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Abstract
Exendin-4 is a naturallyoccurring more potent and stable analog

of glucagon-like peptide-1 (GLP-1) that selectively binds at the

GLP-1 receptor. It has been recently demonstrated that GLP-1

receptor stimulation preserves dopaminergic neurons in cellular

and rodent models of Parkinson’s disease (PD). 1-Methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes nigrostriatal

dopaminergic neurotoxicity in rodents; previous studies suggest

that activated microglia actively participate in the pathogenesis

of PD neurodegeneration. However, the role of microglia in

the neuroprotective properties of exendin-4 is still unknown.

Here, we show that, in the mouse MPTP PD model, systemic

administration of exendin-4 significantly attenuates the loss
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of substantia nigra pars compacta (SNpc) neurons and the striatal

dopaminergic fibers. Exendin-4 prevents MPTP-induced

microglial activation in the SNpc and striatum, and the exp-

ression of matrix metalloproteinase-3. In addition, exendin-4

also suppressed MPTP-induced expression of pro-inflammatory

molecules and tumor necrosis factor a and interleukin-1b.

Our data indicate that exendin-4 may act as a survival factor

for dopaminergic neurons by functioning as a microglia-

deactivating factor and suggest that exendin-4 may be a

valuable therapeutic agent for neurodegenerative diseases

such as PD.
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Introduction

Parkinson’s disease (PD) is a chronic neurodegenerative

disorder of muscle movement commonly characterized by a

progressive loss of dopaminergic neurons in the substantia

nigra pars compacta (SNpc) and the degeneration of

projecting nerve fibers in the striatum (Langston 2002),

which leads to tremors, muscular rigidity, bradykinesia, and

postural and gait abnormalities. The presence of oxidative

stress and inflammatory activity is one of the significant

features of PD (Hirsch et al. 1998). Since microglia are a

principal source of a variety of cytotoxic compounds,

including reactive oxygen species, reactive nitrogen species,

pro-inflammatory cytokines, and prostaglandins (Banati

et al. 1993); microglial activation is known to play a key

role in the pathogenesis of human PD and the 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced PD

model (Vila et al. 2001). Several molecules released from

stressed dopaminergic neurons, such as a-synuclein,

neuromelanin, and matrix metalloproteinase-3 (MMP-3),

are found to be involved in microglial activation (Kim et al.

2005, 2007, Kim & Joh 2006). Among these microglial

activators, MMP-3 is known to be responsible for

the activation of microglia and the release of NADPH
oxidase-derived superoxide and nuclear factor-kB-mediated

pro-inflammatory cytokines, and eventually exacerbates

dopaminergic neurodegeneration. Moreover, it is known

that dopaminergic neuronal cell death, microglial

activation, and superoxide generation are dramatically

attenuated in MMP-3K/K mice in MPTP-induced animal

PD model (Kim et al. 2007), indicating a critical role

of MMP-3 in dopaminergic neurodegeneration and

neuroinflammation. Therefore, the molecules targeting

pharmacological intervention of MMP-3 and microglial

activation could be considered as plausible candidates

for neuroprotective agents in PD.

Glucagon-like peptide-1 (GLP-1), an endogenous

30-amino acid gut–brain peptide hormone, is synthesized

from proglucagon-derived peptides in intestinal endocrine L

cells and in selected neurons in the brain stem and

hypothalamus (Doyle & Egan 2001). GLP-1-(7–36)-amide

is the major circulating biologically active form, with lesser

amounts of the bioactive GLP-1-(7–37) form also detectable.

The biological activities of GLP-1 include stimulation of

glucose-dependent insulin secretion and insulin biosynthesis,

inhibition of glucagon secretion and gastric emptying, and

inhibition of food intake (Doyle & Egan 2001). GLP-1 also

has tropic effects, including pancreatic b-cell proliferation and
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neurogenesis as well as an inhibition of b-cell apoptosis

(Brubaker & Drucker 2004). However, the clinical appli-

cation of GLP-1 is limited because of its short duration of

action due to rapid degradation by dipeptidyl peptidase IV

(Perfetti & Merkel 2000). Exendin-4, a naturally occurring

more potent and stable analog of GLP-1 that selectively binds

to the GLP-1 receptor, is clinically used to treat type II

diabetes mellitus (Perry & Greig 2003). It is known that

exendin-4 can pass through the blood–brain barrier (Kastin &

Akerstrom 2003) and exert central effects, including

promotion of neurotropic or neuroprotective actions (Perry

et al. 2002a,b) and enhancement of cognitive functions

(During et al. 2003). Very recently, it has been reported that

exendin-4 reverses key deficits in 6-hydroxydopamine or

lipopolysaccharide (LPS) lesioned rats (Bertilsson et al. 2008,

Harkavyi et al. 2008). Moreover, Li et al. (2009) reported that

exendin-4 being administered in the lateral ventricle

protected dopaminergic neurons against MPTP-induced

degeneration, preserved dopamine levels, and improved

motor function in the MPTP mice PD models. Taken

together, these findings suggest that GLP-1 receptor

stimulation in the central nervous system plays a critical

role in regulating neuronal plasticity and cell survival.

However, it is still unknown whether exendin-4 exerts its

neuroprotective effect in MPTP-induced dopaminergic

degeneration via inhibition of microglial activation. In the

present study, we sought to determine whether systemic

administration of exendin-4 was able to protect nigrostriatal

dopaminergic neurons from MPTP-induced toxicity. To

address the protective mechanism of exendin-4, the effect

of exendin-4 on microglial activation was investigated.

Finally, we also examined whether MMP-3 participates in

exendin-4-mediated neuroprotection.
Materials and Methods

Animals, MPTP intoxication, and exendin-4 treatment

Male C57Bl/6 mice (22–24 g, 8-weeks-old) were used in

the present study. They were housed under controlled

environmental conditions (12 h light:12 h darkness) and

acclimated for at least 1 week. Food and tap water were

available ad libitum. Animals were randomly assigned to

groups of five animals. The mice received four i.p.

injections of MPTP (20 mg/kg) in saline at 2-h intervals

in a single day and killed 1 or 7 days after the last injection

as previously described (Liberatore et al. 1999, Wu et al.

2002). The control group received saline solution. All

experiments were approved by the Kyunghee University

Animal Care Committee and conducted according to the

principles and procedures outlined in the NIH Guide for

the Care and Use of Laboratory Animals. All efforts were

made to minimize animal suffering and to reduce the

number of mice used. To determine the neuroprotective

effects of exendin-4 on MPTP-induced dopaminergic
Journal of Endocrinology (2009) 202, 431–439
neuronal cell death in vivo, mice were given i.p. injections

of exendin-4 (10 mg/kg) 30 min prior to each MPTP

injection for a total of four injections.
Immunohistochemistry

For immunohistochemical analysis, mice were anesthetized

with xylazine and ketamine and then perfused transcardially

with a freshly prepared solution of 4% paraformaldehyde in

PBS. The brains were removed and post-fixed overnight

in the same fixative before being immersed in a solution of

30% sucrose in PBS. Serial 30 mm-thick coronal tissue

sections were cut using a microtome and immunostained as

free-floating sections. Tissue sections were incubated over-

night at 4 8C with one of the following primary antibodies:

rabbit anti-tyrosine hydroxylase (TH) antibody (1:2000,

Chemicon, Temecula, CA, USA); rat anti-Mac-1 antibody

(1:1000, Chemicon); goat anti-MMP-3 antibody (1:100,

Santa Cruz Biotechnology, Santa Cruz, CA, USA); goat anti-

tumor necrosis factor (TNF)-a antibody (1:200, R&D

Systems, Minneapolis, MN, USA); or goat anti-interleukin

(IL)-1b antibody (1:100, R&D Systems). The sections were

incubated with appropriate biotinylated secondary antibody

(1:200, Vector Laboratories, Burlingame, CA, USA) and then

visualized using the avidin–biotin–peroxidase complex

method with diaminobenzidine tetrahydrochloride as the

chromogen. For fluorescent immunodetection of MMP-3,

sections were washed and incubated with a secondary

Cy2-donkey anti-goat IgG (1:400). Sections were counter-

stained with DAPI and fluorescence was observed using a

confocal microscope. All tissue sections from all experimental

groups to be compared were processed at the same time using

identical reagents.
Histological quantification

The total number of TH-stained SNpc neurons was manually

counted in the right and left SNpc of every sixth section,

throughout the entire extent of the SNpc, at 7 days after the

last MPTP or saline injection using Stereo Investigator

(MicroBrightField, Williston, VT, USA). The sections used

for counting covered the entire rostrocaudal axis of the SN

(AP, K2.7 to K3.8 mm from bregma according to the atlas

of Franklin & Paxinos (2001)). This generally yielded

30–36 sections in a series. Analysis was performed using a

computer-assisted image analysis system consisting of a Zeiss

Axioscope-2 microscope equipped with a computer-

controlled motorized stage, a video camera, and Stereo

Investigator software. Each midbrain section was viewed at

low power (40!), and the SNpc was outlined using the set of

anatomical landmarks defined previously (Nelson et al. 1996)

and according to the atlas of Franklin & Paxinos (2001). The

number of TH-stained cells was then counted at high power

(400!). After all of the TH-stained neurons were counted,

the estimate of the total number of neurons was calculated

according to a previously described formula (West et al. 1991).
www.endocrinology-journals.org
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The striatal density of TH immunoreactivity was

determined using a Motic BA400 microscope and Motic

Image Advanced 3.2 software (Motic Co., Ltd, Causeway

Bay, Hong Kong, People’s Republic of China). To

determine striatal density of TH immunoreactivity, four

striatal sections between bregma C0.98 and C0.02 mm

of each mouse were stained for TH. Staining intensity of

the striatum was determined using a Motic BA400

microscope and Motic Image Advanced 3.2 software

(Motic Co., Ltd). A square frame of 900!900 mm was

placed in the dorsal part of the striatum. A second square

frame of 200!200 mm was placed in the region of the

corpus callosum to measure background value. To control

for variations in background illumination, the average of the

background density readings from the corpus callosum was

subtracted from the average of density readings of the

striatum for each section.
RNA extraction and RT-PCR

Total RNA from the ventral midbrain was isolated using a

previously reported standard procedure (Kamegai et al. 1998).

The RNA was then precipitated with isopropanol, and the

pellet was washed with 70% ethanol, air dried, and dissolved

in sterile diethyl pyrocarbonate (DEPC) water. The

concentration and purity of RNA were determined with a

NanoDrop spectrophotometer (NanoDrop Technologies,

Inc., Wilmington, DE, USA). One microgram of total

RNA was reverse transcribed using Superscript II reverse

transcriptase (Life Technologies, Inc.) at 42 8C with random

hexamer priming. An RNA control tube containing all of the

reverse transcription reagents except reverse transcriptase was

included as a negative control to monitor genomic DNA

contamination. The resulting cDNA was amplified using the

GeneAmp PCR System 2700 (Applied Biosystems, Foster

City, CA, USA) or the LightCycler (Roche Diagnostics Ltd).

Quantitative real-time PCR analysis was carried out with

SYBR Green I and specific primers for TNF-a
(NM_013693; sense, 5 0-CCC AGA CCC TCA CAC TCA

GAT-3 0; antisense, 5 0-AAC ACC CAT TCC CTT CAC

AGA-3 0), IL-1b (NM_008361; sense, 5 0-ACC TTT TGA

CAG TGA TGA GAA-3 0; antisense, 5 0-AAG ATG AAG

GAA AAG AAG GTG-3 0), proMMP-3 (NM_010809; sense,

5 0-GAT CTC TTC ATT TTG GCC ATC TCT TC-3 0;

antisense, 5 0-CTC CAG TAT TTG TCC TCT ACA AAG

AA-3 0), and b-actin (NM_031144; sense, 5 0-ATG GGT

CAG AAG GAC TCC TAC G-3 0; antisense, 5 0-AGT GGT

ACG ACC AGA GGC ATA C-3 0). Details of the procedure

for real-time PCR were as previously described (Park

et al. 2004).
Statistical analysis

Data are presented as meanGS.E.M. (nZ5/group). Each

experiment was repeated at least twice, giving essentially

identical results. Statistical analysis between groups was
www.endocrinology-journals.org
performed using one-way ANOVA and Holm–Sidak method

for multiple comparisons using SigmaStat for Windows

Version 3.10 (Systat Software, Inc., Point Richmond, CA,

USA). P!0.05 was considered statistically significant.
Results

Exendin-4 treatment attenuates MPTP-induced dopaminergic
neurodegeneration

As shown in Fig. 1A and B, repeated MPTP administration

resulted in a more than 58% reduction in the number of

SNpc dopaminergic neurons. The loss of TH-positive

neurons was confirmed by Nissl staining (data not shown).

i.p. administration of exendin-4 (500 nmol/kg) prevented the

MPTP-induced loss of TH-positive SNpc neurons. Animals

that received treatments of exendin-4 and MPTP showed

increased viable TH-positive neurons in the SNpc to 83%

(P!0.01) of control after exendin-4 treatment. Exendin-4

alone did not significantly alter the number of TH-positive

neurons. To determine whether exendin-4 can also prevent

the loss of striatal dopaminergic fibers, we assessed the density

of TH immunoreactivity in the striatum (Fig. 1A and C).

Four injections of MPTP significantly reduced TH immu-

nostaining in dopaminergic terminals by 37% compared with

saline-treated control. Mice that received exendin-4 had

striatal TH-positive fibers that were 95% of control,

compared with only 63% in the MPTP (alone)-treated group.
Effect of exendin-4 on MPTP-induced microgliosis

To investigate whether the neuroprotective effect of exendin-4

is associated with the inhibition of the MPTP-induced

microglial activation, we examined the expression of Mac-1,

which is a specific marker for microglial activation

(Gonzalez-Scarano & Baltuch 1999). Immunohistochemical

staining showed that MPTP administration resulted in a

dramatic increase in the number of activated microglia and

a change in morphology, consisting of a large cell body with

poorly ramified short and thick processes, in both the SNpc

and striatum 24 h after the last MPTP injection (Fig. 2 and

Table 1), and these changes were still evident 7 days after

the MPTP injections (data not shown). However, in

MPTP-injected exendin-4-treated mice, SNpc and striatal

Mac-1-positive cells were significantly decreased compared

with the MPTP-injected vehicle-treated group.
Effect of exendin-4 on MPTP-induced MMP-3 expression

We performed immunohistochemistry and RT-PCR to

investigate the effect of exendin-4 on MPTP-induced

MMP-3 expression in the SNpc. Immunohistochemical

analysis revealed that MMP-3 was barely detectable in

saline-treated group whereas increased MMP-3 staining was

observed in mice treated with MPTP (Fig. 3A). Using a TH

antibody to detect dopaminergic neurons, we found that a
Journal of Endocrinology (2009) 202, 431–439



Figure 1 Neuroprotective effect of exendin-4 on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced nigrostriatal dopaminrergic loss in vivo. C57Bl/6 mice were treated with four i.p. injections of MPTP
in saline at 2-h intervals in a single day and sacrificed 7 days after the last injection. The control mice received
saline solution. Either vehicle or exendin-4 was injected i.p. 30 min prior to each MPTP injection. (A) The
number of substantia nigra pars compacta (SNpc) tyrosine hydroxylase (TH)-positive neurons and the density
of striatal TH-positive fibers was determined by immunostaining coronal sections with anti-TH antibody.
Representative photomicrographs of TH-positive SNpc neurons and striatal fibers are shown. Scale bars
represent 100 mm (for the SNpc) and 400 mm (for the striatum). (B) and (C) Bar graphs representing the number
of TH-positive SNpc neurons and striatal TH-positive optical density are shown. Values are meanGS.E.M.
(nZ5 mice per group). *P!0.05 versus saline-treated control; #P!0.05 versus MPTP-treated group. Full
colour version of this figure available via http://dx.doi.org/10.1677/JOE-09-0132.
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significant number of MMP-3-positive cells colocalized to

dopaminergic neurons. Administration of exendin-4 signi-

ficantly attenuated the up-regulation of MMP-3 by MPTP.

These results indicate that exendin-4 is a potent inhibitor of

MPTP-induced MMP-3 expression in experimental PD

model in mice. RT-PCR analysis of proMMP-3 showed

similar results (Fig. 3B and C).

Effect of exendin-4 on the production of microglia-derived
deleterious mediators

It is well known that inflammation plays an important role in

dopaminergic neurodegeneration in humans and the animal

MPTP model of PD (Mogi et al. 1994, Hunot et al. 1996,

Bessler et al. 1999, Dehmer et al. 2000, Nagatsu et al. 2000,

Sriram et al. 2002). Given the fact that exendin-4 suppressed

the MPTP-induced microglial response, we investigated if
Journal of Endocrinology (2009) 202, 431–439
the expression of microglia-derived pro-inflammatory

mediators in the midbrain is suppressed by exendin-4

treatment. As shown in Fig. 4A, MPTP injection resulted in

a significant increase in TNF-a and IL-1b immunoreactivities

in the SNpc. However, similar to the inhibition of microglial

activation, exendin-4 treatment significantly suppressed

the MPTP-induced increase of these pro-inflammatory

cytokines. TNF-a and IL-1b mRNA levels assessed by

RT-PCR analysis showed similar results (Fig. 4B and C).
Discussion

The present study demonstrated that systemic administration

of exendin-4 protects nigrostriatal dopaminergic pathways

from the Parkinsonian toxicity of MPTP in vivo by the

inhibition of microglial activation and concomitant release
www.endocrinology-journals.org
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Figure 2 Exendin-4 prevents 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced microglial
activation. Mice were treated with MPTP or saline and sacrificed 1 day after the last MPTP injection.
Animals were treated with exendin-4 i.p. 30 min prior to each MPTP injection. The number of activated
microglia in the substantia nigra pars compacta (SNpc) and striatum was determined by immunostaining with
antibody against Mac-1 in brain coronal sections. Representative photomicrographs of Mac-1 immunostai-
ning in each group are shown. Scale bars represent 100 mm (for the SNpc) and 50 mm (for the striatum).
Full colour version of this figure available via http://dx.doi.org/10.1677/JOE-09-0132.

Table 1 Effect of exendin-4 on 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP)-induced microglial activation in the substantia
nigra pars compacta (SNpc) and striatum. The number of Mac-1-
positive cells per mm2 with the change in morphology was
determined as an index of microglial activation 1 day after MPTP
administration. No Mac-1-immunostained cells with large cell
bodies were found in saline-treated control and exendin-4-treated
mice. Values are meanGS.E.M. (nZ5)

SNpc Striatum

Saline 0 0
Exendin-4 0 0
MPTPCsaline 303.3G9.5 81.8G5.1
MPTPCexendin-4 166.3G5.2* 48.5G11.8*

*P!0.05 versus MPTP-treated group.
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of microglia-derived pro-inflammatory mediators. Exendin-

4-mediated suppression of reactive microgliosis seems to be

associated with inhibition of microglial activator MMP-3

expression in the SNpc dopaminergic neurons.

It has been reported that GLP-1 receptor stimulation

protects hippocampal neurons against various stimuli includ-

ing amyloid-b peptide-, Fe2C-, and glutamate-induced

toxicity (During et al. 2003, Perry et al. 2003, Perry &

Greig 2005). Exendin-4 also has been reported to have

protective effects in a number of classic cellular and animal

models, such as stroke (Li et al. 2009), cholinergic ablation

(Perry et al. 2002a), kainic acid-induced CA3 hippocampal

loss (During et al. 2003), and peripheral neuropathy (Perry

et al. 2007). In this study, we showed that dopaminergic

neuron death in the SNpc was significantly reduced 1 week

after MPTP administration in exendin-4-treated animals. We

also found a similar protective effect on the loss of striatal

dopaminergic nerve terminals exposed to MPTP. Given the

fact that GLP-1 and exendin-4 can pass through the blood–

brain barrier after systemic administration (Kastin &

Akerstrom 2003) and exendin-4 given by this route has

proven effective in alleviating peripheral neuropathy in

rodents (Perry et al. 2007), these findings suggest that

peripherally injected exendin-4 enters the brain parenchyma

and exerts protective effects in the central nervous system.

Our observation mirrors a recent report of Li et al. (2009), in

which exendin-4 treatment provided complete protection of

nigrostriatal dopaminergic neurons, dopamine and metabolite

levels and ratios, and all behavioral abnormalities in a MPTP

animal model of PD. Taken together, these findings provide

evidence that exendin-4 may function as a survival factor for

dopaminergic neurons by preventing the morphological

abnormalities induced by MPTP neurotoxicity and offer

a new perspective on the potential role of this peptide in

Parkinson’s-like neurodegenerative diseases.
www.endocrinology-journals.org
The actions of GLP-1 and exendin-4 are mediated through

the GLP-1 receptor that is a member of the class B family of

7-transmembrane-spanning, heterotrimeric G protein-

coupled receptors (Baggio & Drucker 2007). In humans

and rodents, GLP-1 receptors are widely expressed through-

out the brain (Goke et al. 1995, Perry & Greig 2003). GLP-1

activation of the Gas subunit of GLP-1 receptor leads to

activation of adenylyl cyclase activity and increased pro-

duction of intracellular cAMP (Li et al. 2003). Previous studies

demonstrated that cAMP-mediated pathways are central to

the antiapoptotic actions of GLP-1 in b-cells (Li et al. 2003,

Perry & Greig 2003, Baggio & Drucker 2007), and the

neuroprotective effects of cAMP-elevating agents are

observed in many neuronal cells (D’Mello et al. 1993,

Mena et al. 1995, Hanson et al. 1998). Other signaling

pathways, such as PI3K and MAPK pathways, are also

involved in GLP-1-mediated protective effects in neuronal

cells (Perry et al. 2002b). However, the precise mechanisms by
Journal of Endocrinology (2009) 202, 431–439
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Figure 3 Exendin-4 attenuates 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine (MPTP)-induced matrix metalloproteinase-3 (MMP-3)
expression in the substantia nigra pars compacta (SNpc). Mice were
treated with either saline or MPTP at 2-h intervals in a single day.
Animals were treated with exendin-4 i.p. 30 min prior to each
MPTP injection. The mice were sacrificed 1 day after the last MPTP
injection. (A) MMP-3 expression in the SNpc dopaminergic cells
was determined by double fluorescent immunohistochemistry
against MMP-3 (green) and TH (red). Representative photomicro-
graphs of MMP-3 expression in TH-positive SNpc neurons are
shown. Scale bar represents 15 mm. (B) and (C) proMMP-3 mRNA
levels were determined by RT-PCR (B) and real-time RT-PCR
analysis (C). b-Actin was used as an internal control. Total RNA was
extracted from the ventral midbrain. Values are meanGS.E.M. (nZ5
mice per group). *P!0.05 versus saline-treated control; #P!0.05
versus MPTP-treated group. Full colour version of this figure
available via http://dx.doi.org/10.1677/JOE-09-0132.
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which exendin-4 protect dopaminergic neurons from

MPTP-induced toxicity remain to be clarified.

Microglia, the resident immune cells in the brain

(del Rio-Hortega 1993), can become overactivated by

direct stimulation of microglia and neuronal damage and

consequent reactive microgliosis (Block et al. 2007). Since

activated microglial cells are important sources of pro-

inflammatory cytokines such as TNF-a, IL-1b, and IFN-g,

reactive microgliosis could be an underlying mechanism of

progressive neurodegeneration in PD (Kim & Joh 2006).

Previous studies reported that SNpc microglial activation

was detected as early as 12 h and reached a maximum 1 day

after MPTP injection; it subsided to control levels in about

a week (Liberatore et al. 1999, Dehmer et al. 2000). Similar

to these findings, we found that MPTP remarkably

increased the number of activated microglia in both the

SNpc and striatum 24 h after injection. Stimulatory
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signaling molecules, such as laminin, MMP-3, and

a-synuclein, released from damaged dopaminergic neurons

activate microglia to produce pro-inflammatory and

neurotoxic factors, which are toxic to surrounding neurons,

resulting in perpetuating cycle of neuronal death. This

microglia-mediated self-perpetuating cycle of the neuro-

toxic activation of microglia in response to neuronal injury

is one of the principal processes that urge progressive

dopaminergic neurodegeneration (Liu 2006). Therefore, the

neuroprotective agents targeting microglial activation may

be able to break this vicious cycle and modulate the course

of neurodegenerative processes. In fact, it has been

demonstrated that several agents have neuroprotective effects

due to their ability to suppress the microglial activation

in several PD models (Liu et al. 2000, 2003, Wu et al. 2002,

Delgado & Ganea 2003). Therefore, we suggest that

the ability of exendin-4 to prevent activation of microglial

cells in both the SNpc and striatum plays an important

role in its neuroprotective effect in this model. To our

knowledge, this is the first report demonstrating the

inhibition of MPTP-induced microglial activation by

exendin-4.

It has been reported that MMP-3 plays critical roles in

dopaminergic neurodegeneration in experimental models of

PD both intracellularly, by mediating apoptosis of dopamin-

ergic neurons, and extracellularly by triggering neuroin-

flammation (Kim et al. 2005, 2007, Choi et al. 2008).

Specifically, active form of MMP-3 is released from

dopaminergic neuronal cells that are under cellular stress

and undergoing apoptosis and leads to microglial activation

and production of pro-inflammatory and neurotoxic

molecules in microglia and further enhances dopaminergic

cell death (Kim et al. 2005, 2007). Furthermore, nigrostriatal

dopaminergic neurodegeneration, microglial activation, and

superoxide generation were substantially attenuated in

MMP-3K/K mice exposed to MPTP (Kim et al. 2007). In

addition, it has been demonstrated that intracellular MMP-3

activity is altered in response to cellular stress due to the

changes in gene expression and activation by cleavage of

proMMP-3 (Choi et al. 2008). In the present study, we

demonstrate for the first time that exendin-4 suppresses

MPTP-induced MMP-3 expression in vivo. Since it is well

known that MMP-3 plays a central role in dopaminergic

neurodegeneration in PD, inhibition of MMP-3 expression

by exendin-4 in early neuronal degeneration may be

considered as promising therapeutic strategies to prevent

progressive dopaminergic neuronal degeneration.

Activated microglia are a robust source of a variety of

noxious compounds, such as superoxide, nitric oxide (NO),

cytokines, and eicosanoids (Teismann et al. 2003, Teismann &

Schulz 2004). The levels of pro-inflammatory cytokines, such

as TNF-a and IL-1b, are increased in the SNpc glial cells of

PD patients (Nagatsu et al. 2000). These cytokines may exert a

direct effect on dopaminergic neurons by binding to specific

cytokine receptors, then triggering intracellular death-related

signaling pathways that leads to apoptosis or, alternatively,
www.endocrinology-journals.org
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Figure 4 Exendin-4 prevents 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced production
of microglia-derived deleterious mediators in the ventral midbrain. Mice were treated with MPTP or saline
injections and killed 1 day after the last MPTP injection. Animals were treated with exendin-4 i.p. 30 min
prior to each MPTP injection. (A) TNF-a and IL-1b expression in the SNpc dopaminergic cells was
determined by immunohistochemistry against TNF-a (upper panel) and IL-1b (lower panel). Representative
photomicrographs of TNF-a and IL-1b expression in SNpc are shown. Scale bars represent 50 mm.
(B) and (C) TNF-a and IL-1b mRNA levels were determined by RT-PCR (B) and real-time RT-PCR analysis
(C). Data represent meanGS.E.M. (nZ5). *P!0.05 versus saline-treated control; #P!0.05 versus
MPTP-treated group. Full colour version of this figure available via http://dx.doi.org/10.1677/JOE-09-0132.
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indirectly by inducing the expression of inducible NO

synthase (iNOS) within the microglia and cyclooxygenase-2

within the dopaminergic neurons, and then stimulating the

formation of NO and superoxide respectively (Teismann et al.

2003). Microglia-derived NO-mediated nitrate stress plays

a pivotal role in the pathogenesis of PD, which is supported by

the demonstration that MPTP-induced SNpc dopaminergic

neuron loss and the production of ventral midbrain

nitrotyrosine are attenuated in mice lacking the iNOS gene

(Liberatore et al. 1999). NO can diffuse to neighboring
www.endocrinology-journals.org
dopaminergic neurons and react with superoxide to form the

highly reactive tissue-damaging species peroxynitrite. In line

with the concept that exendin-4 inhibits the MPTP-induced

activation of microglia, we found that exendin-4 attenuated

the expression of TNF-a and IL-1b in the ventral midbrain.

This inhibitory effect of exendin-4 on TNF-a and IL-1b may

contribute to alleviating MPTP-induced inflammatory

damage. Supporting evidence for this observation is that

GLP-1 could inhibit LPS-induced IL-1b mRNA expression

and IL-1g production in rat astrocytes (Iwai et al. 2006).
Journal of Endocrinology (2009) 202, 431–439
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Given the fact that the neuroprotective effect of exendin-4

is associated with the inhibition of MPTP-induced microglial

activation, and the subsequent increase in TNF-a and IL-1b,

we suggest that exendin-4 functions as a microglia-

deactivating factor.

In summary, in agreement with the previous report of

Li et al. (2009), we have demonstrated that peripheral

administration of exendin-4 in the MPTP mouse model

of PD attenuates nigrostriatal dopaminergic neuron loss.

Moreover, we provide evidence for the first time that the

neuroprotective effect of exendin-4 is mediated by the

inhibition of microglial activation and the concomitant

release of pro-inflammatory mediators. The inhibitory effect

of exendin-4 on microglial activation appears to be due to the

inhibition of MMP-3 expression. These findings are

significant because exendin-4 can function as a neuroprotec-

tive agent and may have therapeutic potential for the

treatment of PD and other neurodegenerative disorders

where inflammatory responses play a major role.
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