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Abstract: In the present study, the effectiveness of glucose-dependent insulinotropic polypeptide
(GIP) was evaluated by behavioral tests in 6-hydroxydopamine (6-OHDA) hemi-parkinsonian (PD)
rats. Pharmacokinetic measurements of GIP were carried out at the same dose studied behaviorally,
as well as at a lower dose used previously. GIP was delivered by subcutaneous administration (s.c.)
using implanted ALZET micro-osmotic pumps. After two days of pre-treatment, male Sprague
Dawley rats received a single unilateral injection of 6-OHDA into the medial forebrain bundle (MFB).
The neuroprotective effects of GIP were evaluated by apomorphine-induced contralateral rotations,
as well as by locomotor and anxiety-like behaviors in open-field tests. Concentrations of human
active and total GIP were measured in plasma during a five-day treatment period by ELISA and were
found to be within a clinically translatable range. GIP pretreatment reduced behavioral abnormalities
induced by the unilateral nigrostriatal dopamine (DA) lesion produced by 6-OHDA, and thus may
be a novel target for PD therapeutic development.

Keywords: glucose-dependent insulinotropic polypeptide; 6-hydroxydopamine; Parkinson’s disease;
neuroprotection; incretin

1. Introduction

Parkinson’s disease (PD) is the second most common neurodegenerative disease and is
characterized by symptoms related to progressive dopamine neuron loss within the substantia nigra
pars compacta [1]. In addition to dopaminergic neuron loss, other neurotransmitter systems have been
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indicated to be involved in the disease; thus, PD is now been thought to be multisystem and multisite
disorder [2,3].

Previous research has demonstrated that treatment with glucagon-like peptide-1 (GLP-1),
an endogenous incretin, as well as long-acting GLP-1 analogues, provide neurotrophic and
neuroprotective actions in many acute and chronic neurodegenerative models through GLP-1
receptor (R) activation within the brain [4]. The activation of the GLP-1R on neurons induces
potent neurotrophic and neuroprotective actions in cellular and animal models of neural injury
and neurodegeneration [5-10], including models of PD [7,11,12]. Specifically, GLP-1 receptor (GLP-1R)
agonists have demonstrated favorable activity in cellular and animal models of PD [5,13,14]. Indeed,
there is an ongoing clinical trial with the nonhydrolyzable GLP-1 agonist Ex-4 in Parkinson’s
disease [15,16].

Glucose-dependent insulinotropic polypeptide (GIP) is a second incretin that, like GLP-1,
stimulates glucose-dependent insulin secretion, increases insulin biosynthesis, and improves 3-cell
proliferation and survival via its cognate receptor [17]. Combined with GLP-1, GIP has been proposed
as a treatment strategy for type 2 diabetes mellitus [18,19]. Importantly, GIP, similar to GLP-1 and its
agonists, promotes synaptic plasticity via its reversal of hippocampal long-term potentiation (LTP)
impairments [20] and has neuroprotective and neurotrophic properties [21], suggesting a potential
for halting or reversing neurodegenerative disorders. The GIP-R is also highly expressed across a
number of CNS neurons [5,6], and GIP readily enters the brain [6,22]. GIP, however, has been much
less studied in animal models of neurodegeneration. We have previously shown the neuroprotective
activity of GIP in an animal model of traumatic brain injury [23]. We now report the efficacy of GIP
in a rat model of PD induced by intracranial unilateral injection of the neurotoxin 6-OHDA, using
behavioral tests. We have also carried out correlative measurements of GIP levels in plasma by ELISA
at the same doses studied behaviorally (Figure 1).
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Figure 1. Schematic diagram of behavioral assessments and biochemical analyses of hemi-parkinsonian
rats treated with a vehicle or GIP. GIP or saline was delivered s.c. via implanted micro-osmotic pumps
for two weeks inserted two days prior to a unilateral 6-OHDA-induced dopamine lesion. Open-field
tests were performed on day four after the lesion. The apomorphine-induced rotation was evaluated
weekly during the four-week post-lesion period to identify the time-course of any effects of GIP
treatment. Fasting blood glucose levels were observed prior to and during GIP treatment. GIP levels
were monitored in a separate group of animals. PD: Parkinson’s disease. d: days; w: weeks.

2. Results

2.1. Body Weight and Fasting Blood Glucose Levels Are Not Affected by GIP Treatment

Body weight: Repeated-measures ANOVA showed a significant effect of time (F(5, 100) = 89.650,
p <0.001) and a treatment x time interaction (F(1, 20) = 8661.285, p < 0.001), in rats one week after the
6-OHDA lesion. The body weights then returned to a steady-state and they did not differ between
two treatments groups (F(1, 20) = 0.681, p = 0.419, Figure 2). After an overnight (12 h) fast, blood
glucose was measured by glucometer in tail vein blood and showed no change during GIP treatment
(Figure 3).
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Figure 2. The average body weight of both groups were similar. 6-OHDA lesion caused body weight
loss then recovery of a steady state with no treatment effects. All data are presented as mean + SEM.
(Saline: n = 12, 15 nmol/kg/day GIP: n = 11).
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Figure 3. After an overnight (12 h) fast, blood glucose was measured by glucometer in tail vein blood
and showed no change during GIP treatment. (n = 3/group).

2.2. GIP Plasma Concentrations Are Significantly Elevated Following Steady-State Subcutaneous GIP
Administration

GIP plasma assays: In the present study, human GIP was assayed in plasma at two different doses
in the Alzet pump, one of which used in the experiments described here and a second, lower dose
used in our previous study on traumatic brain injury [23]. The total GIP levels included the bioactive
GIP (1-42) and the non-insulinotropic N-terminally truncated metabolites GIP (3—42) both of which are
actively degraded by the enzyme dipeptidyl peptidase IV (DPP-IV). The endogenous level of total GIP
was 18.4 &= 2.1 pmol/L in the saline group, and the active GIP was undetectable in naive rats with the
saline administration. In a prior study [23], steady-state GIP administration of 7.8 nmol/kg/day,
achieved by the ALZET mini pump, provided a plasma total GIP levels of 58.6 + 11.8 pmol/L
(2.2-fold elevation of control, p < 0.05), which is within the range of that measured currently (Figure 4,
40.4 pmol/L total GIP). Active GIP was measured for the first time in the current study (Figure 4).
The 15 nmol/kg/day GIP’ group is just less than 2-fold higher than the 7.8 nmol/kg/day GIP and
resulted in plasma total GIP levels that are 203.9 pmol/L (5-fold higher) and active GIP levels that are
4.4-fold higher.
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Figure 4. Plasma concentrations of total and active GIP were elevated above endogenous levels
following steady-state administration of GIP (high dose: 15 nmol/kg/day; low dose: 7.8 nmol/kg/day).
Upper panel: total GIP; plasma GIP concentrations from both high and low doses were significantly
different from one another and were significantly elevated vs. endogenous levels (evaluated in saline
administered animals) (p < 0.05). Lower panel: active GIP; plasma GIP levels following low and high
doses were significantly different from one another (p < 0.05).

2.3. GIP Reduces the Effects of Progressive Dopaminergic Pathway Dysfunction after 6-OHDA-Lesions

Apomorphine-induced rotation: To examine the effects of GIP on the modulation of dopaminergic
transmission, we used apomorphine-induced contralateral rotations (Figure 5). A repeated measure
two-way ANOVA found a difference both between groups (F(1, 17) = 6.132, p = 0.024) and over
time (F(1.665, 28.302) = 3.674, p = 0.045), but no interaction effects (F(1.665, 28.302) = 2.699, p = 0.093).
The main effect of time showed only differences in the saline group without GIP (saline: F(3, 24) = 4.138,
p = 0.017; GIP: F(3, 27) = 0.132, p = 0.940). Furthermore, a two independent samples t-test revealed that
there were significant differences between the saline and GIP groups on week 3 (t = 2.204, p = 0.042)
and week 4 (t = 2.589, p = 0.019) after PD challenge.
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Figure 5. Apomorphine-induced rotation. The results obtained from apomorphine-induced rotational
behavior tests after GIP vs. saline administration. GIP treatment shows statistically significant
differences (* p < 0.05) compared to saline groups at week 3 and 4 post-60OHDA. (Saline: n =9,
GIP15: n = 10).

2.4. The Effect of GIP on Changes in Open Field Behavior after a 6-OHDA-Lesion

Open-field test: We explored the effects of 6-OHDA lesions and GIP treatment on general
locomotor activity and anxiety-related behaviors in open field tests (Figure 6). Using one-way ANOVA
data analysis, there were significant effects on the total distance moved (F(2, 18) = 7.336, p = 0.005),
velocity (F(2, 18) = 7.807, p = 0.004), freezing time (F(2, 18) = 8.231, p = 0.003), number entries into
central zone (F(2, 18) = 7.322, p = 0.008), and retention times in the central zone (F(2, 18) = 11.408,
p = 0.001). A Bonferroni correction for multiple comparisons also revealed significant differences
between naive non-lesioned and 6-OHDA-lesioned animals in the overall parameters: total distance
moved, velocity, freezing time, number entries into the central zone, and retention times in the central
zone, with adjusted p-values of 0.010, 0.009, 0.005, 0.041, and 0.001, respectively. GIP treatment
improved locomotor behavior to a level similar to the naive group.

Furthermore, there was also an effect of GIP treatment on anxiety-like behavior (total distance
moved, velocity, freezing time, and number entries into the central zone: p = 0.031, 0.021, 0.034, and
0.008) in 6-OHDA rats except for retention times in the central zone (p = 0.218). Nevertheless, GIP
treatment still trended to improve this deficit in open field tests as well.
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Figure 6. Cont.
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Figure 6. The effects of GIP in the open-field test. (A) Total distance moved;(B) velocity; and (C) freezing
times in 10 min; (D) The number of entries and (E,F) retention times into the central zone was
significantly higher in GIP treatment group compared to the saline group. (Saline: n = 8, GIP15:
n =5, Naive: n = 6). All analyses based on two way ANOVA, * p < 0.05; ** p < 0.01.

3. Discussion

In the present study, in a unilateral 6-OHDA MFB lesion rat model of PD, we demonstrated that
GIP treatment stabilized apomorphine-induced rotational behavior and showed positive changes in
open field locomotor tests, as well as some anxiety-like behaviors. This was achieved at a plasma active
GIP concentration that is achievable in humans by use of a DPP-4 inhibitor [24,25]. To our knowledge,
our study is the first to evaluate the action of GIP in a 6-OHDA PD animal model and adds to the
growing literature that GIP may be of value as a treatment strategy for PD [26,27].

GIP is derived from a 153-amino acid precursor of GIP, pre-proGIP, which is encoded by the GIP
gene within the mucosa of the duodenum and jejunum of the gastrointestinal tract. This precursor
is processed to GIP by prohormone convertase 1/3, which cleaves out (i) the 42 amino acid-peptide
GIP (1-42), that is then stored in secretory granules for release; (ii) a signal peptide; (iii) an N-terminal
peptide; and (iv) a C-terminal peptide. All, apart from GIP, appear to be biologically inactive in
relation to insulinotropic actions. GIP is distributed into the bloodstream following food ingestion
and circulates as a biologically active 42-amino acid peptide (active GIP), but its actions are transient
consequent to its rapid hydrolysis by DPP-4 with a resulting half-life of approximately 7 min [17,28]. Of
the two endogenous incretins GLP-1 and GIP, GIP is considered to predominantly mediate the incretin
effect and post-prandial insulin release in healthy individuals [28-30]; however, multiple studies
indicate that patients with type 2 diabetes almost completely lose their insulinotropic response to GIP,
whereas that to GLP-1 is preserved [28,31]. As a consequence, long-acting, DPP-4 resistant GLP-1R
agonists, but not GIP-R agonists, have been developed and clinically approved for the treatment of
type 2 diabetes. Whether or not the extra-pancreatic, non-insulinotrophic actions of GIP are retained in
other disease states remain to be evaluated [32,33].

Within the brain, GIP is reported to be expressed within multiple neurons and to act as a
neurotransmitter [32,33]. Additionally, GIP-R expression has been described across multiple brain
regions that include the olfactory bulb, assorted areas within hippocampus, cerebral cortex, substantia
nigra, thalamus, cerebellum, and brainstem [34,35], with expression co-localizing with neuronal
rather than glial markers. GIP-R activation within the brain is described to induce proliferation
of neuronal progenitor cells. This thereby supports neurogenesis [36,37] to provide neurotrophic
action, modulate synaptic activity, afford neuroprotective effects against insults such as amyloid-f
peptide [20], augment spatial learning and memory [32], and support neuronal regeneration [38].
In relation to PD, preclinically available long-acting GIP analogues have been evaluated in acute
and chronic MPTP challenged mice. In these studies, they significantly ameliorated MPTP-induced
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neuroinflammation, oxidative stress and lipid peroxidation, elevated the expression of BDNF [26,27],
reduced markers of dopaminergic loss in striatum and substantia nigra and, in accordance with our
6-OHDA rat study, improved behavioral measures [26,27,33].

The MFB lesion protocol with 6-OHDA used in our study produces a rapid and substantial
dopaminergic lesion (>90%), which is greater than that achieved by 6-OHDA striatal dopaminergic
lesioning. Hence, the efficacious behavioral effects of GIP might be considered relatively small if
compared with other 6-OHDA protocols that do not yield maximal denervation. The progressive
increase in apomorphine-induced rotations with repeated weekly tests evident within the saline group
in our 6-OHDA MFB study likely is due to increasing sensitization of the denervated dopaminergic
receptors. Notably, this sensitization was not seen in the GIP treated group (Figure 5), likely reflecting
an augmented dopaminergic input on the lesioned side [27]. In a number of studies involving
dopaminergic grafts, an apomorphine challenge showed decreased rotation with repeated tests over
time [39]. However, this is seen with lower doses of apomorphine (0.05-0.1 mg/kg) that maximize
the difference between supersensitive dopaminergic receptors on the lesioned side compared to the
intact side [40]. In any event, the initial levels of apomorphine (0.5 mg/kg)-induced rotations, of over
400 in both lesioned groups in our study, suggest a marked denervation that is characteristic of MFB
lesioning with 6-OHDA. The mitigation of 6-OHDA-induced impairments evident in our open field
evaluations achieved by GIP further support such neuroprotective dopaminergic actions.

There is well documented cognition and motor dysfunction in PD, with changes in affective,
reward, as well as learning or mnemonic behaviors. Further studies with GIP could utilize novel object
recognition and Y maze tests to study learning and memory. In addition, studies on reward could
utilize conditioned place preference. The Porsolt test can be used to model “depression”. All these
tests are readily feasible in mice and can be used for future studies with GIP.

Multiple drug classes have previously demonstrated promising actions in rodent models of PD,
but have failed to translate such benefits to human interventional studies [41]. This, in part, has been
due to the evaluation of acute drug doses tolerated by rodents that are intolerable in humans [41,42].
Our appraised GIP dose was 15 nmol/kg/day over the course of two consecutive weeks, delivered
s.c. under steady-state conditions via an aseptically implanted minipump. This resulted in plasma
levels of 203.9 pmol/L total GIP and 12.8 pmol/L active GIP, defined as the high dose within our
pharmacokinetic study (Figure 4). An approximately 50% lower dose of 7.8 nmol/kg/day was
additionally pharmacokinetically assessed and generated plasma levels of 40.4 pmol/L total GIP and
2.9 pmol active GIP, which is in accordance with total GIP plasma levels (58.6 + 11.8 pmol/L) measured
in our prior GIP study [23], in which 38.5 ug/kg/day GIP (equivalent to 7.8 nmol/kg/day) effectively
mitigated TBI injury in rats. Notable in our current study, active GIP levels represented only 6% to
7% of total GIP levels across both doses evaluated, and the total and active concentrations achieved
proved non-linear in relation to the GIP dose. A 50% GIP dose reduction resulted in an 80% decline in
total, as well as active GIP plasma levels. Importantly, these concentrations are achievable in humans
following the use of DPP-4 inhibitors [24,25].

GIP has several peripheral actions, with the best known being its glucomodulatory effects.
To control for this, blood glucose levels were evaluated herein, together with body weight. Other
than postoperative weight loss, which was similar in both lesioned groups, there were no significant
effects on body weight. Moreover, there were no changes in blood glucose levels with all animals
remaining euglycemic, in accordance with its known glucose-dependent insulinotropic actions and
the demonstration that direct infusion of GIP into healthy humans does not affect appetite, energy
intake, or energy expenditure [43]. We assume that the GIP effects seen herein to mitigate behavioral
deficits associated with dopaminergic lesioning were centrally mediated. Although several previous
studies have reported favorable neurotrophic and neuroprotective actions of systemically administered,
long-acting preclinical GIP analogues of similar amino acid size to GIP across multiple rodent models
of neurodegeneration [6,23,26,27,33,37 44], the proportion of systemic GIP that enters the brain remains
unclear. Our recent study of the 39 amino acid GLP-1 incretin mimetic, Exenatide, demonstrated
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that some 2% of plasma levels reach the brain [16]. This is likely similar for GIP but this warrants
measurement in future studies.

GIP, similar to GLP-1, induces cAMP production via binding and activation of its cognate receptor
on neurons [45]. As cAMP is the first intermediate in the neurotrophic CREB pathway, it may be
inferred that the neurotrophic and neuroprotective effects of both incretins are similarly mediated via
the activation of the protein kinase A (PKA) and PI3K/AKT signaling pathways [7,37]. These pathways
regulate numerous downstream targets, including glycogen synthase kinase 3 3 (GSK3-B) and FOXO1,
which are involved in pathological processes underlying PD, thereby promoting cell survival [15,46].
Albeit, as noted above, there are no clinically available long-acting GIP analogues; however, there are
reports of the co-expression of GLP-1R and GIPR on the same cells [38,47], supporting the potential for
synergistic actions as either homomers or heteromers [48] and the use of dual (Twincretin) incretin
agonists [49]. Such single peptide dual agonists have recently demonstrated promising actions in
animal models of neurodegeneration [45,50], including PD [51,52]. Our current studies add to the
increasing evidence that the augmentation of GIP signaling may be of clinical value for PD and other
neurological disorders, warranting further investigation. A schematic diagram of GIP mechanisms is
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Figure 7. Target engagement and activation of the GIP receptor on dopaminergic neurons provides
neuroprotective and neurotrophic actions. It also mitigates 6-OHDA-induced dysfunction, loss of
dopaminergic phenotypic features, and cell death. The 42 amino acid sequence of GIP is demonstrated,
with the cleavage site for dipeptidyl peptidase-4 (DPP-4) lying between the 2nd and 3rd N-terminal
amino acids highlighted in red. The DPP-4 mediated cleavage of GIP results in a loss of pharmacological
activity. Amino acids shown in yellow are homologous with the structure of glucagon.

4. Materials and Methods

4.1. Animal Handling and Preparation

Adult male Sprague-Dawley (SD) rats (270 to 340 g) were obtained from LASCO (Taipei, Taiwan)
or from Taconic (Germantown, NY, USA) for use in studies performed at Taipei Medical University
and the Intramural Research Program of the National Institute on Aging. Rats were provided
food and water ad libitum and were maintained on a 12 h light/dark cycle in temperature- and
humidity-controlled animal centers at both institutions. All experiments complied with the standard
of the Institutional Animal Care and Use Committee, Taiwan (LAC-2016-0202) or (ii) the Animal Care
and Use Committee of the Intramural Research Program, National Institute on Aging (438-TGB-2016).
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These studies were also in compliance with the guidelines for animal experimentation of the National
Research Council (Committee for the Update of the Guide for the Care and Use of Laboratory Animals,
2011) and the National Institutes of Health (DHEW publication 85-23, revised, 1995). A minimal
number of rats were used for each study and all efforts were made to minimize any potential suffering.
Protocol number, LAC-2016-0202, approved on 19 September 2016.

4.2. Treatment Groups

Modified surgical procedures were based on our previously described methods [53]. Under
Zoletil-Rumpun (10 mg/kg: 2 mg/kg, i.p.) anesthesia, SD rats were placed in a stereotaxic frame with
the nose bar positioned 3.3 mm below the interaural line. Unilateral 6-hydroxydopamine (6-OHDA,
8 pg dissolved in 0.9% saline with 0.02% ascorbic acid) was injected for DA lesions into the left median
forebrain bundle (MFB, coordinates: anteroposterior [49,53], —4.3 mm; lateral (L), 1.6 mm from bregma;
ventral (V), 8.2 mm from the dura).

Human GIP or a saline vehicle was delivered by a s.c. ALZET micro-osmotic pump
that was implanted aseptically under anesthesia 2 days pre-lesion (ALZET 2002, Durect Corp.,
Cupertino, CA, USA). This delivered GIP over the course of 2 weeks at a rate of 15 nmol/kg/day.
In this study, all PD rats were divided into 2 groups treated with either saline or GIP.

4.3. Body Weight

All rats were time-dependently weighed throughout the study.

4.4. Fasting Blood Glucose

After 12 h fasting, blood glucose from the rats in both groups was measured using an ACCU-Check
glucose meter (Roche Diagnostics, Indianapolis, IN, USA).

4.5. GIP Plasma Assay

Plasma concentrations of GIP were quantified in a parallel series of SD rats similarly implanted
with a s.c. ALZET micro-osmotic pumps containing either a saline vehicle or 7.8 or 15 nmol/kg/day
GIP. Animals were euthanized at 5 days after pump insertion. Blood was taken by cardiac puncture
and immediately placed into iced heparinized tubes containing an excess of DPP4 inhibitor. These were
directly centrifuged (1500 x g at 4 °C). The plasma was then removed and immediately frozen to —80 °C.
Samples were later thawed on wet ice and analyzed for human active GIP (1-42) (Immuno-Biological
Laboratories, Gunma, Japan) by ELISA and for total GIP concentrations (Meso Scale Discovery,
Rockville, MD, USA)

4.6. Apomorphine-Induced Rotation

Apomorphine (0.5 mg/kg in 0.1% ascorbic acid, s.c.)-induced contralateral rotations were recorded
using a digital video camera to count the number of rotations for 60 min at weekly intervals up
to 4 weeks post-lesion (i.e., 7, 14, 21, and 28 days post-lesion) using the same test conditions.
The net number of rotations was calculated (contralateral minus ipsilateral full turns). In unilaterally
6-OHDA lesioned animals, apomorphine-induced contralateral rotation is a well-established correlate
of dopamine depletion, with rotation levels seen here indicative of an 80-90% loss [53].

4.7. Open-Field Tests

In addition to its well-known motor manifestations, PD is also known to elicit neuropsychiatric
disorders such as anxiety [54,55]. We thus used open field measurements in the lesioned
animals, as well as in intact animals, to evaluate not only general motor activity but also
anxiety-related exploratory activity [56,57]. Rats were first habituated to an open field Plexiglas
arena (60 x 60 x 100 cm) for 10 min at day 4 and 5 post-lesion. At day 6 post-lesion, locomotor activity
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and anxiety-like behavior were monitored for 10 min using open field tests. The rat behaviors were
recorded using an EthoVision system. Total distance, velocity, and freezing times in the open-field
were considered general locomotor activities. The number and retention times in the central zone of
the open field were measured as anxiety-like behaviors. The center of the open field was defined as a
30 x 30 cm? in the geometric center of the arena.

4.8. Overview of Experimental Design and Statistical Analyses

In summary, we investigated the effects of human GIP on overall body weight, blood glucose, as
well as behavioral changes in open-field tests and drug-induced rotational behavior, after inflicting
6-OHDA lesions of the nigrostriatal pathway, at multiple time points post-lesion (Figure 1). Animals
were divided into saline, and 15 nmol/kg/day GIP groups. Two days prior to the 6-OHDA lesion, rats
were treated with saline or 15 nmol/kg/day GIP over the course of two consecutive weeks delivered
subcutaneously under steady-state conditions via aseptically implanted mini pumps, as detailed above.

Data was analyzed using SPSS (version 11.0) and are expressed as mean + standard error of the
mean values The effects of GIP on PD were evaluated by a one-way repeated measures analysis of
variance (ANOVARM), with “group” as a between-subjects factor and “time” as a within-subject factor.
For the long-term effects between-subjects factor, an independent ¢-test was analyzed on the follow-up
data. The Bonferroni post hoc test was used to compare between groups, as required. Effects were
considered to be significant if p < 0.05.

5. Conclusions

GIP pretreatment, at a clinically translatable dose, reduced the progressive DA receptor
supersensitivity induced by unilateral injection of 6-OHDA into the MFB. In addition, locomotor
and anxiety-like behavioral changes were also ameliorated by GIP. Thus, GIP receptor agonists,
together with GLP-1 receptor agonists, may be a future therapeutic target for PD.

Acknowledgments: This study was supported in part by (i) the Ministry of Science and Technology, Grant
numbers MOST-101-2632-B-038-001-MY3; (ii) Taipei Medical University TMU102-AE1-B27 and TMU105-AE1-B03;
(iii) the Intramural Research Program of the National Institute on Aging, NIH; (iv) Department of Neurosurgery,
Case Western Reserve University School of Medicine, Grant A-105-055 and (v) by the National Institute of
Neurological Disorders and Stroke, NIH Grant RO1INS094152.

Author Contributions: Kai-Yun Chen, Tsung-Hsun Hsieh, Barry J. Hoffer, Nigel H. Greig, and Yung-Hsiao
Chiang conceived and designed the experiments; Yu-Wen Yu, Shih-Chang Hsueh, Jing-Huei Lai, Yen-Hua Chen,
Shuo-Jhen Kang, Kai-Yun Chen, Yazhou Li, and Nigel H. Greig performed the experiments; Yu-Wen Yu,
Tsung-Hsun Hsieh, Barry J. Hoffer, Yazhou Li, and Nigel H. Greig analyzed the data; Kai-Yun Chen,
Tsung-Hsun Hsieh, Barry J. Hoffer, Yazhou Li, Nigel H. Greig, and Yung-Hsiao Chiang contributed
reagents/materials/analysis tools; Yu-Wen Yu, Shih-Chang Hsueh, Barry J. Hoffer, Yazhou Li, and Nigel H. Greig
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

PD Parkinson’s Disease
6-OHDA 6-Hydroxydopamine
TH Tyrosine Hydroxylase
DA Dopaminergic

SN Substantia Nigra

MFB Medial Forebrain Bundle



Int. ]. Mol. Sci. 2018, 19, 1153 11 0f 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Goetz, C.G. The history of Parkinson’s disease: Early clinical descriptions and neurological therapies.
Cold Spring Harb. Perspect. Med. 2011, 1, a008862. [PubMed]

Lusis, S.A. Pathophysiology and management of idiopathic Parkinson’s disease. J. Neurosci. Nurs. 1997, 29,
24-31. [CrossRef] [PubMed]

Maetzler, W. Comment: Why do nondopaminergic features in Parkinson disease matter? Neurology 2014, 82,
417. [CrossRef] [PubMed]

Salcedo, I.; Tweedie, D.; Li, Y.; Greig, N.H. Neuroprotective and neurotrophic actions of glucagon-like
peptide-1:  An emerging opportunity to treat neurodegenerative and cerebrovascular disorders.
Br. J. Pharmacol. 2012, 166, 1586-1599. [PubMed]

Greig, N.H.; Tweedie, D.; Rachmany, L.; Li, Y.; Rubovitch, V.; Schreiber, S.; Chiang, Y.H.; Hoffer, B.].; Miller, J.;
Lahiri, D.K,; et al. Incretin mimetics as pharmacologic tools to elucidate and as a new drug strategy to treat
traumatic brain injury. Alzheimers Dement. 2014, 10 (Suppl. 1), S62-S75. [CrossRef] [PubMed]

Holscher, C. The incretin hormones glucagonlike peptide 1 and glucose-dependent insulinotropic
polypeptide are neuroprotective in mouse models of Alzheimer’s disease. Alzheimers Dement. 2014, 10
(Suppl. 1), S47-554. [CrossRef] [PubMed]

Li, Y;; Perry, T.; Kindy, M.S.; Harvey, B.K.; Tweedie, D.; Holloway, HW.; Powers, K; Shen, H.; Egan, ].M.;
Sambamurti, K.; et al. GLP-1 receptor stimulation preserves primary cortical and dopaminergic neurons
in cellular and rodent models of stroke and Parkinsonism. Proc. Natl. Acad. Sci. USA 2009, 106, 1285-1290.
[CrossRef] [PubMed]

Perry, T.; Haughey, N.J.; Mattson, M.P; Egan, ].M.; Greig, N.H. Protection and reversal of excitotoxic neuronal
damage by glucagon-like peptide-1 and exendin-4. . Pharmacol. Exp. Ther. 2002, 302, 881-888. [CrossRef]
[PubMed]

Perry, T.; Lahiri, D.K.; Chen, D.; Zhou, ].; Shaw, K.T.; Egan, ] M.; Greig, N.H. A novel neurotrophic property
of glucagon-like peptide 1: a promoter of nerve growth factor-mediated differentiation in PC12 cells.
J. Pharmacol. Exp. Ther. 2002, 300, 958-966. [CrossRef] [PubMed]

Perry, T.; Lahiri, D.K.; Sambamurti, K.; Chen, D.; Mattson, M.P.; Egan, ].M.; Greig, N.H. Glucagon-like
peptide-1 decreases endogenous amyloid-beta peptide (Af) levels and protects hippocampal neurons from
death induced by AP and iron. J. Neurosci. Res. 2003, 72, 603-612. [CrossRef] [PubMed]

Bertilsson, G.; Patrone, C.; Zachrisson, O.; Andersson, A.; Dannaeus, K.; Heidrich, J.; Kortesmaa, J.; Mercer, A.;
Nielsen, E.; Ronnholm, H.; et al. Peptide hormone exendin-4 stimulates subventricular zone neurogenesis
in the adult rodent brain and induces recovery in an animal model of Parkinson’s disease. J. Neurosci. Res.
2008, 86, 326-338. [CrossRef] [PubMed]

Harkavyi, A.; Abuirmeileh, A.; Lever, R.; Kingsbury, A.E.; Biggs, C.S.; Whitton, P.S. Glucagon-like peptide 1
receptor stimulation reverses key deficits in distinct rodent models of Parkinson’s disease. ]. Neuroinflamm.
2008, 5, 19. [CrossRef] [PubMed]

Rachmany, L.; Tweedie, D.; Li, Y.; Rubovitch, V.; Holloway, H.W.; Miller, J.; Hoffer, B.J.; Greig, N.H.; Pick, C.G.
Exendin-4 induced glucagon-like peptide-1 receptor activation reverses behavioral impairments of mild
traumatic brain injury in mice. Age (Dordr) 2013, 35, 1621-1636. [CrossRef] [PubMed]

Tweedie, D.; Rachmany, L.; Rubovitch, V.; Lehrmann, E.; Zhang, Y.; Becker, K.G.; Perez, E.; Miller, J.;
Hoffer, B.].; Greig, N.H.; et al. Exendin-4, a glucagon-like peptide-1 receptor agonist prevents mTBI-induced
changes in hippocampus gene expression and memory deficits in mice. Exp. Neurol. 2013, 239, 170-182.
[CrossRef] [PubMed]

Athauda, D.; Foltynie, T. Protective effects of the GLP-1 mimetic exendin-4 in Parkinson’s disease.
Neuropharmacology 2017. [CrossRef] [PubMed]

Athauda, D.; Maclagan, K.; Skene, S.S.; Bajwa-Joseph, M.; Letchford, D.; Chowdhury, K.; Hibbert, S.;
Budnik, N.; Zampedri, L.; Dickson, J.; et al. Exenatide once weekly versus placebo in Parkinson’s disease:
A randomised, double-blind, placebo-controlled trial. Lancet 2017, 390, 1664-1675. [CrossRef]

Campbell, J.E.; Drucker, D.J. Pharmacology, physiology, and mechanisms of incretin hormone action.
Cell Metab. 2013, 17, 819-837. [CrossRef] [PubMed]

Tan, T.; Bloom, S. Gut hormones as therapeutic agents in treatment of diabetes and obesity.
Curr. Opin. Pharmacol. 2013, 13, 996-1001. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/22229124
http://dx.doi.org/10.1097/01376517-199702000-00004
http://www.ncbi.nlm.nih.gov/pubmed/9067850
http://dx.doi.org/10.1212/WNL.0000000000000095
http://www.ncbi.nlm.nih.gov/pubmed/24391162
http://www.ncbi.nlm.nih.gov/pubmed/22519295
http://dx.doi.org/10.1016/j.jalz.2013.12.011
http://www.ncbi.nlm.nih.gov/pubmed/24529527
http://dx.doi.org/10.1016/j.jalz.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24529525
http://dx.doi.org/10.1073/pnas.0806720106
http://www.ncbi.nlm.nih.gov/pubmed/19164583
http://dx.doi.org/10.1124/jpet.102.037481
http://www.ncbi.nlm.nih.gov/pubmed/12183643
http://dx.doi.org/10.1124/jpet.300.3.958
http://www.ncbi.nlm.nih.gov/pubmed/11861804
http://dx.doi.org/10.1002/jnr.10611
http://www.ncbi.nlm.nih.gov/pubmed/12749025
http://dx.doi.org/10.1002/jnr.21483
http://www.ncbi.nlm.nih.gov/pubmed/17803225
http://dx.doi.org/10.1186/1742-2094-5-19
http://www.ncbi.nlm.nih.gov/pubmed/18492290
http://dx.doi.org/10.1007/s11357-012-9464-0
http://www.ncbi.nlm.nih.gov/pubmed/22892942
http://dx.doi.org/10.1016/j.expneurol.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23059457
http://dx.doi.org/10.1016/j.neuropharm.2017.09.023
http://www.ncbi.nlm.nih.gov/pubmed/28927992
http://dx.doi.org/10.1016/S0140-6736(17)31585-4
http://dx.doi.org/10.1016/j.cmet.2013.04.008
http://www.ncbi.nlm.nih.gov/pubmed/23684623
http://dx.doi.org/10.1016/j.coph.2013.09.005
http://www.ncbi.nlm.nih.gov/pubmed/24060699

Int. ]. Mol. Sci. 2018, 19, 1153 12 of 14

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Wu, T,; Rayner, C.K.; Horowitz, M. Incretins. Handb. Exp. Pharmacol. 2016, 233, 137-171. [PubMed]

Gault, V.A,; Kerr, B.D,; Irwin, N; Flatt, PR. C-terminal mini-PEGylation of glucose-dependent insulinotropic
polypeptide exhibits metabolic stability and improved glucose homeostasis in dietary-induced diabetes.
Biochem. Pharmacol. 2008, 75, 2325-2333. [CrossRef] [PubMed]

Paratore, S.; Ciotti, M.T.; Basille, M.; Vaudry, D.; Gentile, A.; Parenti, R.; Calissano, P.; Cavallaro, S. Gastric
inhibitory polypeptide and its receptor are expressed in the central nervous system and support neuronal
survival. Cent. Nerv. Syst. Agents Med. Chem. 2011, 11, 210-222. [CrossRef] [PubMed]

Kastin, A.J.; Akerstrom, V.; Pan, W. Interactions of glucagon-like peptide-1 (GLP-1) with the blood-brain
barrier. . Mol. Neurosci. 2002, 18, 7-14. [CrossRef]

Yu, YW.; Hsieh, T.H.; Chen, K.Y,; Wu, J.C.; Hoffer, B.J.; Greig, N.H.; Li, Y.; Lai, ].H.; Chang, C.F; Lin, ].W.; et al.
Glucose-dependent insulinotropic polypeptide ameliorates mild traumatic brain injury-induced cognitive
and sensorimotor deficits and neuroinflammation in rats. J. Neurotrauma 2016, 33, 2044-2054. [CrossRef]
[PubMed]

Herman, G.A.; Bergman, A.; Stevens, C.; Kotey, P; Yi, B.; Zhao, P; Dietrich, B.; Golor, G.; Schrodter, A.;
Keymeulen, B.; et al. Effect of single oral doses of sitagliptin, a dipeptidyl peptidase-4 inhibitor, on
incretin and plasma glucose levels after an oral glucose tolerance test in patients with type 2 diabetes.
J. Clin. Endocrinol. Metab. 2006, 91, 4612-4619. [CrossRef] [PubMed]

Yanagimachi, T.; Fujita, Y.; Takeda, Y.; Honjo, J.; Sakagami, H.; Kitsunai, H.; Takiyama, Y.; Abiko, A;
Makino, Y.; Kieffer, T.J.; et al. Dipeptidyl peptidase-4 inhibitor treatment induces a greater increase in
plasma levels of bioactive GIP than GLP-1 in non-diabetic subjects. Mol. Metab. 2017, 6, 226-231. [CrossRef]
[PubMed]

Li, Y,; Liu, W,; Li, L.; Holscher, C. D-Ala2-GIP-glu-PAL is neuroprotective in a chronic Parkinson’s disease
mouse model and increases BNDF expression while reducing neuroinflammation and lipid peroxidation.
Eur. J. Pharmacol. 2017, 797, 162-172. [CrossRef] [PubMed]

Verma, M.K.; Goel, R.; Nandakumar, K.; Nemmani, K.V.S. Effect of D-Ala(2)GIP, a stable GIP receptor agonist
on MPTP-induced neuronal impairments in mice. Eur. J. Pharmacol. 2017, 804, 38-45. [CrossRef] [PubMed]
Nauck, M.A.; Meier, ].]. The incretin effect in healthy individuals and those with type 2 diabetes: physiology,
pathophysiology, and response to therapeutic interventions. Lancet Diabetes Endocrinol. 2016, 4, 525-536.
[CrossRef]

Nauck, M.A; Bartels, E.; Orskov, C.; Ebert, R.; Creutzfeldt, W. Additive insulinotropic effects of exogenous
synthetic human gastric inhibitory polypeptide and glucagon-like peptide-1-(7-36) amide infused at
near-physiological insulinotropic hormone and glucose concentrations. J. Clin. Endocrinol. Metab. 1993, 76,
912-917. [PubMed]

Elliott, RM.; Morgan, LM.; Tredger, J.A.; Deacon, S.; Wright, J.; Marks, V. Glucagon-like peptide-1
(7-36)amide and glucose-dependent insulinotropic polypeptide secretion in response to nutrient ingestion in
man: acute post-prandial and 24-h secretion patterns. J. Endocrinol. 1993, 138, 159-166. [CrossRef] [PubMed]
Nauck, M.A.; Heimesaat, M.M.; Orskov, C.; Holst, ].].; Ebert, R.; Creutzfeldt, W. Preserved incretin activity of
glucagon-like peptide 1 [7-36 amide] but not of synthetic human gastric inhibitory polypeptide in patients
with type-2 diabetes mellitus. J. Clin. Investig. 1993, 91, 301-307. [CrossRef] [PubMed]

Figueiredo, C.P.; Pamplona, FA.; Mazzuco, T.L.; Aguiar, A.S., Jr; Walz, R.; Prediger, R.D. Role of the
glucose-dependent insulinotropic polypeptide and its receptor in the central nervous system: therapeutic
potential in neurological diseases. Behav. Pharmacol. 2010, 21, 394-408. [CrossRef] [PubMed]

Li, Y;; Liu, W,; Li, L.; Holscher, C. Neuroprotective effects of a GIP analgue in the MPTP Parkinson’s disease
mouse model. Neuropharmacology 2016, 101, 255-263. [CrossRef] [PubMed]

Nyberg, J.; Anderson, M.F,; Meister, B.; Alborn, A.M.; Strom, A K,; Brederlau, A.; Illerskog, A.C.; Nilsson, O.;
Kieffer, T.J.; Hietala, M.A.; et al. Glucose-dependent insulinotropic polypeptide is expressed in adult
hippocampus and induces progenitor cell proliferation. J. Neurosci. 2005, 25, 1816-1825. [CrossRef] [PubMed]
Nyberg, J.; Jacobsson, C.; Anderson, M.E; Eriksson, P.S. Immunohistochemical distribution of
glucose-dependent insulinotropic polypeptide in the adult rat brain. J. Neurosci. Res. 2007, 85, 2099-2119.
[CrossRef] [PubMed]

Li, Y; Li, L.; Holscher, C. Incretin-based therapy for type 2 diabetes mellitus is promising for treating
neurodegenerative diseases. Rev. Neurosci. 2016, 27, 689-711. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/25903418
http://dx.doi.org/10.1016/j.bcp.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18455149
http://dx.doi.org/10.2174/187152411798047771
http://www.ncbi.nlm.nih.gov/pubmed/21919873
http://dx.doi.org/10.1385/JMN:18:1-2:07
http://dx.doi.org/10.1089/neu.2015.4229
http://www.ncbi.nlm.nih.gov/pubmed/26972789
http://dx.doi.org/10.1210/jc.2006-1009
http://www.ncbi.nlm.nih.gov/pubmed/16912128
http://dx.doi.org/10.1016/j.molmet.2016.12.009
http://www.ncbi.nlm.nih.gov/pubmed/28180064
http://dx.doi.org/10.1016/j.ejphar.2016.11.050
http://www.ncbi.nlm.nih.gov/pubmed/27913104
http://dx.doi.org/10.1016/j.ejphar.2017.03.059
http://www.ncbi.nlm.nih.gov/pubmed/28366809
http://dx.doi.org/10.1016/S2213-8587(15)00482-9
http://www.ncbi.nlm.nih.gov/pubmed/8473405
http://dx.doi.org/10.1677/joe.0.1380159
http://www.ncbi.nlm.nih.gov/pubmed/7852887
http://dx.doi.org/10.1172/JCI116186
http://www.ncbi.nlm.nih.gov/pubmed/8423228
http://dx.doi.org/10.1097/FBP.0b013e32833c8544
http://www.ncbi.nlm.nih.gov/pubmed/20574409
http://dx.doi.org/10.1016/j.neuropharm.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26453962
http://dx.doi.org/10.1523/JNEUROSCI.4920-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15716418
http://dx.doi.org/10.1002/jnr.21349
http://www.ncbi.nlm.nih.gov/pubmed/17510976
http://dx.doi.org/10.1515/revneuro-2016-0018
http://www.ncbi.nlm.nih.gov/pubmed/27276528

Int. ]. Mol. Sci. 2018, 19, 1153 13 of 14

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Seino, Y.; Fukushima, M.; Yabe, D. GIP and GLP-1, the two incretin hormones: Similarities and differences.
J. Diabetes Investig. 2010, 1, 8-23. [CrossRef] [PubMed]

Brubaker, PL.; Drucker, D.J. Structure-function of the glucagon receptor family of G protein-coupled
receptors: the glucagon, GIP, GLP-1, and GLP-2 receptors. Recept. Channels 2002, 8, 179-188. [CrossRef]
[PubMed]

Perlow, M.].; Freed, W.J.; Hoffer, B.J.; Seiger, A.; Olson, L.; Wyatt, R.J. Brain grafts reduce motor abnormalities
produced by destruction of nigrostriatal dopamine system. Science 1979, 204, 643-647. [CrossRef] [PubMed]
Marshall, ].F.,; Ungerstedt, U. Supersensitivity to apomorphine following destruction of the ascending
dopamine neurons: quantification using the rotational model. Eur. J. Pharmacol. 1977, 41, 361-367. [CrossRef]
Zeiss, C.J.; Allore, H.G.; Beck, A.P. Established patterns of animal study design undermine translation of
disease-modifying therapies for Parkinson’s disease. PLoS ONE 2017, 12, €0171790. [CrossRef] [PubMed]
Mohs, R.C; Greig, N.-H. Drug discovery and development: Role of basic biological research.
Alzheimers Dement. (NY) 2017, 3, 651-657. [CrossRef] [PubMed]

Asmar, M.; Tangaa, W.; Madsbad, S.; Hare, K.; Astrup, A.; Flint, A.; Bulow, J.; Holst, J.]. On the role
of glucose-dependent insulintropic polypeptide in postprandial metabolism in humans. Am. J. Physiol.
Endocrinol. Metab. 2010, 298, E614—-E621. [CrossRef] [PubMed]

Gault, V.A.; Holscher, C. Protease-resistant glucose-dependent insulinotropic polypeptide agonists facilitate
hippocampal LTP and reverse the impairment of LTP induced by -amyloid. ]. Neurophysiol. 2008, 99,
1590-1595. [CrossRef] [PubMed]

Tamargo, I.A.; Bader, M,; Li, Y,; Yu, S.J.; Wang, Y.; Talbot, K.; DiMarchi, R.D.; Pick, C.G.; Greig, N.H. Novel
GLP-1R/GIPR co-agonist “twincretin” is neuroprotective in cell and rodent models of mild traumatic brain
injury. Exp. Neurol. 2017, 288, 176-186. [CrossRef] [PubMed]

Kim, D.S.; Choi, H.I.; Wang, Y.; Luo, Y.; Hoffer, B.J.; Greig, N.-H. A New Treatment Strategy for Parkinson’s
Disease through the Gut-Brain Axis: The Glucagon-Like Peptide-1 Receptor Pathway. Cell. Transplant. 2017,
26, 1560-1571. [CrossRef] [PubMed]

Mayo, K.E.; Miller, L.J.; Bataille, D.; Dalle, S.; Goke, B.; Thorens, B.; Drucker, D.J. International Union of
Pharmacology. XXXV. The glucagon receptor family. Pharmacol. Rev. 2003, 55, 167-194. [CrossRef] [PubMed]
Schelshorn, D.; Joly, F.; Mutel, S.; Hampe, C.; Breton, B.; Mutel, V.; Lutjens, R. Lateral allosterism in the
glucagon receptor family: Glucagon-like peptide 1 induces G-protein-coupled receptor heteromer formation.
Mol. Pharmacol. 2012, 81, 309-318. [CrossRef] [PubMed]

Finan, B.; Ma, T.; Ottaway, N.; Muller, T.D.; Habegger, KM.; Heppner, KM.; Kirchner, H.; Holland, J.;
Hembree, J.; Raver, C.; et al. Unimolecular dual incretins maximize metabolic benefits in rodents, monkeys,
and humans. Sci. Transl. Med. 2013, 5, 209ral151. [CrossRef] [PubMed]

Han, L.; Holscher, C.; Xue, G.F; Li, G.; Li, D. A novel dual-glucagon-like peptide-1 and glucose-dependent
insulinotropic polypeptide receptor agonist is neuroprotective in transient focal cerebral ischemia in the rat.
Neuroreport 2016, 27, 23-32. [CrossRef] [PubMed]

Yuan, Z.; Li, D.; Feng, P.; Xue, G.; Ji, C,; Li, G.; Holscher, C. A novel GLP-1/GIP dual agonist is more effective
than liraglutide in reducing inflammation and enhancing GDNF release in the MPTP mouse model of
Parkinson’s disease. Eur. |. Pharmacol. 2017, 812, 82-90. [CrossRef] [PubMed]

Ji, C,; Xue, G.E; Lijun, C.; Feng, P;; Li, D.; Li, L; Li, G.; Holscher, C. A novel dual GLP-1 and GIP receptor
agonist is neuroprotective in the MPTP mouse model of Parkinson’s disease by increasing expression of
BNDF. Brain Res. 2016, 1634, 1-11. [CrossRef] [PubMed]

Hudson, J.L.; van Horne, C.G.; Stromberg, I.; Brock, S.; Clayton, J.; Masserano, J.; Hoffer, B.].; Gerhardt, G.A.
Correlation of apomorphine- and amphetamine-induced turning with nigrostriatal dopamine content in
unilateral 6-hydroxydopamine lesioned rats. Brain Res. 1993, 626, 167-174. [CrossRef]

Hsieh, T.H.; Chen, ].J.; Chen, L.H.; Chiang, P.T; Lee, H.Y. Time-course gait analysis of hemiparkinsonian rats
following 6-hydroxydopamine lesion. Behav. Brain Res. 2011, 222, 1-9. [CrossRef] [PubMed]

Broen, M.P; Narayen, N.E.; Kuijf, M.L.; Dissanayaka, N.N.; Leentjens, A.F. Prevalence of anxiety in
Parkinson’s disease: A systematic review and meta-analysis. Mov. Disord. 2016, 31, 1125-1133. [CrossRef]
[PubMed]


http://dx.doi.org/10.1111/j.2040-1124.2010.00022.x
http://www.ncbi.nlm.nih.gov/pubmed/24843404
http://dx.doi.org/10.1080/10606820213687
http://www.ncbi.nlm.nih.gov/pubmed/12529935
http://dx.doi.org/10.1126/science.571147
http://www.ncbi.nlm.nih.gov/pubmed/571147
http://dx.doi.org/10.1016/0014-2999(77)90256-4
http://dx.doi.org/10.1371/journal.pone.0171790
http://www.ncbi.nlm.nih.gov/pubmed/28182759
http://dx.doi.org/10.1016/j.trci.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/29255791
http://dx.doi.org/10.1152/ajpendo.00639.2009
http://www.ncbi.nlm.nih.gov/pubmed/19996386
http://dx.doi.org/10.1152/jn.01161.2007
http://www.ncbi.nlm.nih.gov/pubmed/18234983
http://dx.doi.org/10.1016/j.expneurol.2016.11.005
http://www.ncbi.nlm.nih.gov/pubmed/27845037
http://dx.doi.org/10.1177/0963689717721234
http://www.ncbi.nlm.nih.gov/pubmed/29113464
http://dx.doi.org/10.1124/pr.55.1.6
http://www.ncbi.nlm.nih.gov/pubmed/12615957
http://dx.doi.org/10.1124/mol.111.074757
http://www.ncbi.nlm.nih.gov/pubmed/22108912
http://dx.doi.org/10.1126/scitranslmed.3007218
http://www.ncbi.nlm.nih.gov/pubmed/24174327
http://dx.doi.org/10.1097/WNR.0000000000000490
http://www.ncbi.nlm.nih.gov/pubmed/26555034
http://dx.doi.org/10.1016/j.ejphar.2017.06.029
http://www.ncbi.nlm.nih.gov/pubmed/28666800
http://dx.doi.org/10.1016/j.brainres.2015.09.035
http://www.ncbi.nlm.nih.gov/pubmed/26453833
http://dx.doi.org/10.1016/0006-8993(93)90576-9
http://dx.doi.org/10.1016/j.bbr.2011.03.031
http://www.ncbi.nlm.nih.gov/pubmed/21435355
http://dx.doi.org/10.1002/mds.26643
http://www.ncbi.nlm.nih.gov/pubmed/27125963

Int. ]. Mol. Sci. 2018, 19, 1153 14 of 14

56. Rutten, S.; van der Ven, PM.; Weintraub, D.; Pontone, G.M.; Leentjens, A.F.G.; Berendse, H.W.; van der
Werf, Y.D.; van den Heuvel, O.A. Predictors of anxiety in early-stage Parkinson’s disease—Results from
the first two years of a prospective cohort study. Parkinsonism Relat. Disord. 2017, 43, 49-55. [CrossRef]
[PubMed]

57.  Prut, L.; Belzung, C. The open field as a paradigm to measure the effects of drugs on anxiety-like behaviors:
A review. Eur. ]. Pharmacol. 2003, 463, 3-33. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.parkreldis.2017.06.024
http://www.ncbi.nlm.nih.gov/pubmed/28711192
http://dx.doi.org/10.1016/S0014-2999(03)01272-X
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Body Weight and Fasting Blood Glucose Levels Are Not Affected by GIP Treatment 
	GIP Plasma Concentrations Are Significantly Elevated Following Steady-State Subcutaneous GIP Administration 
	GIP Reduces the Effects of Progressive Dopaminergic Pathway Dysfunction after 6-OHDA-Lesions 
	The Effect of GIP on Changes in Open Field Behavior after a 6-OHDA-Lesion 

	Discussion 
	Materials and Methods 
	Animal Handling and Preparation 
	Treatment Groups 
	Body Weight 
	Fasting Blood Glucose 
	GIP Plasma Assay 
	Apomorphine-Induced Rotation 
	Open-Field Tests 
	Overview of Experimental Design and Statistical Analyses 

	Conclusions 
	References

