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Abstract Growth/differentiation factor−15 (Gdf-15) is a
member of the transforming growth factor-β (Tgf-β) super-
family and has been shown to be a potent neurotrophic factor
for midbrain dopaminergic (DAergic) neurons both in vitro
and in vivo. Gdf-15 has also been shown to be involved in
inflammatory processes. The aim of this study was to identify
the role of endogenous Gdf-15 in the MPTP (1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine) mouse model of Parkinson’s
disease (PD) by comparing Gdf-15+/+ and Gdf-15−/− mice.
At 4 days and 14 days post-MPTP administration, both Gdf-
15+/+ andGdf-15−/−mice showed a similar decline in DAergic
neuron numbers and in striatal dopamine (DA) levels. This
was followed by a comparable restorative phase at 90
days and 120 days, indicating that the absence of Gdf-15

does not affect the susceptibility or the recovery capacity of
the nigrostriatal system after MPTP administration. The
MPTP-induced microglial and astrocytic response was not
significantly altered between the two genotypes. However,
pro-inflammatory and anti-inflammatory cytokine profiling
revealed the differential expression of markers in Gdf-15+/+

and Gdf-15−/− mice after MPTP administration. Thus, the
MPTP mouse model fails to uncover a major role of endoge-
nous Gdf-15 in the protection of MPTP-lesioned nigrostriatal
DAergic neurons, in contrast to its capacity to protect the 6-
hydroxydopamine-intoxicated nigrostriatal system.
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Introduction

Parkinson’s disease (PD) is an age-related neurodegenerative
disorder affecting more than 7 million people worldwide
(Antony et al. 2013). Pathological hallmarks include degener-
ation of dopaminergic (DAergic) neurons in the substantia
nigra (SN), loss of projecting fibers, and a subsequent deple-
tion of the neurotransmitter dopamine (DA) in the caudate
putamen (CPu; Hirsch et al. 1988), with current treatment
strategies only providing symptomatic relief to PD patients.

The use of neurotoxin-induced animal models has been
crucial for elucidating the pathophysiology of PD and for
developing therapeutic approaches aimed at alleviating the
motor symptoms (Schober 2004; Bové and Perier 2012;
Simms et al. 2015). Of these, the classical neurotoxin 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is widely
used to elicit degeneration of the DAergic nigrostriatal system
(Heikkila et al. 1984; Beal 2001; Przedborski and Vila 2003)
and to study accompanying neuropathological and
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neurochemical changes (Schmidt and Ferger 2001). Losses of
DAergic neurons following MPTP administration are accom-
panied by neuroinflammatory responses consisting primarily
of activated microglia and reactive astrocytes and of an in-
crease in levels of pro-inflammatory cytokines (Nagatsu
et al. 2000; Vila et al. 2001; Barcia 2013).

During the past few decades, several neurotrophic factors
have been tested with regard to their neuroprotective and
neurorestorative properties in animal models of PD (Aron and
Klein 2011; Weissmiller and Wu 2012; Hegarty et al. 2014).
Growth/differentiation factor-15 (Gdf-15) is a member of the
transforming growth factor-β (Tgf-β) superfamily and was
identified by its role as an autocrine regulator of macrophage
activation (Bootcov et al. 1997). It has broad anti-inflammatory
and immunosuppressive properties, as recently described for
models of atherosclerosis and rheumatoid arthritis (Breit et al.
2011; Unsicker et al. 2013). It is ubiquitously expressed in the
rat and mouse central nervous systems, with the choroid plexus
being the site of highest expression (Strelau et al. 2000a,
2000b). Gdf-15 has been shown to be a survival-promoting
factor for central and peripheral neurons (Subramaniam et al.
2003; Strelau et al. 2009) and a potent neurotrophic factor for
midbrain DAergic neurons both in vitro and in vivo (Strelau
et al. 2000b). Gdf-15 promotes the survival of culturedDAergic
neurons with an efficacy exceeding that of glial cell-line de-
rived neurotrophic factor (Gdnf). In vivo, unilateral injection of
Gdf-15 into the medial forebrain bundle and into the left ven-
tricle, just before a 6-hydroxydopamine (6-OHDA) injection,
significantly reduces DAergic neuron loss and abrogates path-
ological rotational motor behavior (Strelau et al. 2000a, 2000b).
However, the effects of Gdf-15 in the MPTP mouse model of
PD have so far not been investigated.

Our aim in this study has been to examine whether endog-
enous Gdf-15 is required to maintain the integrity and recov-
ery of the nigrostriatal system after MPTP administration, and
to determine possible alterations in the inflammatory re-
sponses, if any. We show here that MPTP-lesioned Gdf-
15+/+ and Gdf-15−/− mice exhibit a concomitant decrease in
the number of DAergic neurons and striatal DA levels, follow-
ed by a recovery phase, indicating that the lack of Gdf-15
alters neither the vulnerability nor the recovery of the
nigrostriatal system after MPTP administration. Moreover,
Gdf-15-deficient mice fail to reveal differences in the numbers
of microglial cells and astrocytes in the two genotypes but
clearly provide evidence for differential cytokine expression.

Materials and Methods

Animals

All animal work was performed in strict compliance with the
German Federal Animal Welfare Law and after approval of

the Official Animal Welfare Officer of the Centre for
Experimental Models and Transgenic Services (CEMT) at
the University of Freiburg. The Gdf-15lacZ/lacZ mouse colony
was established via embryo-transfer from Heidelberg,
Germany (Strelau et al. 2009). The animals were housed at
22±2° C under a 12-h light/dark cycle with free access to food
and water.

Generation of MPTP-lesioned mice

The preparation, handling, storage, and disposal of the neuro-
toxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridin (MPTP)
was carried out in accordance with the published guidelines
(Przedborski et al. 2001). Biohazard safety precautions and
decontamination (with 1% sodium hypochlorite) were follow-
ed after contact with the MPTP-injected mice or the neurotox-
in itself. Animal procedures were conducted in accordance
with local ethical guidelines and have been approved by the
Animal Experimentation Committee of the University of
Freiburg (G-11/77). Sixty-three adult male Gdf-15+/+ and
Gdf-15−/− mice, aged 10–12 weeks, were intraperitoneally
injected with 20 mg/kg of the neurotoxin MPTP hydrochlo-
ride (Sigma-Aldrich) in 0.2 ml PBS (phosphate-buffered sa-
line), once a day, for three consecutive days as previously
described (Schober et al. 2007). Mice were killed after 2, 4,
14, 90, and 120 days. Sixty-one adult male Gdf-15+/+ and
Gdf-15−/− mice were injected with PBS only (vehicle) and
served as the control group.

Tissue processing

Mice were sacrificed by cervical dislocation at 4, 14, 90, and
120 days. Brains were removed from the skull, and a cut was
made at the level of Bregma 0 (Paxinos and Franklin 2012).
The CPu was dissected out (Bregma 1.32-0) and used for high
performance liquid chromatography-electrochemical detec-
tion (HPLC-ED). The remaining brain comprising the SN
was fixed in 4% paraformaldehyde (PFA; Merck, Germany)
overnight at 4° C and transferred into a 15% sucrose solution
followed by a 30% sucrose solution (overnight, 4° C, each).
The cryo-protected brains were embedded in Tissue Tek
(Leica, Germany), snap-frozen in liquid nitrogen (−196° C),
and stored at −80° C. Brains were cut with a cryostat (Leica,
Germany) at a thickness of 30 μm. Serial sections were col-
lected on super-frost slides (Thermo Scientific, USA) and
stored at −80° C until further processing.

HPLC-ED analysis

At the appropriate time-points, the CPu was dissected out
(Bregma 1.32-0) and transferred to ice-cold 0.2 M perchloric
acid. Dissected brain regions were homogenized in 0.2 M
perchloric acid by using the Precellys 24 tissue homogenizer
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(Peqlab, Germany). HPLC-ED was performed as previously
described (Schneider et al. 2011). Homogenates were centri-
fuged at 20,000g for 5 min at 4° C and were filtered through
0.2-μm filters. DA concentrations were measured by using an
HPLC pump (UltiMate 3000 Quaternary Analytical, Dionex),
an autosampler (WISP 717plus, Waters, Germany), and an
amperometric detector (Antec Intro, AntecLeyden,
Netherlands). The isocratic mobile phase consisted of sodium
acetate (90 mM), citric acid monohydrate (60 mM), ethylene-
diaminetetraacetic acid (2 mM), 1-octanesulfonic acid
(3 mM), and 8% methanol and was adjusted to pH 5.3. DA
was separated on a Prontosil 120-3-C18 AQ column (3 μm,
120 × 2 mm; Bischoff chromatography, Germany) by using a
fixed flow rate of 300 μl/min. Data were registered and
analysed by using Chromeleon 6 software (Dionex).

RNA isolation and quantitative reverse transcription plus
polymerase chain reaction

Mice were killed by cervical dislocation at the designated
time-points. The CPu was dissected out at the level of
Bregma 1.32-0. For isolation of the SN, a paramedian cut
was made to exclude the ventral tegmental area (VTA) from
the analyses, and the SN (including pars compacta and pars
reticularis) were trimmed. Both the SN and the CPu were
transferred to RNA later (Ambion, Germany). The tissues
were then homogenized in peqGOLD TriFast (Peqlab,
Germany) by using the Precellys 24 tissue homogenizer
(Peqlab, Germany). RNAwas extracted by using a modifica-
tion of the phenol-chloroform extraction procedure with
bromo-chloro-propane instead of chloroform (Chey et al.
2011). The extracted RNA was purified on columns (RNA
Clean & Concentrator-25, Zymo Research, Germany). RNA
purity and concentration were determined by using the
NanoDrop 2000 (Thermo Scientific, Germany).

RNA was reverse-transcribed to cDNA with RevertAid H
Minus Reverse Transcriptase (Thermo Scientific, Germany).
Quantitative reverse transcription plus polymerase chain reac-
tion (qRT-PCR) analysis was performed with the MyiQ (Bio-
Rad, USA) and SYBR Green PCR Mastermix (Life
Technologies, Germany). Primer sequences are listed in
Table 1. Results were analyzed with Bio-Rad iQ5 Optical
System Software and the comparative CT method (Livak
and Schmittgen 2001). Data are expressed as 2-ΔΔCT for the
experimental gene of interest, normalized to the housekeeping
geneGapdh (D-glyceraldehyde-3-phosphate dehydrogenase),
and presented as the fold-change relative to control.

Immunohistochemistry

For 3,3’-diaminobenzidine (DAB)-based immunohistochem-
istry, sections were washed three times for 5 min each with
PBS, followed by heat-based antigen retrieval in citrate buffer,

pH 6.0 for 10 s at 600 W in a commercial microwave. The
sections were then allowed to cool for 15–20 min and washed
three times with PBS. This was followed by blocking endog-
enous peroxidase activity with 3% H2O2 in 100% methanol
for 15 min in the dark. The sections were then washed three
times with PBS and blocked with 1% bovine serum albumin
(10% normal goat serum in the case of ionised calcium-
binding adapter molecule 1 [Iba1]) and 1% Triton X-100 in
PBS for 2 h at room temperature. This was followed by incu-
bation with sheep anti-Th (tyrosine hydroxylase; 1:500; poly-
clonal, AB1542, Millipore, Germany) or rabbit anti-Iba1
(1:500; polyclonal, 019–19741, Wako, Japan) or mouse anti-
Gfap (glial fibrillary acidic protein; 1:1000; MAB3402,
Millipore, Germany) primary antibodies overnight at 4° C.
On the next day, sections were washed three times with
PBS, followed by an incubation with either biotinylated rabbit
anti-sheep (1:200; Vector Laboratories, USA) or biotinylated
goat anti-rabbit (1:500; Dianova, Germany) secondary anti-
bodies for 2 h at room temperature. The secondary antibody
step was followed by incubation with an avidin-biotin-
peroxidase-conjugated complex (Vectastain ABC kit, Vector
Laboratories, USA) for 2 h at room temperature. DAB (DAB
Substrate Kit, Vector Laboratories, USA) was used as a chro-
mogen for visualization, with a developing time of 5 min.
Sections were then counter-stained with 0.5% cresyl violet
acetate solution for 1–2 min, dehydrated in graded alcohols
followed by incubation in Rotihistol (Roth, Germany), and
finally mounted in Entellan (Merck, Germany). For fluores-
cent staining, donkey anti-sheep Alexa-594 and goat anti-
mouse Alexa-488 secondary antibodies (1:500; Cell
Signaling Technology, Germany) were added in PBS to the
sections for 1 h at room temperature. Sections were then
washed three times in PBS followed by a 5-min incubation
with DAPI (4′,6-diamidino-2′-phenylindole dihydrochloride;
1:1000, Roche, Germany), washed again three times in PBS
followed by a wash in distilled water, mounted with
Fluoromount G (SouthernBiotech, USA), and sealed with
clear nail polish.

Stereological analysis

Assessment of the number of Th-ir (immunoreactive) neu-
rons or the Iba1-ir microglia was made according to the
optical fractionator principle by using StereoInvestigator
software (Version 8.23, MBF Bioscience, Germany).
Unilateral counting was performed blind for treatment by
using an oil immersion 63× objective (AxioImager M1,
Zeiss), with a counting frame of 50 μm × 50 μm and a
grid size of 100 μm × 120 μm. The optical disector was
11 μm thick, with 2-μm guard zones at the top and bottom
of the section. Estimated numbers correspond to cell num-
bers in one hemisphere.
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Statistical analysis

All statistical analyses were performed by using SPSS (IBM,
version 22) and plotted by using GraphPad Prism (version 6.0;
GraphPad Software). Data are expressed as means±SEM. In
all analyses, the null hypothesis was rejected at the 0.05 level.
A two-way analysis of variance (ANOVA)with repeated mea-
sures followed by a Tukey’s post-hoc test was performed for
Th-ir and Iba1-ir (total and activated) cell numbers. Striatal
DA levels were analyzed with a two-way ANOVA with re-
peated measures followed by a Dunnett’s post-hoc test, with
the Gdf-15+/+ PBS group set to 100%. Cytokine expression
profiling via qRT-PCR was analyzed by using a one-way
ANOVA followed by a Tukey’s post-hoc test, with the respec-
tive PBS groups at each time-point serving as controls.

Results

Gdf-15+/+ and Gdf-15−/− mice exhibit similar DAergic
neuron numbers and striatal DA levels following MPTP
administration

Previous studies from our group have indicated that exoge-
nous Gdf-15 application protects midbrain DAergic neurons
from 6-OHDA-induced death (Strelau et al. 2000b). The pres-
ent study addresses the role of endogenous Gdf-15 in an al-
ternate PD lesion model by using the neurotoxin MPTP
(Schober 2004). Both Gdf-15+/+ and Gdf-15−/− mice were
injected with the neurotoxin MPTP and analyzed over a peri-
od of 120 days. Figure 1a-d’’’ illustrates the distribution of Th-
ir DAergic neurons after vehicle (PBS) or MPTP

administration in the SN of Gdf-15+/+ and Gdf-15−/− mice at
4, 14, 90, and 120 days post-injection. Quantification of Th-ir
neurons in the SN indicates a decrease in neuron numbers in
both genotypes at 4 days and 14 days post-MPTP administra-
tion (not significant). This was followed by a subsequent in-
crease in neuron numbers in the MPTP-treated groups at the
later time-points (90 days and 120 days), in both genotypes,
indicating a similar recovery at both times (Fig. 1e).

As seen in Fig. 1f, MPTP administration caused a sharp
decrease in striatal DA levels in bothGdf-15+/+ and Gdf-15−/−

mice at 4 days and 14 days, followed by a recovery phase at
90 days, with return to baseline levels (as compared with the
PBS controls) at 120 days, post-MPTP administration. A two-
way ANOVA with repeated measures was performed to ex-
amine the effects of treatment and time on the striatal DA
levels between the two genotypes. A statistically significant
interaction was seen between the effect of the genotypes (F [1,
45]=31.750, P<0.0001), the treatments (F [1, 45] = 207.423,
P <0.0001), and the time-points (F [3, 45] = 10.262, P
<0.0001) on the levels. Furthermore, a strong time-based

Table 1 Primer sequences
(Arg1 arginase 1, Fizz-1 resistin-
like alpha, Ym1 chitinase-like 3,
Gapdh D-glyceraldehyde-3-
phosphate dehydrogenase,
Gdf-15 growth/differentiation
factor-15, Il-6 interleukin-6,
iNOS inducible form of nitric
oxide synthase, Tgfβ-1
transforming growth factor-β1,
Tnf-α tumor necrosis factor-α,
F forward, R reverse)

Name Length (bases) Sequence (5′-3′) Accession number

Arg1 F (24)

R (23)

TCATGGAAGTGAACCCAACTCTTG

TCAGTCCCTGGCTTATGGTTACC

NM_007482.3

Fizz-1 F (25)

R (22)

TCCTGCCCTGCTGGGATGACTGCTA

CAGCGGGCAGTGGTCCAGTCAA

NM_020509.3

Gapdh F (20)

R (20)

GGCATTGCTCTCAATGACAA

ATGTAGGCCATGAGGTCCAC

NM_001289726

Gdf-15 F (18)

R (18)

GAGCTACGGGGTCGCTTC

GGGACCCCAATCTCACCT

XM_006509669

Il-6 F (20)

R (20)

GCTGGTGACAACCACGGACT

TGCACTGGGGCGAGGACACT

NM_031168

iNos F (21)

R (21)

CAAGAGTTTGACCAGAGGACC

TGGAACCACTCGTACTTGGGA

XM_006532446.2

Tgfβ-1 F (21)

R (24)

TAATGGTGGACCGCAACAACG

TCCCGAATGTCTGACGTATTGAAG

NM_011577.2

Tnf-α F (23)

R (23)

TCTACTGAACTTCGGGGTGATCG

TGATCTGAGTGTGAGGGTCTGGG

NM_013693

Ym1 F (25)

R (22)

AGACTTGCGTGACTATGAAGCATTG

GCAGGTCCAAACTTCCATCCTC

NM_009892.2

�Fig. 1 Lack of growth/differentiation factor-15 (Gdf-15) does not affect
dopaminergic (DAergic) neuron numbers or striatal dopamine (DA)
levels following 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
administration. a–d’’’ Representative images of the substantia nigra
(SN) of Gdf-15+/+ and Gdf-15−/− mice demonstrating the distribution of
tyrosine-hydroxylase-immunoreactive (Th-ir) neurons at 4, 14, 90, and
120 days (d) after phosphate-buffered saline (PBS) or MPTP injections.
Bar 100 μm. eGraph showing the quantification of Th-ir neurons inGdf-
15+/+ and in Gdf-15−/−mice at 4, 14, 90, and 120 days after either PBS or
MPTP injection (n= 4). f Striatal DA levels in Gdf-15+/+ and Gdf-15−/−

mice at 4, 14, 90, and 120 days after PBS orMPTP administration (n = 4).
Data presented as means ± SEM. **P ≤ 0.01, ****P< 0.0001
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interaction effect was noted between the genotypes (F [3,
45] = 7.664, P<0.0001) and between the treatments (F [3,
45]=8.198, P<0.0001). A Dunnett’s post-hoc test showed a
significant increase in striatal DA levels at 90 days (97.44
±37.69, P <0.0001) and 120 days (90.68±13.32, P =0.001)
as compared with 4 days (71.47±32.28). However, no signif-
icant differences were detected between the genotypes.

Effect of MPTP administration on nigrostriatal glia

MPTP-induced neurodegeneration of DAergic neurons is ac-
companied by a neuroinflammatory response consisting of a
strong glial reaction, namely increased microglial activation
and reactive astrogliosis (Hirsch et al. 2005; McGeer and
McGeer 2008). Figure 2a-d’’’ shows the distribution of Iba1-
ir microglia in the SN of Gdf-15+/+ and Gdf-15−/− mice at 4,
14, 90, and 120 days after PBS or MPTP administration.
Activated microglia were distinguished from restingmicroglia
based on their intense staining for Iba-1, their amoeboid
shape, and their retracted processes (Fig. 2e’, f’). The numbers
of Iba1-ir total and activated microglia in the SN were quan-
tified stereologically. Figure 2e depicts the estimated numbers
of total microglia in both Gdf-15+/+ and Gdf-15−/− mice after
PBS or MPTP treatment at the various time-points. A two-
way ANOVA with repeated measures was performed to ex-
amine the effects of treatment and time on the total Iba1-ir
microglia numbers between the two genotypes. No statistical-
ly significant interaction was observed between the groups
analyzed. Out of the total microglia, the activated microglia
fraction was also estimated stereologically. As seen in Fig. 2f,
the numbers of Iba1-ir activated microglia were increased in
both Gdf-15+/+ and Gdf-15−/− mice at 4 days after MPTP
administration and showed a gradual decrease with the pro-
gression of time. A two-way ANOVAwith repeated measures
was performed to examine the effects of treatment and time on
the Iba1-ir activated microglia numbers between the two ge-
notypes. A statistically significant interaction was noted be-
tween the effect of treatment on activated microglia numbers
(F [1, 32] =14.570, P=0.001. A statistically significant time-
based effect was also seen on activated microglia numbers (F
[3, 32]=8.223, P=0.001). ATukey’s post-hoc test showed a
significant reduction in the number of Iba1-ir activated mi-
croglia at 14 days (696.89 ± 427.07, P = 0.009), 90 days
(645.23±308.67, P=0.004), and 120 days (489.53±189.29,
P <0.0001), as compared with the numbers at 4 days (1297.15
±812.01). This suggests that, although a time-dependent de-
crease occurs in the microglial response, activated microglial
cells are still present long after the toxin has been cleared from
the system.

We next compared the astroglial response between Gdf-
15+/+ and Gdf-15−/− mice after MPTP administration.
Figure 3a-d’’’ shows the distribution of Gfap-ir astrocytes
(green) and Th-ir DAergic neurons (red) in the SN of Gdf-

15+/+ and Gdf-15−/− mice at 4, 14, 90, and 120 days post-PBS
or -MPTP administration. At 4 days post-MPTP lesion, both
Gdf-15+/+ and Gdf-15−/− mice exhibited an increased
astroglial reaction in the SN, with the presence of reactive
astrocytes (inset, Fig. 3a’), as compared with normal astro-
cytes (inset in Fig. 3a’’). Astrocytic reaction was reduced at
the later time-points. This indicated that, in comparison with
Gdf-15+/+ mice, Gdf-15−/− mice do not show an altered astro-
cytic reaction post-MPTP lesion.

Cytokine expression profile in Gdf-15+/+ and Gdf-15−/−

mice after MPTP administration

Regulation of both pro-inflammatory and anti-inflammatory
cytokines is observed post-MPTP administration in animal
models of PD (Nagatsu et al. 2000; Grünblatt et al. 2000;
Sawada et al. 2006). Figure 4 shows the mRNA expression
pattern of Gdf-15, iNos, Tnf-α, and Il-6 in the CPu and SN
of Gdf-15+/+ and Gdf-15−/− mice at 2, 4, 14, 90, and
120 days after MPTP administration. An increase occurred
in Gdf-15 mRNA expression in the CPu of Gdf-15+/+ mice
at 2 days (8.721±2.13) followed by a decrease at 4 days
and 14 days and a subsequent increase at 90 days (7.90
±2.77), which was significantly different from the levels at
4 days (P = 0.0148). Gdf-15 mRNA levels returned to
basal levels at 120 days post-MPTP administration
(Fig. 4a). In the SN, a slight increase was seen in Gdf-15
mRNA expression in the Gdf-15+/+ mice at 2 days, which
significantly increased at 90 days (19.03±2.04, P <0.0001)
as compared with all other time-points (Fig. 4b). As seen in
Fig. 4c, the expression of iNos in the CPu was comparable
in both genotypes at all time-points, except at 90 days,
when a significant increase occurred in the expression in
the Gdf-15+/+ mice (4.724±1.026) as compared with the
Gdf-15−/− mice (1.193 ± 0.29). This increase in iNos
mRNA expression at 90 days was also significantly differ-
ent from the expression at all other time-points in the Gdf-
15+/+ mice (P=0.0004). A similar expression pattern was
seen in the SN, with a significant increase in iNos mRNA

�Fig. 2 Microglial distribution and quantification in the substantia nigra
(SN) of Gdf-15+/+ and Gdf-15−/− mice after MPTP lesion. a–d’’’
Representative images showing the distribution of ionised calcium-
binding adapter molecule 1 (Iba1)-ir microglia in the SN of Gdf-15+/+

and Gdf-15−/− mice at 4, 14, 90, and 120 days after PBS or MPTP ad-
ministration. The dashed line in a delineates the substantia nigra pars
compacta (SNpc) and the substantia nigra pars reticularis (SNpr). e
Estimated numbers of Iba1-ir total microglia in the SN of Gdf-15+/+ and
Gdf-15−/−mice after PBS orMPTP treatment at 4, 14, 90, and 120 days. f
Estimated numbers of Iba1-ir activated microglia in the SN of Gdf-15+/+

and Gdf-15−/− mice at 4, 14, 90, and 120 days after PBS or MPTP treat-
ment (n = 4). e’, f’ Morphological differences between resting (e’) and
activated (f’) microglia. Data are presented as means ± SEM. **P ≤ 0.01,
****P< 0.0001. SN; . Bar 100 μm (a–d’’’), 20 μm (e’, f’)
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expression at 90 days in the Gdf-15+/+ mice (24.40±6.27)
as compared with the Gdf-15−/− mice (0.812±0.216); this
was also significantly different from all other time-points
(P=0.0047; Fig. 4d). As depicted in Fig. 4e, Tnf-α mRNA
levels were also significantly higher in the CPu of Gdf-
15+/+ mice (16.93±5.58) as compared with Gdf-15−/− mice
(1.55 ± 0.60) at 90 days post-MPTP administration.
Moreover, the increase at 90 days was also significantly

different from the values at all other time-points as shown
by a one-way ANOVA (P=0.0014). The SN showed a
similar expression pattern, with elevated Tnf-α mRNA
levels at 90 days in Gdf-15+/+ mice (27.81±7.67) as com-
pared with Gdf-15−/− mice (0.89±0.21); these were also
significantly different from all other time-points (P
<0.0001; Fig. 4f). Il-6 mRNA expression was significantly
increased in the CPu of Gdf-15+/+ mice (9.37±2.52) as

Fig. 3 Astrocytic response in the substantia nigra (SN) of Gdf-15+/+ and
Gdf-15−/− mice following MPTP administration. a–d’’’ Representative
images illustrating the distribution of glial fibrillary acidic protein
(Gfap)-ir astrocytes (green) and tyrosine-hydroxylase (Th)-ir DAergic
neurons (red) in the SN of Gdf-15+/+ and Gdf-15−/− mice at 4, 14, 90,

and 120 days after PBS or MPTP administration (dashed line in a demar-
cates SNpc and SNpr). A reactive astrocyte (inset in a’) is characterised
by its difference in morphology as compared with that of a normal astro-
cyte (inset in a’’). Bar 100 μm (insets 10 μm)
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compared with Gdf-15−/− mice (0.51 ± 0.26) at 90 days
post-MPTP administration; this was also significantly
higher as compared with all other time-points
(P=0.0007; Fig. 4g). The SN exhibited a similar trend,
with an increase in Gdf-15+/+ mice (10.23±3.48) as com-
pared with Gdf-15−/− mice (0.54±0.81) at 90 days post-
MPTP administration; this was also significantly higher
compared with all other time-points (P=0.0002; Fig. 4h).

Alternative activation of microglia is associated with ex-
pression of genes involved in anti-inflammatory effects
such as tissue repair, extracellular matrix remodeling, and
resolution of inflammation (Tang and Le 2015; Haas et al.
2016). Hence, the mRNA expression of alternative or anti-
inflammatory markers, namely Tgfβ-1, Arg1, Fizz-1, and
Ym1 was also assessed in the CPu and SN of Gdf-15+/+

and Gdf-15−/− mice at 2, 4, 14, 90, and 120 days post-
MPTP administration (Fig. 5). Interestingly, the Tgfβ-1
mRNA level showed a significant increase in the CPu at
4 days in Gdf-15−/− mice (17.60±3.64) as compared with
Gdf-15+/+ mice (0.94±0.15); this was significantly higher
as compared with all other time-points. In addition, at
90 days post-MPTP, the Gdf-15+/+ mice showed increased
Tgfβ-1 expression (13.90±3.99) as compared with the Gdf-
15−/− mice (2.49±0.63), as tested by a one-way ANOVA
with a Tukey’s post-hoc test (P <0.0001; Fig. 5a). The SN
showed an increase in mRNA levels in the Gdf-15−/− mice
at 4 days (5.28±1.05), with Gdf-15+/+ mice exhibiting in-
creased Tgfβ-1 expression (150.7±25.49) as compared with
the Gdf-15−/− mice at 90 days (0.77 ± 0.20, P <0.0001;
Fig. 5b). As seen in Fig. 5c, Arg1 mRNA was also in-
creased at 90 days in the CPu of Gdf-15+/+ mice (6.29
±1.53 in Gdf-15+/+ mice versus 1.18±0.36 in Gdf-15−/−

mice) and in the SN (22.23±6.27 in Gdf-15+/+ mice versus
0.59±1.14 in Gdf-15−/− mice). Moreover, this increase at
90 days in the Gdf-15+/+ mice was significantly different
from all other time-points (CPu, P = 0.0004; SN,
P=0.0001; Fig. 5c, d). Fizz-1 mRNA was also increased
at 90 days in the CPu and in the SN of Gdf-15+/+ mice as
compared with Gdf-15−/− mice. Furthermore, this increase
at 90 days in the Gdf-15+/+ mice was significantly different
from all other time-points (CPu, P = 0.0024; SN, P
<0.0001; Fig. 5e, f). As seen in Fig. 5g, Ym1 mRNA ex-
pression was increased (not significantly) in the CPu of
Gdf-15+/+ mice at 90 days. In the SN, a significant increase
occurred in the mRNA expression levels of Ym1 at 90 days
in Gdf-15+/+ mice (46.79±17.42) as compared with Gdf-
15−/− mice (1.50± 0.94), with a significant difference at
90 days in Gdf-15+/+ mice as compared with all other
time-points (P=0.0019; Fig. 5h).

Together, these data indicate that cytokine expression (both
pro-inflammatory and anti-inflammatory) is not only in-
creased immediately after MPTP administration, but also
months after toxin administration, suggesting that MPTP

administration causes a long-term regulation of the
nigrostriatal cytokine network.

Discussion

Exogenous application of Gdf-15 has been shown to protect
midbrain DAergic neurons from 6-OHDA-induced neurotox-
icity and the associated pathological rotational behavior
(Strelau et al. 2000b). In contrast to the drastic permanent
lesion exerted by 6-OHDA, the MPTP lesion is transient,
allowing recovery of the system after several months (Beal
2001; Schober 2004; Bové and Perier 2012). The recovery
phase has also been shown to be dependent on neurotrophic
support, for example, on the presence of the Gdnf ligand and
receptor system (Kowsky et al. 2007; Kells et al. 2010).

An involvement of endogenous Gdf-15 in the MPTP
nigrostriatal lesion response has so far not been described.
In our study, we have shown that in spite of a decrease in
the number of Th-ir neurons in the SN of Gdf-15−/− mice at
4 days and 14 days post-MPTP administration, this difference
is not significantly different as compared with the Gdf-15+/+

mice. A subsequent increase took place in Th-ir neuronal cell
bodies in the SN at 90 days and 120 days post-lesion, dem-
onstrating that a disappearance of the Th phenotype had oc-
curred rather than neuron death (Peterson and Nutt 2008).
However, the lack of Gdf-15 did not affect the neuron num-
bers. Moreover, MPTP administration led to an approximate-
ly 50% decrease in striatal DA levels in both Gdf-15+/+ and
Gdf-15−/− mice at 4 days and 14 days, followed by a recovery
phase at 90 days. The DA levels returned to baseline at
120 days post-MPTP administration. At all time-points
assessed, Gdf-15−/− mice (both PBS and MPTP treated) had
slightly higher DA levels than Gdf-15+/+ mice. Thus, the
reappearance of Th-ir in both the DAergic neuron cell bodies
and their axonal fibers in the CPu were not affected by the
lack of Gdf-15 after MPTP administration. In the light of a
previous study, in which we have shown the significant po-
tential of endogenous Gdf-15 to ameliorate the deleterious
consequences of a 6-OHDA-mediated nigrostriatal lesion
(Machado et al. 2015), the present results come as a surprise.
The discrepancy between the two studies can perhaps be ex-
plained by the more rigorous destruction of the nigrostriatal
system by 6-OHDA as compared with MPTP (Sarre et al.
2004), leaving an avenue for a more significant improvement
by endogenous Gdf-15. Fibroblast growth factor-2 (Fgf-2) is
another growth factor that has shown potential in ameliorat-
ing the destructive actions of MPTP in nigrostriatal lesions,
when applied exogenously (Otto and Unsicker 1990, 1993,
1994). Similar to Gdf-15, an analysis of the effects of MPTP
in Fgf-2−/− mice failed to reveal a curative potential of endog-
enous Fgf-2 (Zechel et al. 2006).
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The role of Gdf-15 in inflammatory processes was revealed
when it was shown to down-regulate macrophage activation
in response to secreted pro-inflammatory cytokines (Bootcov
et al. 1997; Fairlie et al. 1999). Recent studies have underlined
its importance in inflammatory processes, such as in models
of atherosclerosis, and as a biomarker for patients with
suspected cardiac events (de Jager et al. 2011; Kempf et al.
2011; Schaub et al. 2012; Rossaint et al. 2013). MPTP admin-
istration is known to induce a glial reaction in humans and in
animal models of PD (Langston et al. 1999; Teismann et al.
2003; Barcia et al. 2012). In our study, the total number of
microglia in the SN of both Gdf-15+/+ and Gdf-15−/− mice
remained constant at all time-points after MPTP administra-
tion, with the Gdf-15−/− mice showing lower numbers at
90 days and 120 days (not significant). Although the numbers
of activated microglia gradually decreased in both genotypes,
the presence of scattered activated microglia at 120 days post-
MPTP administration indicates that inflammatory processes
were still ongoing long after the toxin had been metabolized
and cleared from the system. The activated microglial re-
sponse precedes the reactive astrocytic response and is stron-
gest before the peak of DAergic neuron death (Kohutnicka
et al. 1998; Liberatore et al. 1999). The glial response, how-
ever, is secondary to neuronal death as demonstrated by the
blocking ofMPP+ uptake into DAergic neurons, an action that
not only prevents neuron death, but also Gfap up-regulation
(O’Callaghan et al. 1990; Przedborski et al. 2000). Based on
histological observations, the Gfap-ir astrocytic response in
Gdf-15−/− mice did not significantly differ from that in Gdf-
15+/+ mice after MPTP administration.

Together with histological findings from post-mortem
samples, the evidence of an accompanying cytokine re-
sponse, both in patients and in animal models, has led to
important advancements in the field of PD research (Barcia
et al. 2004; Teismann and Schulz 2004). Cytokine release
by glial cells is part of the network of repair processes in
the context of degenerative events. However, long-term ex-
posure of DAergic neurons to cytokines released by glia
leads to deleterious effects and progressive neurodegenera-
tion (Hirsch et al. 2005). In our study, MPTP administration
led to an up-regulation of Gdf-15 in both the CPu and the
SN of Gdf-15+/+ mice at 2 days post-lesion, followed by a
significant further increase at 90 days. The expression pro-
files of pro-inflammatory cytokines such as iNos, Tnf-α, and
Il-6 were also evaluated in Gdf-15−/− mice as compared
with Gdf-15+/+ mice. Microglial interferon-γ (Ifn-γ) and
astrocytic Tnf-α are both strong inducers of iNos expression
(Barcia et al. 2012), which leads to nitric oxide production
and subsequent DNA damage and neurotoxicity (Knott
2000). Neither iNos nor Tnf-α mRNA levels showed
marked differences in expression in the Gdf-15−/− mice as
compared with Gdf-15+/+ mice. Ifn-γ and Tnf-α also induce
Il-6 production in both neurons and glia (Gadient and Otten

1997; Scheller et al. 2011). In the MPTP model, Il-6 has
been shown to be neuroprotective, with increased sensitivity
of Il-6−/− mice to MPTP-induced DAergic neurodegenera-
tion (Bolin et al. 2002, 2005). Moreover, Il-6−/− mice ex-
hibit impaired microgliosis after MPTP lesion, underscoring
the importance of Il-6 in the microglial responses (Cardenas
and Bolin 2003). Transgenic mice overexpressing Gdf-15
have lower Il-6 levels and a reduced inflammatory response
(Kim et al. 2013). Post MPTP administration, however, Il-6
mRNA expression was not differentially regulated in Gdf-
15−/− mice. Interestingly, Tgfβ-1 mRNA expression was
increased in the CPu and the SN of Gdf-15−/− mice at 4 days
post-lesion. Physiologically, Tgf-β1 expression is rapidly
elevated in response to injury, with glial cells being the
primary source (Finch et al. 1993). Endogenous Tgf-β1
has been shown to suppress inflammation and reactive
microgliosis as is evident from studies of Tgf-β1−/− mice
(Brionne et al. 2003; Makwana et al. 2007). A recent inves-
tigation has shown that murine dendritic cells treated with
various concentrations of recombinant human GDF-15 ex-
hibit increased secretion of Tgf-β1 into the culture superna-
tant (Zhou et al. 2013). Nevertheless, the putative interde-
pendent regulation of Tgf-β1 and Gdf-15 needs validation.
Microglial alternative activation markers such as Arg1, Fizz-
1, and Ym1 showed mRNA regulation at 90 days post-
MPTP in the Gdf-15+/+ mice. The relevance of this increase
at 90 days is still unclear, since Gdf-15−/− mice do not show

�Fig. 4 Expression pattern of pro-inflammatory cytokines in the
nigrostriatal system of Gdf-15+/+ and Gdf-15−/− mice after MPTP
lesion. mRNA expression pattern of Gdf-15, iNos (inducible form of
nitric oxide synthase), Tnf-α (tumor necrosis factor-α), and Il-6
(interleukin-6) in the caudate putamen (CPu) and substantia nigra (SN)
ofGdf-15+/+ andGdf-15−/−mice at 2, 4, 14, 90, and 120 days post-MPTP
administration (for an explanation of gene names, see Table 1). a Gdf-15
mRNA levels were significantly increased in the CPu of Gdf-15+/+ mice
at 90 days as compared with 4 days (P= 0.0148). b SN shows an increase
at 90 days in the Gdf-15 mRNA level, which was significantly different
from the other time-points (P< 0.0001). c iNos expression was signifi-
cantly increased in the CPu of Gdf-15+/+ mice at 90 days and was also
significantly different from the levels at all other time-points (P= 0.0004).
d iNos mRNA expression was also elevated in the SN of Gdf-15+/+ mice
at 90 days and was significantly different from all other time-points
(P= 0.0047). e Tnf-α mRNA levels at 90 days were higher in the CPu
of Gdf-15+/+ mice. This increase was significantly different from the
expression levels at all time-points (P = 0.0014). f Tnf-α levels in the
SN were also significantly higher in the Gdf-15+/+ mice at 90 days com-
pared to all time-points (P< 0.0001). g Il-6 mRNA levels were signifi-
cantly increased in the CPu of Gdf-15+/+ mice at 90 days as compared
withGdf-15−/− mice and were significantly different from the levels at all
other time-points (P= 0.0007). h SN shows an increase in Il-6 level in the
Gdf-15+/+ mice as compared with Gdf-15−/− mice at 90 days. This level
was also significantly higher as compared with all time-points
(P= 0.0002). Data are expressed as means ± SEM. A one-way ANOVA
with a Tukey’s post-hoc test was used for all analyses. n = 3, *P ≤ 0.05,
**P ≤ 0.01, ***P< 0.001, #compared with expression in respective geno-
type at all time-points. n.d = not detectable, CPu; Striatum, SN;
Substantia nigra
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abnormalities in the number of Th-ir neurons, in striatal DA
levels or recovery, or in microglia numbers after MPTP
administration as compared with Gdf-15+/+ mice. The actual
protein expression for the markers of interest should be
validated by immunohistochemistry to check their protein
expression and to identify the cells responsible for the pu-
tative regulation.

In summary, lack of Gdf-15 does not alter the vulnerability
of the nigrostriatal DAergic system to MPTP-lesion-induced
neurodegeneration. Moreover, glial responses are not altered
in the Gdf-15−/− mice post-MPTP lesion. The cytokine profile
is differentially regulated in Gdf-15+/+ as compared with Gdf-
15−/− mice, especially at 90 days post-lesion; this, however,
should be corroborated at the protein level.
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Fig. 5 Alternative marker expression profile in the nigrostriatal system of
Gdf-15+/+ and Gdf-15−/− mice post-MPTP lesion. mRNA expression
pattern of Tgfβ-1, Arg1, Fizz-1, and Ym1 in the CPu and SN of Gdf-15+/+

andGdf-15−/−mice at 2, 4, 14, 90, and 120 days post-MPTP administration
(for an explanation of gene names, see Table 1). a Tgfb-1 mRNA levels
show a significant increase in the CPu ofGdf-15−/−mice at 4 days; this was
significantly higher compared with all time-points. At 90 days, Gdf-15+/+

mice showed increased Tgfb-1 levels as compared with those in Gdf-15−/−

mice (P<0.0001). b Tgfb-1 levels in the SN were also higher in the Gdf-
15−/−mice at 4 days (not significant). Furthermore,Gdf-15+/+mice showed
an increase in expression at 90 days compared with Gdf-15−/− mice
(P < 0.0001). c, d Arg1 mRNA was also increased between the two
genotypes at 90 days in the CPu and in the SN. Moreover, this increase at

90 days in the Gdf-15+/+ mice was significantly different from all other
time-points (CPu, P = 0.0004; SN, P = 0.0001). e, f Fizz-1 mRNA
expression was elevated at 90 days in the CPu and in the SN of Gdf-
15+/+ as compared with Gdf-15−/− mice. This increase at 90 days was
significantly different from all other time-points (CPu, P= 0.0024; SN,
P<0.0001). g Ym1 mRNA expression was increased in the CPu of Gdf-
15+/+ mice at 90 days (not significant). h In the SN, a significant increase
was seen in Ym1 levels at 90 days inGdf-15+/+mice as comparedwithGdf-
15−/− mice, with a significant difference at 90 days in Gdf-15+/+ mice
ccompared with all other time-points (P=0.0019). Data are expressed as
means ±SEM. A one-way ANOVAwith a Tukey’s post-hoc test was used
for all analyses. n=3, *P ≤0.05, **P≤ 0.01, ***P<0.001, #compared with
expression in the respective genotype at all time-points
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