80: 1850-1855.

Lucki I (1992). 5-HT1 receptors and behavior. Neurosci Biobehav
Rev 16: 83-93.

130 British Journal of Pharmacology (2015) 172 119-130

Mackay FJ, Dunn NR, Mann RD (1999). Antidepressants and the
serotonin syndrome in general practice. Br ] Gen Pract 49: 871-874.

McGrath J, Drummond G, McLachlan E, Kilkenny C, Wainwright C
(2010). Guidelines for reporting experiments involving animals: the
ARRIVE guidelines. Br ] Pharmacol 160: 1573-1576.

Mignon L, Wolf WA (2007). Postsynaptic 5-HT1A receptor
stimulation increases motor activity in the
6-hydroxydopamine-lesioned rat: implications for treating
Parkinson’s disease. Psychopharmacology (Berl) 192: 49-59.

Munoz A, Li Q, Gardoni F, Marcello E, Qin C, Carlsson T et al.
(2008). Combined 5-HT1A and 5-HT1B receptor agonists for the
treatment of L-DOPA-induced dyskinesia. Brain 131: 3380-3394.

Munoz A, Carlsson T, Tronci E, Kirik D, Bjorklund A, Carta M
(2009). Serotonin neuron-dependent and -independent reduction of
dyskinesia by 5-HT1A and 5-HT1B receptor agonists in the rat
Parkinson model. Exp Neurol 219: 298-307.

Nevalainen N, af Bjerkén S, Lundblad M, Gerhardt GA, Stromberg I
(2011). Dopamine release from serotonergic nerve fibers is reduced
in L-DOPA-induced dyskinesia. ] Neurochem 118: 12-23.

Pawson AJ, Sharman JL, Benson HE, Faccenda E, Alexander SP,
Buneman OP et al.; NC-IUPHAR (2014). The IUPHAR/BPS Guide to
PHARMACOLOGY: an expert-driven knowledgebase of drug targets
and their ligands. Nucl Acids Res 42 (Database Issue):
D1098-D1106.

Paxinos G, Watson W (1998). The Rat Brain in Stereotaxic
Coordinates. Academic Press: San Diego.

Politis M, Wu K, Loane C, Brooks DJ, Kiferle L, Turkheimer FE et al.
(2014). Serotonergic mechanisms responsible for levodopa-induced
dyskinesias in Parkinson’s disease patients. J Clin Invest 124:
1340-1349.

Prinssen EP, Kleven MS, Koek W (1999). Interactions between
neuroleptics and 5-HT(1A) ligands in preclinical behavioral models
for antipsychotic and extrapyramidal effects. Psychopharmacology
(Berl) 144: 20-29.

Rylander D, Parent M, O’sullivan SS, Dovero S, Lees AJ, Bezard E
et al. (2010). Maladaptive plasticity of serotonin axon terminals in
levodopa-induced dyskinesia. Ann Neurol 68: 619-628.

Sandyk R (1986). L-dopa induced ‘serotonin syndrome’ in a
parkinsonian patient on bromocriptine. J Clin Psychopharmacol 6:
194-195.

Smith LM, Peroutka SJ (1986). Differential effects of
S-hydroxytryptaminela selective drugs on the 5-HT behavioral
syndrome. Pharmacol Biochem Behav 24: 1513-1519.

Tricklebank MD, Forler C, Fozard JR (1984). The involvement of
subtypes of the 5-HT1 receptor and of catecholaminergic systems in
the behavioural response to 8-hydroxy-2-(di-n-propylamino)tetralin
in the rat. Eur ] Pharmacol 106: 271-282.

Wieland S, Goodale D, Lucki I (1989). Behavioral effects of
8-OH-DPAT: studies using the Microtaxic ventricular injector.
J Neurosci Methods 30: 151-159.



