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Background: We previously demonstrated that subcutaneous administration of PT320,
a sustained-release (SR) form of exendin-4, resulted in the long-term maintenance of
steady-state exenatide (exendin-4) plasma and target levels in 6-hydroxydopamine (6-
OHDA)-pretreated animals. Additionally, pre- or post-treatment with PT320 mitigated
the early stage of 6-OHDA-induced dopaminergic neurodegeneration. The purpose of
this study was to evaluate the effect of PT320 on L-3,4-dihydroxyphenylalanine (L-
DOPA)-induced abnormal involuntary movements (AIMs) in the rat 6-OHDA model of
Parkinson’s disease.

Methods: Adult male Sprague–Dawley rats were unilaterally lesioned in the right medial
forebrain bundle by 6-OHDA. L-DOPA and benserazide were given daily for 22 days,
starting from 4 weeks after lesioning. PT320 was co-administered weekly for 3 weeks.
AIM was evaluated on days 1, 16, and 22 after initiating L-DOPA/benserazide + PT320
treatment. Brain tissues were subsequently collected for HPLC measurements of
dopamine (DA) and metabolite concentrations.

Results: L-DOPA/benserazide increased AIMs of limbs and axial as well as the sum of
all dyskinesia scores (ALO) over 3 weeks. PT320 significantly reduced the AIM scores
of limbs, orolingual, and ALO. Although PT320 did not alter DA levels in the lesioned
striatum, PT320 significantly attenuated 6-OHDA-enhanced DA turnover.

Conclusion: PT320 attenuates L-DOPA/benserazide-induced dyskinesia in a 6-
OHDA rat model of PD and warrants clinical evaluation to mitigate Parkinson’s
disease in humans.

Keywords: Parkinson’s disease, levodopa, L-DOPA-induced dyskinesia, glucagon-like peptide-1, exendin-4,
PT320, PT302, exenatide
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INTRODUCTION

Levodopa, also known as L-3,4-dihydroxyphenylalanine (L-
DOPA), is the precursor of dopamine (DA) and is currently
the most commonly used medication for Parkinson’s disease
(PD). The use of L-DOPA elevates dopamine (DA) synthesis
in the lesioned substantia nigra and restores motor functions
in PD patients. However, chronic administration of L-DOPA is
often associated with abnormal involuntary movements (AIMs),
also called levodopa-induced dyskinesia (LID) in PD patients.
Early clinical studies have shown that 20–50% of PD patients
developed dyskinesia within 5 years after the initiation of
L-DOPA treatment (Rascol et al., 2000; Manson et al., 2012;
Bjornestad et al., 2016). The severity of dyskinesia positively
correlates with disease duration, Hoehn–Yahr stage, and duration
of L-DOPA treatment (Nicoletti et al., 2016). Other studies
also suggest that the disease severity and dose of L-DOPA are
more important than the duration of L-DOPA treatment for the
development of LID (Nutt et al., 2010; Espay et al., 2018).

LID has also been established in experimental animals.
Chronic administration of L-DOPA to unilaterally 6-OHDA-
lesioned rats has been widely used to examine AIMs (Lundblad
et al., 2002). Similar to the PD patients, LID in the lesioned
rats significantly correlates with the dose of L-DOPA and the
magnitude of DA depletion (Putterman et al., 2007).

DA is a key neurotransmitter modulating normal movement.
DA, released from the A9 neurons of the substantia nigra
pars compacta (SNc) DA-ergic neurons, interacts with GABA-
ergic medium spiny neurons (MSNs) within the dorsal striatum
mainly comprised of caudate and putamen. There are two
classical striatopallidal pathways (Figure 1). DA differentially
inhibits the indirect GPe (external segment of globus pallidus)
pathway through D2 receptors (D2R)-expressing MSNs, while it
activates the direct GPi (internal segment of globus in primates
or entopeduncular nucleus in rodents) pathway through D1R-
expressing MSNs (Durieux et al., 2011; Gerfen and Surmeier,
2011). These interactions result in activation of GPe and
suppression of neuronal activity in subthalamic nucleus (STN)
and GPi, which further regulates thalamic neuronal activity
and facilitates movement (Nambu et al., 2002). In pathological
conditions, such as PD, reduction of dopaminergic innervation to
caudate and putamen leads to overactivity of GABA-ergic inputs
to GPe, which then suppresses the inhibitory outputs from the
GPe to STN (Petri et al., 2013), activates STN and GPi neurons,
and reduces neuronal firing in the thalamus. DA denervation
also activates the GPi neurons through the direct striatopallidal
pathway. Lesioning the STN or GPi induces marked functional
improvement in 6-OHDA-lesioned rats (Touchon et al., 2004),

Abbreviations: 6-OHDA, 6-hydroxydopamine; AIMs, abnormal involuntary
movements; ALO, sum of all AIMs (axial, limb, and oro-lingual) score;
DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; GID, graft -induced
dyskinesia; GLP-1, glucagon-like peptide-1; GLP-1R, GLP-1 receptor; GPe,
external segment of globus pallidus; GPi, internal segment of globus; HVA,
homovanillic acid; L-DOPA, L-3,4-dihydroxyphenylalanine; LID, levodopa-
induced dyskinesia; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; MSNs,
medium spiny neurons; PD, Parkinson’s disease; s.c., subcutaneous; SR, sustained-
release; STN, subthalamic nucleus; T2DM, type 2 diabetes mellitus; TH-IR,
tyrosine hydroxylase immunoreactivity.

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) -treated
monkeys (Bergman et al., 1990), and PD patients (Baron
et al., 2000). On the other hand, L-DOPA or DA agonists
can overstimulate DA receptors in the direct and indirect
pathways in the lesioned brain, reduce neuronal firing in the
STN and GPi while activating the thalamus, and result in
increasing involuntary movements in MPTP-treated monkeys
(Papa et al., 1999) and PD patients (Merello et al., 1999). Besides
the interaction with the striatopallidal pathway, several other
mechanisms have been suggested for LID (Jenner, 2008).

Since AIM is mainly induced after chronic administration
of L-DOPA or DA-ergic agonists, agents that are non-DA-
ergic molecules that possess less L-DOPA side effects are
being increasingly studied for PD treatment (Fox et al., 2008).
We and others previously demonstrated that the endogenous
incretin glucagon-like peptide-1 (GLP-1) as well as exendin-
4 (also known as exenatide), a long-acting GLP-1 receptor
(GLP-1R) agonist approved for the treatment of type 2
diabetes mellitus (T2DM) (Drucker, 2018; Gentilella et al.,
2019), protect tyrosine hydroxylase immunoreactivity (TH-
IR) in primary ventromesenchephalic neurons from 6-OHDA
lesioning. Infusion of exendin-4 into the lateral ventricle also
mitigated the loss of TH-IR, preserved DA levels in the SNc,
and improved the behavioral function of mice receiving MPTP
(Li et al., 2009). Such GLP-1R-mediated protection has been
broadly found across animal models of PD (Kim et al., 2017;
Athauda and Foltynie, 2018; Holscher, 2020) as well as in other
neurodegenerative disorders (Glotfelty et al., 2019). Importantly,
clinical studies have demonstrated that PD patients taking
exendin-4 for 1 year had better motor skills than those on placebo
(Athauda et al., 2017, 2019). Besides its neuroprotective effects,
exendin-4 has been reported to reduce LID in rats, with repeated
administration of exendin-4 starting from the seventh day after 6-
OHDA-lesioning resulting in lowering L-DOPA (10 mg/kg/day)-
mediated AIM scores in 6-OHDA-lesioned rats (Abuirmeileh
et al., 2012). These data suggest that activation of the GLP-1R can
reduce the progression of DA degeneration and LID.

Major limitations of GLP-1R agonists, such as GLP-1, for
clinical use are their relatively short half-life and, as peptide-
based drugs, limited brain uptake (Glotfelty et al., 2020).
A key amino acid change at the N-terminal of GLP-1 prevents
breakdown by dipeptidyl peptidase-4 (DPP4) to extend its half-
life from 1.5 min to 2.4 h for exendin-4 (Drucker, 2018).
This results in the twice-daily clinical formulation Byetta that
is considered the short-acting drug version. In contrast, the
application of sustained-release (SR) technology to exendin-
4 provides the capability to continuously release the same
peptide present in Byetta over weeks to months after a
single acute subcutaneous (s.c.) administration, resulting in
the longer-term formulations PT320 (1 or 2 weeks) and
Bydureon (1-week administration). Such technology provides the
opportunity to optimize the beneficial potential of drug treatment
for a chronic disorder by maintaining steady-state plasma
levels as a source to maintain the brain target concentration
(Li et al., 2019).

We recently reported that systemic administration of PT320
(also called PT302), SR exendin-4, given once every 2 weeks
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FIGURE 1 | Two classical striatopallidal pathways of external segment of globus pallidus (GPe) and internal segment of globus (GPi) regulate neuronal activity in STN
and thalamus as well as movement. MSN, medium spiny neurons; STN, subthalamic nucleus.

to unilaterally 6-OHDA-lesioned rats, provides sustained plasma
exendin-4 levels (Chen et al., 2018). Pre- and post-treatment with
PT320 significantly reduced methamphetamine-induced rotation
and increased TH-IR in the lesioned SNc and striatum in these
unilaterally 6-OHDA-lesioned rats. Furthermore, there was a
significant correlation between exendin-4 plasma levels and TH-
IR in the 6-OHDA-lesioned side SNc and striatum. These data
suggest that PT320 provides long-lasting exendin-4 release and
reduces dopaminergic neurodegeneration in this experimental
model of PD. The use of PT320 in LID, however, has not been
examined previously.

The purpose of this study was to evaluate the effect
of PT320 on the L-DOPA/benserazide-mediated dyskinesia
in a rat 6-OHDA model of Parkinsonism. Three doses of
PT320 were administered over 3 weeks together with daily
L-DOPA/benserazide (a peripherally acting aromatic L-amino
acid decarboxylase inhibitor). We found that PT320 normalized
DA turnover in the striatum and reduced LID behavior in these
lesioned animals. Our data support the future clinical use of
PT320 as a co-treatment with L-DOPA for PD.

MATERIALS AND METHODS

Animals
Adult male Sprague–Dawley rats were used for this study.
Experimental procedures followed the guidelines of the
“Principles of Laboratory Care” (National Institutes of Health
publication No. 86-23, 1996) and were approved by the Animal
Care and Use Committee. Rats were fed with a regular chow
diet and kept on a 12 h light/dark cycle at 25 ± 2◦C. Animals
were randomly assigned into four groups: Group 1 (sham
operated); Group 2 (6-OHDA lesioned, no L-DOPA); Group
3 (lesioned + L-DOPA/benserazide + vehicle); and Group 4
(lesioned+ L-DOPA/benserazide+ PT320).

PT320
PT320 (previously termed PT302) is an SR formulation of
exendin-4 (exenatide). Powdered PT320 used in our study
(Lot PT3025014) was of clinical-grade material, similar to
that used in prior human studies (Gu et al., 2014), and
contained a mixture of polymers (98%) and exendin-4 (2%).
Specifically, exendin-4 was incorporated into poly(lactic-co-
glycolic acid) (PLGA) microspheres of 20 µm diameter utilizing
a proprietary ultrasonic spray drying process (SmartDepotTM,
Peptron Inc, 2020) together with the use of an L-lysine
coating to regulate the initial release burst of peptide (Li
et al., 2019). The composition of the diluent used to prepare
the PT320 suspension was 0.5% carboxymethylcellulose
sodium, 5.0% D-mannitol, and 0.1% Tween 80 (pH 6.66)
in sterile, double-distilled water as also used when PT320
was administered to humans. PT320 was freshly prepared
in diluent within an hour of administration, maintained on
wet ice (4◦C), and thoroughly mixed (by vortex) immediately
before each injection.

6-OHDA Lesioning and Drug Treatment
Thirty minutes prior to surgery, rats were given desipramine
intraperitoneally (25 mg/kg; i.p.) to block noradrenergic
uptake of 6-OHDA. Animals were anesthetized with 3%
isoflurane. 6-OHDA (3 µg/µl × 2.5 µl dissolved in 0.1%
ascorbic acid) was stereotactically injected into the right
medial forebrain bundle (coordinates: −3.6 mm rostral
and 1.6 mm lateral to bregma, 7.5 mm below the skull) at
0.25 µl/min over a 10 min period. Animals were allowed
to recover for 3 weeks following the 6-OHDA lesion
and then received drug treatment. Specifically, L-DOPA,
dissolved in saline together with benserazide (15 mg/kg),
was administered i.p. at a dose of 6 mg/kg/day for 22 days.
PT320 (100 mg/kg, containing 2 mg/kg exendin-4 clinical-
grade material) was administered subcutaneously once a
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week (three times in total) at 1 h before L-DOPA/benserazide
administration. The timeline of the experiment is shown
in Figure 2.

Behavioral Tests
(1) A “Stepping test” was used to screen the success of

lesioning at 3 weeks following the surgery. This was used
rather than using methamphetamine-induced rotation to
avoid baseline shifts due to sensitization. Briefly, the
experimenter took the rat with one hand holding both
hindlimbs and the other hand holding one of the forelimbs.
The free paw was placed in contact with a flat surface. The
experimenter then moved the animal slowly sideways in
forward and backward directions. The number of adjusting
steps taken by the rat was counted for both paws in the
backward and forward direction. All animals displaying
limb hypokinesia contralateral to the lesion were selected
for subsequent study.

(2) L-dopa/benserazide-induced dyskinesia (LID) was
examined by the abnormal involuntary movements
(AIMs) test. Animals were placed in clear Perspex boxes
(22 cm × 34 cm × 20 cm). Each rat was observed for
1 min at 30 min intervals following L-DOPA/benserazide
administration over a 3 h period. Three subtypes of
AIMs were assessed: (i) limb – random uncontrollable
movements of forelimb contralateral to the lesion; (ii)
orolingual – excess chewing and jaw movements with
protrusion of the tongue; and (iii) axial – dystonic postures
or choreiform twisting of the neck and upper body toward
the contralateral side. The ALO score is the sum of all
AIMs (axial, limb, and orolingual) scores. The severity of
each AIM was scored non-parametrically between 1 and 4,
based upon the following criteria:

1 = present for less than 30 s
2 = present for more than 30 s
3 = present throughout a minute but suppressed by external

stimuli
4 = present throughout a minute but not suppressible by

external stimuli

HPLC Analysis and Electrochemical
Detection
After final behavioral testing, animals were euthanized; their
brains were quickly removed, placed in an ice-cold glass dish,
and rapidly dissected on ice. Both lesioned and non-lesioned
side striata were dissected, placed in an Eppendorf tube, frozen
on dry ice, and stored at < −70◦C before HPLC analysis.
On the day of biochemical analysis, tissues were homogenized
in 200 µl of 0.1 N perchloric acid (HClO4), sonicated, and
centrifuged at 13,000 rpm for 30 min at 4◦C. Aliquots (50 µl)
of the supernatants were diluted in HCLO4 (1:4 v/v) before the
injection into the HPLC system. The tissue concentrations of
DA and metabolites were measured by HPLC coupled to the
coulometric detection system. The mobile phase of the HPLC
system was composed of methanol (7%), NaH2PO4 (70 mM),
triethylamine (100 µl/L), EDTA (0.1 mM), and sodium octyl
sulfate (100 mg/L) diluted in deionized water (pH 4.2, adjusted
with orthophosphoric acid). It was filtered (0.22 µm) before
its introduction in the system. The mobile phase was delivered
through the HPLC column (Hypersyl, C18, 15 cm × 4.6 mm,
particle size 5 µm) at a flow rate of 1.2 ml/min using an
HPLC pump. The column was protected by a Brownlee–Newgard
precolumn (RP-8, 15 × 3.2 mm, 7 µm.). The injection of
the samples (10 µl) was carried out by a manual injection
valve (Rheodyne, model 7725i) equipped with a loop of 20
µl. The compounds exited the column at different retention
times and passed into the coulometric detection cell (Cell 5014,
ESA) equipped with two electrodes. The potential of these two
electrodes was fixed via the coulometric detector at + 350
mV (oxidation) and −270 m (reduction), respectively. The
calibration curves were performed once the peaks in a standard
solution (1 ng/10 µl) were well separated in the chromatogram.
Calibration curves were performed using three concentrations
of DA, DOPAC, and HVA injected three times each with
an acceptable r = 0.99. Standard solutions were used before
each series of 10/12 samples to verify the correspondence of
the chromatographic conditions to both the elution time and
quantities calculated from the calibration curves. The overall
sensitivity for the compounds ranged from 2 pg/10 µl for DA to
18 pg/10 µl for HVA with a signal/noise ratio of 3:1.

FIGURE 2 | Timeline of drug treatment. Animals were screened by a stepping test at 3 weeks (W3) after unilateral 6-hydroxydopamine (6-OHDA) lesioning in the
right medial forebrain bundle (Rt MFB). L-3,4-dihydroxyphenylalanine/benserazide was administered daily (i.p., L-DOPA: 6 mg/kg/day + benserazide 15 mg/kg/day)
for 22 days. PT320 (100 mg/kg containing 2 mg/kg exendin-4) was administered subcutaneously once a week (W4, W5, and W6). Behavioral (Beh) evaluations of
AIMs were examined on day 1 (D1), D16, and D22 after initiating L-DOPA/benserazide treatment (D0).

Frontiers in Neuroscience | www.frontiersin.org 4 August 2020 | Volume 14 | Article 785

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles


fnins-14-00785 August 7, 2020 Time: 19:2 # 5

Yu et al. PT320 Mitigates L-DOPA-Induced Dyskinesia

Statistical Analysis
Data are presented as mean ± s.e.m. Linear regression, one or
two-way ANOVA, and post hoc Newman–Keuls tests were used
for statistical comparisons, with a significance level of p < 0.05.

RESULTS

PT320 Reduces
L-DOPA/Benserazide-Induced Abnormal
Involuntary Movements
A total of 24 rats received unilateral 6-OHDA lesioning. Of
these, 12 rats received daily L-DOPA/benserazide only, and
the other 12 rats received daily L-DOPA/benserazide + weekly
PT320 for 3 weeks. LID was examined on days 1, 16,
and 22 after the initiation of L-DOPA/benserazide treatment
(Figure 3). A significant correlation was found between the
duration of L-DOPA/benserazide treatment and overall AIM
scores(Figure 3A1: ALO, p = 0.018, R = 0.398). The AIMs on
limb (p = 0.018, R = 0.398) (Figure 3B1) and axial (p = 0.026,
R = 0.370) (Figure 3C) were also significantly correlated with
days of L-DOPA/benserazide treatment. In contrast, in the
animals receiving PT320, the AIM score was not significantly
correlated with the duration of L-DOPA/benserazide treatment
(Figure 3A1, ALO, p = 0.081; B1: limb, p = 0.068; C:
axial, p = 0.051). These data suggest that L-DOPA/benserazide
treatment time-dependently increased dyskinesia, which was
attenuated by PT320.

Next, the interaction of PT320 and AIMs was analyzed by a
two-way ANOVA with a Newman–Keuls post hoc test. The ALO
was significantly reduced by PT320 [p = 0.031, F(1, 66) = 4.858]
(Figure 3A2). PT320 also significantly reduced limb [p = 0.036,
F(1, 64) = 4.582] (Figure 3B2) and orolingual AIM scores
[p = 0.008, F(1, 66) = 7.418] (Figure 3D).

PT320 Normalized DA Turnover in the
Lesioned Striatum
Lesioned and non-lesioned side striata were collected from
46 rats for HPLC analysis (sham, n = 10; lesioned, n = 12;
lesioned + L-DOPA/benserazide, n = 12; and lesioned + L-
DOPA/benserazide + PT320, n = 12). An averaged 84.6 ± 5.7%
reduction of DA was found in the lesioned striatum (n = 36).
DA levels were significantly reduced in the lesioned side
striatum, compared to the non-lesioned side striatum of
rats receiving L-DOPA/benserazide (p < 0.001) (Figure 4A),
L-DOPA/benserazide + PT320 treatment (p < 0.001), or
without L-DOPA/benserazide treatment (p < 0.001). In contrast,
no difference was found in the control animals receiving
sham surgery (p = 0.930). DA levels on the lesioned (right)
side striatum of all 6-OHDA-lesioned animals were further
analyzed by a two-way ANOVA. L-DOPA/benserazide or
L-DOPA/benserazide + PT320 treatment did not alter DA levels
in the lesioned striatum (L-DOPA/benserazide+ 6-OHDA vs. 6-
OHDA: p = 0.844; L-DOPA/benserazide + PT320 + 6-OHDA
vs. 6-OHDA, p = 0.491; L-DOPA/benserazide + PT320 + 6-
OHDA vs. L-DOPA/benserazide + 6-OHDA, p = 0.649)

(Figure 4A). DOPAC and HVA levels were also significantly
reduced on the lesioned side striatum after 6-OHDA lesioning
(p < 0.001). PT320 or L-DOPA/benserazide treatment did not
significantly alter DOPAC or HVA levels in the lesioned side
striatum (p > 0.399).

DA turnover was examined by comparing 3,4-
dihydroxyphenylacetic acid (DOPAC) + homovanillic
acid (HVA) with DA (Figure 4B). 6-OHDA lesioning
significantly increased DA turnover in the striatum (sham
vs. 6-OHDA, p < 0.001). A similar response was found
in animals receiving L-DOPA/benserazide (sham vs. 6-
OHDA + L-DOPA/benserazide, p = 0.004). Importantly,
PT320 significantly reduced DA turnover in the lesioned
striatum (p = 0.028, 6-OHDA + L-DOPA/benserazide vs.
6-OHDA + L-DOPA/benserazide + PT320) (Figure 4B). 6-
OHDA lesioning significantly increased DOPAC/DA (p = 0.019,
lesioned vs. non-lesioned striatum) (Figure 4C) as well as
the HVA/DA ratio (p < 0.001, lesioned vs. non-lesioned
striatum; p < 0.001, sham vs. 6-OHDA) (Figure 4D).
Similar to the DA turnover noted above, the HVA/DA
ratio was significantly reduced by PT320 in the lesioned
striatum (∗p = 0.006, 6-OHDA + L-DOPA/benserazide vs.
6-OHDA+ L-DOPA/benserazide+ PT320).

Interaction of AIM and DA Turnover
All lesioned animals receiving L-DOPA/benserazide (with or
without PT320) were pooled for the correlation analysis. ALO
score on day 22 was significantly correlated with lesioned side
DA turnover [ALO = 3.384 + (12.465 ∗ DA turnover), p = 0.023,
R = 0.471, n = 23].

DISCUSSION

LID was examined in unilaterally 6-OHDA−lesioned rats during
a 22-day L-DOPA/benserazide treatment. L-DOPA/benserazide
or PT320 was administered to animals with an 84% reduction
in DA. We found that L-DOPA/benserazide increased AIMs
on limbs and axial parameters as well as ALO, the sum of
all dyskinesia scores, over 3 weeks. Treatment with PT320
reduced the ALO AIM score and normalized DA turnover. The
main finding of this study is that PT320 attenuates LID in
PD-like animals.

PT320 is a new SR formulation that provides controlled,
continuous release of clinical-grade exendin-4 following s.c.
administration across mice (Bader et al., 2019), rats (Chen et al.,
2018), non-human primates (Li et al., 2019), and humans (Gu
et al., 2014). In this regard, a regulated, initial rapid-release
burst provides therapeutic levels of drug in plasma within a few
hours, as exendin-4 is liberated from the surface of the injected
PLGA microspheres. This is followed by slower secondary and
tertiary release phases associated with microsphere hydration that
creates an in situ matrix drug reservoir from which hydrolysis
and erosion of the PLGA polymer subsequently occurs, and
results in steady-state exendin-4 release and the long-term
maintenance of therapeutic drug levels (Schwendeman et al.,
2014; Wan and Yang, 2016).
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FIGURE 3 | PT320 reduces L-DOPA/benserazide-induced abnormal involuntary movements (AIMs) in unilaterally 6-OHDA-lesioned rats. (A) The dyskinesia (A1:
ALO; B1: limbs; and C: axial) significantly correlates with the duration of L-DOPA/benserazide treatment. PT320 administration significantly reduced (A2) ALO, (B2)
limb, and (D) orolingual AIM scores.

The continuous release of exendin-4 from SR formulations,
such as PT320, as a mechanism to maintain therapeutic drug
levels, differs from long-acting GLP-1R agonists that are either
covalently linked or bind to large proteins, such as the Fc
fragment of human IgG4 (dulaglutide) or human albumin
(albiglutide and semiglutide) to reduce clearance and, thereby,
maintain GLP-1R agonist levels in plasma. Whereas the brain
uptake of Exendin-4 has been reported as approximately 1–
2% of its concomitant plasma level across rodent and human
studies (Athauda et al., 2017; Chen et al., 2018; Bader
et al., 2019; Mullins et al., 2019), that of protein-linked
GLP-1R agonists remains unknown but is likely exceedingly
low (Kim et al., 2010). Notably, PT320 is currently in
Phase IIa clinical trials to evaluate its efficacy and safety
in patients with early Parkinson’s disease (ClinicalTrials.gov
Identifier: NCT04269642), as exendin-4 provided via PT320 s.c.
administration resulted in substantially greater brain penetration

than twice-daily administration of immediate-release exendin-4
(Chen et al., 2018; Bader et al., 2019).

We previously reported that PT320, given before or 6 days
after 6-OHDA lesioning, significantly improved TH-IR in the
lesioned striatum and SNc, and attenuated methamphetamine-
induced rotation (Chen et al., 2018). In this study, PT320 was
given at 4 weeks after 6-OHDA lesioning. Using HPLC analysis,
we found that delayed PT320 treatment did not alter DA levels
in the lesioned striatum when the lesion was close to complete.
These data suggest that while PT320 reduces the progression of
DA degeneration, the protective response to PT320 requires early
treatment in this PD model and, on translating this to humans,
should best be initiated during the early disease course.

In contrast to its protective effect against DA degeneration
in the early stages of PD (Chen et al., 2018), PT320 reduces
L-DOPA/benserazide-induced AIMs at 7 weeks after lesioning.
Chronic L-DOPA/benserazide treatment for 3 weeks significantly
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FIGURE 4 | Dopamine (DA) and DA turnover in the striatum. (A) 6-OHDA lesioning significantly reduced DA levels (*p < 0.001) in the lesioned striatum (red bars).
L-DOPA/benserazide or L-DOPA/benserazide + PT320 treatment did not alter DA after lesioning (p = 0.844, 6-OHDA vs. L-DOPA/benserazide + 6-OHDA;
p = 0.491, 6-OHDA vs. L-DOPA/benserazide + PT320 + 6-OHDA). (B) DA turnover was examined by comparing DA metabolite levels (DOPAC + HVA) with DA. DA
turnover was enhanced by the 6-OHDA lesion (*p < 0.001, sham vs. 6-OHDA). PT320 significantly reduced DA turnover in the lesioned striatum (*p = 0.028,
6-OHDA + L-DOPA/benserazide vs. 6-OHDA + L-DOPA/benserazide + PT320). 6-OHDA lesioning significantly increased (C) DOPAC/DA (#p = 0.019, lesioned vs.
non-lesioned striatum) and (D) HVA/DA ratio (#p < 0.001, lesioned vs. non-lesioned striatum; *p < 0.001, sham vs. 6-OHDA). HVA/DA ratio was significantly
reduced by PT320 in the lesioned animals receiving L-DOPA (*p = 0.006, 6-OHDA + L-DOPA/benserazide vs. 6-OHDA + L-DOPA/benserazide + PT320).
#Significant difference between the lesioned and non-lesioned side striatum; *significant difference among groups. Two-way ANOVA + post hoc Newman–Keuls test.

increased AIM (LID). PT320 significantly reduced the AIM
score and its correlation with L-DOPA/benserazide treatment
in these 6-OHDA rats. We found that the increase in ALO
scores significantly correlated with reduced DA turnover, but
not DA or its metabolites in the lesioned striatum. Similar
findings have been reported in that PD patients with dyskinesia
had higher DA turnover in the putamen (Lohle et al., 2016)
and HVA/DA in cerebrospinal fluid (Lunardi et al., 2009) than
those without dyskinesia. Associated with the reduction of the
AIM score, animals receiving PT320 here also had lower DA
turnover. Taken together, these data support the interaction of
AIM and DA turnover. DA turnover, but not the levels of DA,
HVA, or DOPAC, may be a good biomarker for AIM. The
mechanisms underlying DA turnover and LID, however, require
further investigation.

Besides LID, DA graft-induced dyskinesia (GID) has been
reported in selective PD cases (Ma et al., 2002) and in animals
receiving amphetamine injection (Smith et al., 2012). However,
GID was not found in MPTP-treated monkeys receiving

intraputamenal grafts of fetal dopaminergic cells (Kordower
et al., 2017). Furthermore, embryonic dopamine neuronal
grafts improved L-DOPA-mediated AIM and normalized
preproenkephalin and prodynorphin expression in the indirect
and direct pathway in 6-OHDA-lesioned rats (Lee et al., 2000).
These data suggest that differential mechanisms of dyskinesia
may be involved in LID and GID. The use of PT320 in preventing
GID requires further investigation. In the light of the positive
actions of PT320 on LID in the current study, the evaluation
of PT320 in preventing GID warrants investigation as our
understanding and present treatment options of GID are strictly
limited (Tronci et al., 2015; Lane, 2019).

PT320 significantly reduced DA turnover in the
6-OHDA-lesioned striatum. On the other hand, PT320 or
L-DOPA/benserazide did not alter DA, DOPAC, or HVA levels in
the lesioned striatum. The “normalization” of DA turnover in the
6-OHDA lesioned animals treated with PT320 suggests increased
conversion of extracellular DA to DA metabolites in these
animals. The presynaptic terminals of nigrostriatal DA fibers
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have D2 autoreceptors whose stimulation by extracellular DA
inhibits DA synthesis and release, and subsequent metabolism
to HVA and DOPAC. The reduction in turnover implies more
extracellular DA availability in response to activation of these
inhibitory D2 autoreceptors by DA after PT320 treatment. This
would be readily reflected in DA turnover or the HVA/DA ratio,
but not in DA levels.

CONCLUSION

In conclusion, our data support the notion that PT320 reduced
the L-DOPA/benserazide−mediated AIM in a 6-OHDA rat
model of PD, likely through the modulation of DA turnover in
the lesioned brain. Our studies further emphasize the potential
utility of PT320 in the treatment of clinical PD, for which clinical
trials are ongoing, and highlight the opportunity to mitigate LID,
a common and disabling feature of L-DOPA treatment that can
reduce its beneficial effects.
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