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Abstract
Inflammatory mediators released from activated microglia, astrocytes, neurons, and mast cells mediate neuroinflammation.
Parkinson’s disease (PD) is characterized by inflammation-dependent dopaminergic neurodegeneration in substantia nigra. 1-
Methyl-4-phenylpyridinium (MPP+), a metabolite of parkinsonian neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), induces inflammatory mediators’ release from brain cells and mast cells. Brain cells’ interaction with mast cells is
implicated in neuroinflammation. However, the exact mechanisms involved are not yet clearly understood. Mouse fetal brain-
derived cultured primary astrocytes and glia-neurons were incubated with mouse mast cell protease-6 (MMCP-6) and MMCP-7,
and mouse bone marrow-derived mast cells (BMMCs) were incubated with MPP+ and brain protein glia maturation factor
(GMF). Interleukin-33 (IL-33) released from these cells was quantitated by enzyme-linked immunosorbent assay. Both
MMCP-6 and MMCP-7 induced IL-33 release from astrocytes and glia-neurons. MPP+ and GMF were used as a positive
control-induced IL-33 and reactive oxygen species expression in mast cells. Mast cell proteases and MPP+ activate p38 and
extracellular signal-regulated kinases 1/2 (ERK1/2), mitogen-activated protein kinases (MAPKs), and transcription factor nuclear
factor-kappa B (NF-κB) in astrocytes, glia-neurons, or mast cells. Addition of BMMCs from wt mice and transduction with
adeno-GMF show higher chemokine (C-C motif) ligand 2 (CCL2) release. MPP+ activated glial cells and reduced microtubule-
associated protein 2 (MAP-2) expression indicating neurodegeneration. IL-33 expression increased in the midbrain and striatum
of PD brains as compared with age- and sex-matched control subjects. Glial cells and neurons interact with mast cells and
accelerate neuroinflammation and these interactions can be explored as a new therapeutic target to treat PD.
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Introduction

Mast cells are multifunctional innate immune and inflammato-
ry cells implicated in both physiological as well as pathological
conditions by releasing proinflammatory and anti-

inflammatory cytokines and chemokines and expression of
various receptors [1–4]. Mast cells play important role in tissue
homeostasis, host defense, and tissue repair in normal condi-
tions [1, 5]. They also mediate anaphylaxis, autoimmune, al-
lergic, inflammatory and neuroinflammatory effects [6, 7].
Mast cells protect body through immune surveillance and de-
fense mechanisms [8, 9]. Mast cell granules in the cytoplasm
are filled with preformed and preactivated immunomodulatory
molecules such as proteases and tumor necrosis factor-alpha
(TNF-α) [10, 11]. Activated mast cells release these prestored
mediators by degranulation process. Mast cells are also target
and source of several neuropeptides in the central nervous
system (CNS) and as well as in the peripheral system [12–14].

Neuroinflammation plays an important role in the patho-
genesis of neurodegenerative diseases including Alzheimer’s
disease (AD), Parkinson’s disease (PD), and autoimmune
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diseases such as multiple sclerosis (MS) and its animal model
experimental autoimmune encephalomyelitis (EAE) [15–17].
Others and we have previously shown that mast cells are im-
plicated in the neurodegeneration in PD and other brain dis-
orders by releasing several inflammatory mediators in the
brain [18–21]. Brain inflammatory protein glia maturation
factor (GMF) was first isolated, sequenced, and cloned in
our laboratory [22–25]. GMF is localized in glia and many
neurons in the brains of neurodegenerative diseases [26].
Activated glial cells release GMF that can act on microglia
and neurons and induce neurodegeneration in the brain
[27–30]. Our previous in vitro studies have shown that GMF
and 1-methyl-4-phenylpyridinium (MPP+), an active metabo-
lite of parkinsonian neurotoxin 1-methyl-4-phenyl-1, 2,3,6-
tetrahydropyridine (MPTP), activate mast cells to release
neuroinflammatory molecules [31, 32]. However, the molec-
ular mechanisms underlying GMF and MPP+-mediated acti-
vation of mast cells and mouse mast cell protease-6 (MMCP-
6) and MMCP-7-mediated activation of astrocytes and glia-
neurons remain poorly understood. Interleukin-33 (IL-33) is a
member of the IL-1 family activates mast cells, T helper 1
(Th1), Th2, regulatory T (Treg), CD8

+, and natural killer
(NK) cells [33]. Mast cells respond to cell injury by detecting
alarmin/cell injury-associated cytokine IL-33 released from
injured cells through IL-33 receptor ST2 expression [34].
Moreover, we have shown increased IL-33 expression in
AD brains [35]. IL-33 is an important link between cell ne-
crosis and the protective immune response in the body.
However, overactivation of immune system leads to vicious
circle that can lead to chronic inflammatory reactions. The
expressions of mitogen-activated protein kinases (MAPKs)
and nuclear factor-kappa B (NF-κB) are increased in
neuroinflammatory disorders [36–38]. In the present study,
we investigated the effect of MMCP-6 and MMCP-7 on
mouse primary astrocytes and glia-neuronal cells as well as
effect of MPP+ and GMF on mast cells to release
neuroinflammatory mediators. Here, we report that mast cell
proteases induce astrocyte and glia-neurons, and GMF and
MPP+− induce mast cells to release inflammatory mediators
through the activation of MAPK and NF-κB pathways.

Methods

Reagents and Antibodies

Dulbecco’s phosphate-buffered saline (DPBS), Dulbecco’s
Modified Eagle Medium Nutrient Mixture F-12 (Ham)
(DMEM F12), and fetal bovine serum (FBS) were purchased
from Life Technologies (Grand Island, NY). Murine recombi-
nant IL-3 was purchased from PeproTech (Rocky Hill, NJ).
Cell culture flasks and tissue culture plates were purchased
from Costar (Corning Incorporated and Corning, NY).

DuoSet enzyme-linked immunosorbent assay (ELISA) kits
for mouse IL-33, mouse chemokine (C-C motif) ligand 2
(CCL2)/JE/MCP-1, human/mouse/rat-phospho-p38α, and
human/mouse/rat-phospho-extracellular signal-regulated ki-
nases (ERK1)/ERK2 were purchased from R&D Systems
(Minneapolis, MN). C57BL/6 wild-type mice were purchased
from Charles River (Wilmington, MA). Recombinant GMF
used in this study was prepared at the Vector Core facility
(University of Iowa, Iowa City, IA). Antibodies for total
p38, phospho p38, total ERK1/ERK2, phospho ERK1/
ERK2, NF-κB p65, and phospho NF-κB p65 were purchased
from Cell Signaling Technology, Inc. (Danvers, MA) and goat
anti-rabbit-IgG-horseradish peroxidases (HRP) were obtained
from Santa Cruz Biotechnology (Dallas, TX). Reactive oxy-
gen species (ROS) assay kit was purchased from Abcam
(Cambridge, MA). Rabbit anti-glial fibrillary acidic protein
(GFAP) polyclonal antibody was from Chemicon
International (Temecula, CA), and anti-microtubule associat-
ed protein 2 (MAP2) monoclonal antibody, toluidine blue,
MPP+, and anti-mast cell tryptase mouse monoclonal anti-
body (Millipore Sigma, Burlington, MA) were purchased.
IL-33 mouse monoclonal antibody was purchased from
ThermoScientific (Rockford, IL). ImmPRESS polymer anti-
mouse IgG peroxidase reagent (made in goat) kit, ImmPACT
DAB peroxidase substrate kit, and antifade mounting medium
were purchased from Vector Laboratories (Burlingame, MA).

Mouse Primary Mast Cell Culture

Mouse bone marrow-derived mast cells (BMMCs) were
cultured from adult wild-type (wt) mice as well as from
GMF-knockout (GMF-KO) mice as reported previously
[18, 32]. Our laboratory has previously developed
GMF-KO mice and we maintain a colony of these mice
for studies [30]. Briefly, mice were sacrificed by cervi-
cal dislocation and bone marrow cells were flushed out
of the femur using a syringe and cultured in DMEM
supplemented with IL-3 (10 ng/ml), 10% heat-
inactivated FBS, 1% penicillin-streptomycin, 20 μM 2-
mercaptoethanol, and 1% L-glutamine for 6–8 weeks in
a 5% CO2 incubator at 37 °C. Non-adherent cells were
removed from each flask twice a week with the addition
of fresh culture medium. About > 99% of the cells were
mast cells after 5 weeks of culture as identified by 0.1%
toluidine blue staining. Bone marrow collected from
several mice were pooled together and cultured. Bone
marrow obtained from wt and GMF-KO mice were cul-
tured separately. The present study was conducted ac-
cording to the recommendations in the guide for the
care and use of laboratory animals of the National
Institutes of Health (NIH). The Committee on the
Ethics of Animal Experiments of the University of
Missouri (Columbia, MO) approved this protocol.
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Mouse Primary Astrocyte and Glia-Neuron Mixed
Culture

C57BL/6 pregnant mice were sacrificed on 16–18th day of
gestation. Astrocytes were isolated from the fetal brains and
cultured in vitro, as we have previously reported [18].
Astrocytes were grown in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin at 37 °C in a 5% CO2

and 95% air atmosphere in tissue culture flasks. These brain
cells were grown in vitro using brains from wt mice as report-
ed previously [39, 40]. Glia-neurons (mixed culture) were
grown in DMEM F-12 containing 5% FBS, 5% horse serum,
and 1% penicillin/streptomycin at 37 °C in a 5% CO2 and
95% air atmosphere in 25- or 75-cm2 tissue culture flasks as
reported previously [41].

Cell Stimulation with MMCP-6, MMCP-7, and MPP+

and IL-33 Assay in the Cell Culture Supernatant

Astrocytes and glia-neurons were grown to confluence in tis-
sue culture plates or tissue culture flasks and incubated with
MMCP-6 (100 ng/ml) and MMCP-7 (100 ng/ml) for 24 h in
0.1% serum-supplemented medium. The culture medium was
removed and centrifuged and the supernatant medium was
collected and stored at − 80 °C until used for IL-33 assay by
ELISA using commercial kits. Mouse primary mast cells were
plated at a concentration of 0.5 × 106 cells/ml in 48 wells and
incubated with MPP+ (10 μM) or GMF (100 ng/ml) as a
positive control for 6 and 24 h in 1% serum containing medi-
um. The culture medium was removed from the wells and
centrifuged, and the supernatant medium was collected and
stored at − 80 °C until IL-33 assay by ELISA using a micro-
plate reader (Molecular Devices; Sunnyvale, CA). The work-
ing concentrations of MMCP-6, MMCP-7, MPP+, and GMF
were prepared in sterile 0.1% bovine serum albumin (BSA) in
DPBS. The untreated control cells were incubated with equal
volume of plain culture medium containing 0.1% BSA in
DPBS. In another set of experiments, astrocytes and glia-
neurons were grown in the tissue culture flasks (25 cm2) to
confluence and then treated with mast cell proteases as de-
scribed earlier and the supernatant medium was removed.
After washing with DPBS, the cells were trypsinized using
0.25% trypsin-EDTA, the cell pellet was resuspended in lysis
buffer (R&D Systems), and the cell lysates were prepared.
Protein concentration was determined in the cell lysates by
BCA method. The levels of phospho p38 and phospho
ERK1/2 MAPKs were determined by using commercial
ELISA kits (R&D Systems). Equal amounts of proteins in
lysates were used for p-p38 and p-ERK1/2 assays. The plates
were read using a microplate reader as mentioned above using
a microplate reader (VersaMax; Molecular Devices,
Sunnyvale, CA). The results were expressed as picogram per

milligram protein for p-p38 and nanogram per milligram pro-
tein for p-ERK1/2.

Effect of MPP+ and GMF on ROS Generation in BMMCs

BMMCs were cultured for 8 weeks, washed and resuspended
in 2 ml of 1% FBS containing BMMCsmedium, and counted.
Ce l l s were washed aga in , resuspended in 1 ml
dichlorofluorescin diacetate (DCFDA), and incubated for
30 min at 37 °C incubator. Following this, DCFDA stain
was removed by centrifugation with wash buffer. Pellet was
resuspended in 1S supplementary buffer (18 ml of 1× buffer +
100 μl ml FBS), transferred 200 μl of cell suspension (0.2 ×
106 cells) to the wells of 96-well tissue culture plate, and
incubated with MPP+ or GMF as indicated in the BResults^
and Legends. Then, the plates were read at EX485/EM535
using a microplate reader for fluorescence intensity as de-
scribed previously [42].

GMF Overexpression in BMMCs and Co-Culture
with Glia-Neurons

GMF overexpression in wt type BMMCs as well as GMF-KO
BMMCs was carried out as we have previously shown [40].
We used a full-length rat GMF cDNA (Ad5CMVGMF) and a
cytoplasmic lacZ cDNA (Ad5CMV cytolacZ). We incubated
BMMCs with a viral dose of 20 multiplicity of infectivity
(MOI) in serum-free as well as antibiotic-free DMEM medi-
um for 4 h. Then, the BMMCs were washed with plain
DMEM and plated (0.2 × 106 cells/well) in 24-well flat bot-
tom tissue culture plates and incubated with MPP+ (10 μM)
for 24 h at 37 °C. Then, the culture supernatant was collected
by centrifugation and stored at − 80 °C. CCL2 level was esti-
mated in these media using commercial ELISA kit (R&D
Systems).

Western Blot Analysis for NF-κB

Mast cells, astrocytes, and glia-neurons were incubated with
GMF, MPP+, MMCP-6, or MMCP-7 for the indicated times
and dose. Cell pellets were sonicated (3 cycles) and cell ly-
sates were prepared in RIPA cell lysis buffer with protease and
phosphatase inhibitors. Protein concentration of the samples
was determined as previously reported. Samples with 25 μg
total protein were denatured and subjected to SDS-PAGE on
12% gels, then transferred to polyvinylidene difluoride
(PVDF) membranes that were blotted against NF-κB p65
and p-NF-κB p65 (Cell Signaling Technology) and goat
anti-rabbit-IgG-HRP secondary antibody (Cell Signaling
Technology). Blots were developed using ECL plus Western
blotting kit. The bands were visualized using ChemiDoc-It2

Imaging System (UVP LLC, Upland, CA).
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Double Immunofluorescence Detection of GFAP
and MAP2 in Glia-Neurons After Incubation
with MPP+

Glia-neurons were grown in poly-D-lysine-coated 24-well tis-
sue culture plates and then incubated with MPP+ for 72 h.
Following this, the cells were fixed with 4% paraformalde-
hyde and double immunofluorescence labelling was per-
formed using the polyclonal antibody to GFAP (1:500 dilu-
tion) and monoclonal antibody to MAP2 (5 μg/ml; Millipore
Sigma) as reported previously [43, 44]. Briefly, after overnight
incubation with primary antibodies, a cocktail of Alexa Flour
488 goat anti-rabbit IgG and Alexa Flour 568 goat anti-mouse
IgG secondary antibodies (both at 1:500 dilutions) were used
for double immunofluorescence labelling. After washing with
PBS, the sections were mounted onto the slides, coverslipped
with mounting medium, and viewed with Nikon fluorescence
microscope and images were acquired.

Human PD Brain Tissues

Midbrain and striatum from post-mortem brains of PD pa-
tients (n = 3) as well as age- and sex-matched non-PD control
subjects (n = 3) were obtained through Deeded body program
at the University of Iowa (Iowa City, IA) and used as per the
guidelines of the Institutional Review Board (IRB) of the
University of Iowa and the University of Missouri (IRB no.
2008067; exempt application 224561). This study was con-
ducted following the standard ethical guidelines and used ap-
propriate personal protection safety procedures while using
the human tissue samples.

Toluidine Blue and Tryptase Staining for Mast Cell
Detection in PD Brain

Mast cells were identified in the midbrain sections (40 μm)
from PD patients by staining with 0.1% toluidine blue for
2 min. Mast cells were identified by violet or shades of blue
color as we have previously reported [45, 46]. Mast cell de-
granulation was evaluated by the appearance of the mast cells
and presence of extracellular granules under a microscope.
Additionally, mast cells were also identified by immunostain-
ing for tryptase, a mast cell-specific marker in human. Mast
cells were also identified in the midbrain of PD patients by
human mast cell-specific protease tryptase immunohisto-
chemistry as we have reported previously [47]. Briefly, mid-
brain sections from PD patients and age- and sex-matched
control subjects were incubated with anti-mast cell tryptase
mouse monoclonal antibody (1:1000 dilution) overnight at
4 °C. After washing with TBS, the sections were incubated
with ultra-sensitive ready-to-use ImmPRESS polymer anti-
mouse IgG peroxidase reagent and ImmPACT diaminobenzi-
dine (DAB) peroxidase substrate as per the kit procedure.

Development of brown color indicates a positive reaction for
tryptase. Negative control staining was performed without the
primary antibody.

Immunofluorescence Detection of IL-33 or GFAP
and IL-33 in PD Brains

For IL-33 immunofluorescence staining, frozen sections from
midbrain and striatum (40 μm) were washed in PBS, blocked
with normal goat serum, and incubated with IL-33 monoclo-
nal antibody (20 μg/ml) overnight at 4 °C. Then, the sections
were washed with PBS and incubated with Alexa 568 conju-
gated secondary antibody (1:500 dilution) for 1 h at room
temperature as we have reported previously [43]. Then, the
sections were washed and coverslipped with an antifade
mounting medium (Vector Laboratories) and observed under
a confocal microscope (Leica Microsystems GmbH,
Germany) and images were acquired. Following single immu-
nofluorescence detection of IL-33, we also performed double
immunofluorescence staining for the detection of IL-33 and
GFAP in the sections from midbrain and striatum from PD
patients and non-PD control subjects. Briefly, we incubated
the sections in a mixture of IL-33 monoclonal antibody
(20 μg/ml) and GFAP polyclonal antibody (1:500 dilution)
followed by appropriate secondary antibodies (1:500 dilution)
as we described above for the double immunofluorescence
procedure and the images were obtained with a confocal
microscope.

Statistics

All the results obtained from the experiments were analyzed
by GraphPad InStat 3 software. Results were given as mean ±
SEM. Data were analyzed using one-way analysis of variance
(ANOVA) followed by post hoc test Tukey-Kramer multiple
comparison analysis to determine statistically significant dif-
ferences. Further, unpaired t test was used when comparing
only two groups. A p value of < 0.05 was considered statisti-
cally significant in all the comparisons.

Results

Mast Cell Proteases MMCP-6 and MMCP-7 Release
IL-33 from Mouse Primary Astrocytes

We first analyzed if mouse mast cell proteases MMCP-6 and
MMCP-7 activate mouse primary astrocytes to release IL-33
in vitro (n = 4). Our ELISA results show that mouse primary
mast cells incubated with MMCP-6 (100 ng/ml) or MMCP-7
(100 ng/ml) for 24 h released significantly increased (*p <
0.05 control vs treated; ANOVA and Tukey-Kramer post
hoc analysis) amount of IL-33 as compared to untreated
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control cells in the cell culture medium (Fig. 1). These results
show that mast cell proteases can activate astrocytes to release
inflammatory mediators.

Mast Cell Proteases MMCP-6 and MMCP-7 Release
IL-33 from Mouse Primary Glia-Neurons

Next, we analyzed whether mouse mast cell proteases
MMCP-6 and MMCP-7 also activate glia-neurons mixed cul-
ture to release IL-33 in vitro (n = 3). We found that mouse
primary glia-neurons incubated with MMCP-6 (100 ng/ml)
or MMCP-7 (100 ng/ml) for 24 h released significantly in-
creased (*p < 0.05 control vs treated; ANOVA and Tukey-
Kramer post hoc analysis) amount of IL-33 as compared to
untreated control cells in the cell culture medium (Fig. 2). Our
results show that mast cell proteases can activate glia-neurons
to release proinflammatory mediators.

MPP+ Activates Mouse Mast Cells and Release IL-33

Further, we investigated if PD-related toxin MPP+ induces IL-
33 release from mouse mast cells (n = 3) that are implicated in
neuroinflammation and PD. ELISA results show that BMMCs
incubated with MPP+ (10 μM) for 6 and 24 h showed signif-
icantly increased (p < 0.05) release of IL-33 as compared to
untreated control cells (Fig. 3). GMF (100 ng/ml) used as a
positive control also showed significantly increased (*p <
0.05 control vs treated; ANOVA and Tukey-Kramer post
hoc analysis) release of IL-33 as compared to untreated con-
trol cells in the cell culture medium. These results demonstrate
that MPP+ can activate mast cells to release IL-33.

MPP+ and GMF Increase ROS Generation in Mouse
Mast Cells

We investigated if MPP+ (15 μM) and GMF (100 ng/ml)
activate BMMCs and increase the generation of ROS that is
implicated in neurodegeneration. Results show that BMMCs
incubated with MPP+ or GMF show increased ROS genera-
tion as compared with untreated control BMMCs (n = 3).
MPP+ increased the levels of ROS generation in BMMCs at
1, 3, and 24 h of incubation in vitro. GMF shows increased
levels of ROS generation at 48 h of incubation (Fig. 4, *p <
0.05 control vs treated; ANOVA and Tukey-Kramer post hoc
analysis). These results show that MPP+ increases ROS gen-
eration that could induce neurodegeneration in the brain.

BMMCs Increase MPP+-Mediated CCL2 Release
from Mouse Glia-Neurons and Mast Cells
in a Co-Culture System

BMMCs from wt mice and GMF-KO mice were trans-
duced with adeno-GMF for GMF overexpression or
with control adeno-LacZ before adding to glia-neuron
culture in vitro. Then, MPP+ (10 μM) was added to
these cultures for 24 h and the CCL2 release was mea-
sured in the supernatant media by ELISA (n = 3).
Results show that addition of wt BMMCs that were
previously incubated with adeno-GMF for overexpres-
sion causes higher CCL2 release as compared to
CCL2 released by BMMCs from GMF-KO mice trans-
duced with adeno-GMF, indicating GMF-KO condition
reduces the release of inflammatory mediators such as
CCL2 after activation (Fig. 5, *p < 0.05, t test).

Fig. 1 Mast cell proteases MMCP-6 and MMCP-7 release IL-33 from
mouse primary astrocytes. Mouse primary astrocytes were incubated with
MMCP-6 (100 ng/ml) and MMCP-7 (100 ng/ml) for 24 h and IL-33
released in the supernatant media was analyzed by ELISA kit (n = 4).
Both MMCP-6 and MMCP-7 significantly increased (*p < 0.05 vs con-
trol, one-way ANOVA and Tukey-Kramer post hoc analysis) the release
of IL-33 as compared to untreated control cells

Fig. 2 Mast cell proteases MMCP-6 and MMCP-7 release IL-33 from
mouse primary glia-neurons.Mouse primary glia-neurons were incubated
with MMCP-6 (100 ng/ml) andMMCP-7 (100 ng/ml) for 24 h and IL-33
level in the cell culture supernatant media was analyzed by ELISA kit
(n = 3). Mast cell proteases MMCP-6 as well as MMCP-7 significantly
increased (*p < 0.05 vs control, one-way ANOVA and Tukey-Kramer
post hoc analysis) the release of IL-33 as compared to untreated control
cells
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MPP+ and GMF Activate p38 and ERK1/2 MAPKs
in Mouse Mast Cells, and Mouse Mast Cell Proteases
Activate MAPKs in Astrocytes and Glia-Neurons

BMMCs were incubated with MPP+ (10 μM) or GMF
(100 ng/ml), and astrocytes and glia-neurons were incubated
with MMCP-6 (100 ng/ml) or MMCP-7 (100 ng/ml) for
15 min (n = 3–4). Cell lysates were prepared from cell pellets
and ELISA was performed for the expression of p-p38 and
pERK1/2 (Fig. 6a–f). MPP+, GMF, and mast cell proteases
induced phosphorylation of p38 and increased the expression
of p-p38 in BMMCs (Fig. 6a), astrocytes (Fig. 6b), and glia-
neurons (Fig. 6c). Further, GMF and MPP+ increased the ex-
pression of p-ERK1/2 in BMMCs (Fig. 6d). MMCP-6 in-
creased the expression of p-p38 in astrocytes (Fig. 6e) and in
glia-neurons (Fig. 6f), whereas MMCP-7 increased p-ERK1/2
expression in glia-neurons (Fig. 6f, *p < 0.05 vs control).
Overall, these results indicate that MPP+ and GMF activate

p38 and ERK1/2 MAPKs in mouse mast cells, and MMCP-6
andMMCP-7 activateMAPKs in astrocytes and glia-neurons.

MPP+ and GMF Activate NF-κB in Mouse Mast Cells,
and Mouse Mast Cell Proteases Activate NF-κB
in Astrocytes and Glia-Neurons

BMMCs were incubated with MPP+ or GMF, and astrocytes
and glia-neurons were incubated with MMCP-6 or MMCP-7
for 24 h. Cell lysates were prepared from cell pellets of these
cells and the expressions of total and p-NF-κB p65 were de-
termined byWestern blot (n = 3). Our results show that MPP+,
GMF, or mast cell proteases increased the expression of p-
NF-κB p65 in BMMCs (Fig. 7a), astrocytes (Fig. 7b), and
glia-neurons (Fig. 7c) as compared to untreated control cells.
These results show that increased p-NF-κB p65 expression by
MPP+ and GMF could be crucial in the upregulated neuroin-
flammation in PD.

MPP+ Upregulated the Expression of GFAP
and Reduced the Expression of MAP2 in Glia-Neurons
as Detected by Double Immunofluorescence

Next, we investigated whether MPP+ affects the expression of
GFAP and MAP2 in glia-neurons by double immunofluores-
cence staining. Glia-neurons incubated with MPP+ for 72 h
show an activated morphology of astrocytes as seen by the
increased expression of GFAP (green color) and reduced the
expression of MAP-2 (red color) as compared with untreated
control cells, indicating reduced neuronal processes due to

Fig. 5 BMMC increasesMPP+-mediated CCL2 release frommouse glia-
neurons and mast cells co-culture. BMMCs from wt mice and GMF-KO
mice were incubated with adeno-GMF or adeno-LacZ before adding to
wt glia-neuron culture. Then, MPP+ (10 μM) was added to these cultures
for 24 h and CCL2 release was measured in the supernatant media by
ELISA kit (N = 3). Addition of BMMCs from wt mice that were
incubated with adeno-GMF and further incubated with wt glia-neurons
with MPP+ showed more CCL2 release as compared to CCL2 released
from BMMCs obtained from GMF-KO mice and treated with adeno-
GMF (*p < 0.05 t test)

Fig. 4 MPP+ and GMF increase ROS generation in mouse primary mast
cells. BMMCs were incubated with DCFDA 1, washed, and resuspended
in supplementary buffer containing FBS. Mast cells were incubated with
MPP+ (15 μM) or GMF (100 ng/ml) for 1, 3, 24, and 48 h and measured
the generation of ROS (N = 3). The plates were read after 1, 3, 24, and
48 h using a microplate reader for fluorescence intensity. BMMCs
incubated with MPP+ show increased production of ROS at 1, 3, and
24 h of incubation. GMF show increased generation of ROS at 48 h of
incubation as compared with untreated control BMMCs (*p < 0.05 vs
control, one-way ANOVA and Tukey-Kramer post hoc analysis)

Fig. 3 MPP+ activate mouse mast cells and release IL-33. BMMCs were
incubated with MPP+ (10 μM) for 6 and 24 h and IL-33 released into the
media was measured by ELISA kit (n = 4). MPP+ induced significant
release of IL-33 as compared with control unstimulated cells release.
GMF used as a positive control also significantly increased (*p < 0.05
control vs treated, one-way ANOVA and Tukey-Kramer post hoc
analysis) the release of IL-33 as compared to untreated control cells
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neurodegeneration (Fig. 8). Our results show that MPP+ could
activate astrocytes that is crucial in neuroinflammation.

Toluidine Blue and Tryptase Staining for Mast Cell
Detection in PD Brain

As we found that PD toxin MPP+ activates mast cells to re-
lease PD-relevant inflammatory mediators, we investigated
mast cell activation status in the PD brains. We first stained
mast cells using 0.1% toluidine blue in the midbrain of PD
(n = 3) and non-PD control subjects (n = 3) brains. We found
that PD brains show increased mast cells (arrows, blue/purple
metachromatic color) as well as increased activation status as
compared with non-PD control brains (Fig. 9a, b). Activated
mast cells show extracellular granules and reduced blue color
as seen in the PD brain. Additionally, we also immunostained
tryptase, a mast cell-specific protease in humans. Results

show that tryptase-positive mast cells as well as their activa-
tion status were increased in PD (n = 3) as compared with non-
PD control subjects (n = 3) brains (Fig. 9c, d, brown color,
arrows). Negative control staining without using the primary
antibodies did not show positive reaction for tryptase (Fig. 9e,
f). These results show that increased mast cell activation could
play an important role in the pathogenesis of PD.

Immunofluorescence Detection of Increased
Expression of IL-33 and GFAP in the Midbrain
and Striatum of PD Brain

In order to know if inflammatory and cell injury-related cyto-
kine IL-33 is increased in the PD brain, we performed immu-
nofluorescence staining for IL-33 expression in PD and non-
PD control subject brains. Our results show increased expres-
sion of IL-33 (red color, arrows) in the midbrain as well as in
the striatum of PD brains as compared with the expression in
the age- and sex-matched non-PD control subject’s midbrain
and striatum (n = 3) regions (Fig. 10a). This indicates that
neuronal injury in PD could increase IL-33 expression in the
brain. Next, we investigated the source of IL-33 by double
immunofluorescence staining procedure for IL-33 as well as
GFAP (marker for astrocytes) in the same sections (Fig. 10b).
Our results show that IL-33 is increased in the midbrain as
well as in the striatum of PD brains (n = 3) as compared with
IL-33 expression (red color, arrows) in non-PD control

Fig. 6 MPP+ and GMF activate MAPKs in mouse mast cells, and mouse
mast cell proteases activate MAPKs in astrocytes and glia-neurons.
BMMCs were incubated with MPP+ (10 μM) and GMF (100 ng/ml),
and astrocytes and glia-neurons were incubated with MMCP-6 (100 ng/
ml) and MMCP-7 (100 ng/ml) for 15 min. Cell lysates were prepared
from cell pellets and the expression of p-p38 was assayed by ELISA (a–
f). MPP+, GMF, and mast cell proteases induced phosphorylation of p38
and increased the expression of p-p38 in BMMCs (a; N = 3), astrocytes
(b; n = 4), and glia-neurons (c; N = 4). MPP+ and GMF induced phos-
phorylation of ERK1/2 in BMMCs (d; N = 3). Further, MMCP-6 in-
creased the expression of p-ERK1/2 in astrocytes (e; N = 3). Both
MMCP-6 and MMCP-7 increased phosphorylation of ERK1/2 in glia-
neurons (f; N = 4). *p < 0.05 vs control, one-way ANOVA and Tukey-
Kramer post hoc analysis

Fig. 7 MPP+ and GMF activate NF-κB in mouse mast cells, and mouse
mast cell proteases activate NF-κB in astrocytes and glia-neurons.
BMMCs were incubated with MPP+ (10 μM) or GMF (100 ng/ml), and
astrocytes and glia-neurons were incubated with MMCP-6 or MMCP-7
for 24 h (a–c). Cell lysates were prepared from cell pellets and the
expression of total and p-NF-κB p65 was determined by Western blot
(N = 3). The bands were visualized using ChemiDoc-It2 Imaging System.
Representative images show that MPP+, GMF, and mast cell proteases
induced increased expression of p-NF-κB p65 in BMMCs (a), astrocytes
(b), and glia-neurons (c)
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subjects (n = 3) midbrain and striatum (Fig. 10b).
Additionally, we found an increased expression of GFAP in-
dicating activated/reactive astrocytes (green color, arrows) in
the midbrain and striatum regions of PD brains as compared to
the expression in non-PD control subjects’ brains (Fig. 10b).
Merged images show co-localization of IL-33 and GFAP in
the midbrain and striatum regions. Our current results demon-
strate that increased IL-33 expression in PD could play a role
in the pathogenesis of PD.

Discussion

We have investigated whether mouse mast cell proteases
MMCP-6 and MMCP-7 activate mouse primary astrocytes
and mouse primary glia-neurons to release proinflammatory
cytokine IL-1 family member IL-33 from these cells. We
found that both MMCP-6 and MMCP-7 significantly release
IL-33 from astrocytes as well as glia-neurons in vitro. Further,
we also show that neurotoxin MPP+ and GMF-induce

Fig. 9 Mast cell activation in PD brains. Midbrain sections from PD
patients and non-PD control subjects were incubated with 0.1%
toluidine blue to detect mast cells (N = 3). PD brains show increased
mast cells (arrows, blue/purple metachromatic color) as well as
increased activation as compared with non-PD control brains (a, b).
Degranulated mast cells show extracellular granules and reduced blue
color as seen in the PD brain. Further, we immunostained human mast
cell-specific tryptase in these brain sections using tryptase monoclonal

antibody and ready-to-use ImmPRESS polymer anti-mouse IgG
peroxidase reagent and ImmPACT DAB peroxidase substrate.
Development of brown color indicated a positive reaction for tryptase
(c, d, arrows). Tryptase-positive mast cells and their activation status
were increased in PD brains as compared to non-PD control subjects’
brains (c, d). Negative control staining performed without using the
primary antibody did not show positive reaction for tryptase (e, f).
Original magnification = ×200

Fig. 8 Double immunofluorescence detection of GFAP and MAP2 in
glia-neurons after incubation with MPP+. Glia-neurons were grown in a
24-well tissue culture plate and incubated with MPP+ (15 μM) for 72 h.
We then performed double immunofluorescence for the detection of
GFAP and MAP2 using anti-GFAP polyclonal antibody (1:500 dilution)
and anti-MAP2 monoclonal antibody (5 μg/ml) overnight at 4 °C

followed by Alexa 488 goat anti-rabbit IgG and Alexa 568 goat anti-
mouse IgG secondary antibodies. Then, the sections were coverslipped
and observed under a microscope. Representative images show activated
morphology of astrocytes (green color) and reduced MAP2 (red color)
expression after incubation with MPP+. Original magnification = ×200
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upregulation of IL-33 and ROS expression in mouse mast
cells in vitro. Additionally, MMCP-6, MMCP-7, and MPP+

upregulate the phosphorylation and expression of p38, ERK1/
2, and NF-κB in astrocytes, glia-neurons, and BMMCs. We
also found that BMMCs obtained from wt mice with GMF
overexpression and co-cultured with glia-neurons with MPP+

stimulation show increased CCL2 release as compared to the
release from similarly treated BMMCs obtained from GMF-
KO mice. MPP+ increased the activation of astrocytes as ev-
idenced by the upregulated expression of GFAP. MPP+ re-
duced the expression of MAP-2 in the neurons indicating
reduced neuronal processes. Since our previous studies have
shown that mast cells are implicated in PD [32, 48], we ex-
amined mast cell number and its activation status in PD brains
and compared with non-PD control subjects’ brains in the
current study using toluidine blue staining as well as human
mast cell-specific marker tryptase by immunostaining. We
found increased mast cells as well as its activation in the mid-
brain and striatum regions of PD brains as compared with non-
PD control subjects’ brains. Further, our studies show in-
creased expression of IL-33 and GFAP in the midbrain and
striatum of PD patients as compared with age- and sex-
matched control subjects. Increased GFAP shows increased
activation of astrocytes/reactive astrocytes in PD brains as
compared to non-PD control subjects’ brains as observed in
our present results. Glial cells in the brain can produce IL-33
that can also activate glial cells to release other inflammatory
cytokines and upregulate neuroinflammation [49, 50]. IL-33
acts on other cells through its receptor ST2 and IL-1 receptor
accessory protein (IL-1Racp) and plays an important role in
several CNS disorders including AD, multiple sclerosis, brain
injuries, cerebrovascular diseases, chronic pain, and neuroin-
flammation [50].

We have previously shown that amyloid beta (Aβ 1-42)
induces the expression of IL-33 in mouse astrocytes in vitro
[35]. IL-33 is highly expressed throughout the brain, as well as
in the spinal cord [51]. CNS injury is devastating as it causes
permanent impairment due to the lack of normal regeneration.
Immune system detects CNS injury and responds rapidly and
this response may be beneficial or detrimental in association
with M2 (neurotoxic) and M1 (neuroprotective) microglia
phenotypes. IL-33 exhibits both pro- and anti-inflammatory
properties as double-edged sword based upon the site and
disease conditions [52]. Alarmin cytokine, IL-33, released
from injured cells in the CNS acts on local microglia and
astrocytes to release chemokine to attract immune cells into
the site of injury to prevent further injury and inflammatory
processes [53]. So, IL-33 is a neuroprotective as well as neu-
rotoxic cytokine [50]. If the concentration of IL-33 increases
above the physiological level, it can induce proinflammatory
reactions and may act as a prominent inflammatory mediator
of neuroinflammation in the CNS as we have reported that IL-
33 can induce neurodegeneration in vitro [35]. In the present
study, we detected upregulated expression of IL-33 in the
midbrain as well as in the striatum of PD patients’ brains.

Fig. 10 Increased expression of IL-33 and GFAP in human PD brains as
detected by immunofluorescence staining. Sections (40 μm) from
midbrain and striatum of PD patients (N = 3) as well as age- and sex-
matched non-PD control subjects (N = 3) were incubated with IL-33
monoclonal antibody overnight at 4 °C and then with Alexa 568
conjugated goat anti-mouse IgG secondary antibody (1:500 dilution) for
1 h at room temperature. Then, the sections were coverslipped and
observed under a confocal microscope using ×63 oil immersion objective.
Representative images from midbrain and striatum in PD brains show
increased expression of IL-33 (arrows, red color) as compared with age-
and sex-matched control subjects brains (a, scale bar = 25 μm). Further,
we also investigated the source of IL-33 by double immunofluorescence
staining usingmonoclonal antibody for IL-33 and polyclonal antibody for
astrocyte marker GFAP along with Alexa Flour 488 goat anti-rabbit IgG
and Alexa Flour 568 goat anti-mouse IgG secondary antibodies. After
washing with PBS, the sections were mounted on to the slides,
coverslipped with mounting medium, and viewed with a confocal micro-
scope and images were acquired (b). Representative images show that IL-
33 is increased in the midbrain and striatum of PD brains as compared
with non-PD control subjects’ midbrain and striatum regions (b; arrows,
red color). Additionally, expression of GFAP also increased indicating
activated/reactive astrocytes (green color, arrows) in the midbrain and
striatum regions of PD brains as compared to non-PD control subjects’
brains (b). Merged images show co-localization of IL-33 andGFAP in the
midbrain and striatum regions (original magnification = ×630)
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Increased expression of IL-33 in PD brains indicate that neu-
ronal injury and neurodegeneration could have increased the
release of IL-33 from glial cells and mast cells in the brain. IL-
33 has been suggested as a new therapeutic target for autoim-
munity and inflammation including neuroinflammation [54].
IL-33 is implicated in neuroinflammation through glial and
mast cell activation and is increased in the CNS injuries such
as traumatic brain injury [49]. Moreover, recent studies have
shown that IL-33 and ST2-axis are implicated in neurodegen-
erative diseases and other CNS disorders [50]. Another recent
study has shown increased pain associated with high level of
IL-33 and activation of C-Jun N-terminal kinase (JNK), ERK,
and NF-κB in rat lumbar disk herniation [55].

CCL2 is the best-characterized chemokine as CCL2
suppression is important in therapeutics to reduce exces-
sive accumulation of immune cells at the site of neuro-
inflammation and neurodegeneration [56]. CCL2 plays
an important role in the pathogenesis of CNS disorders
including AD, PD, and brain injury by controlling the
migration of immune cells and increasing blood-brain
barrier permeability [57]. Results from our present study
show that addition of BMMCs from wt mice that were
already incubated with adeno-GMF for overexpression,
co-cultured with wt glia-neurons, and incubated with
MPP+ shows higher CCL2 release when compared with
the release from BMMCs from GMF-KO mice incubat-
ed similarly. These results show that absence of GMF
reduces the release of inflammatory mediators such as
CCL2 from brain cells.

ROS are free radicals consisting of superoxide anion, hy-
droxyl radical, and hydrogen peroxide (H2O2). Though ROS
plays a role in normal cell functions, moderate levels cause
cell death including neurodegeneration by oxidative stress.
Oxidative stress-mediated redox reactions modulate protein,
changes in cellular signaling pathways, and NF-κB activation
and neuronal death [58]. Previous studies have shown in-
creased ROS expression in PD [58]. Both human and mouse
mast cells are known to release ROS and hydrogen peroxide
after its activation [59, 60]. In the current study, we show that
both MPP+ and GMF activate mast cells and induce the gen-
eration of ROS. Mast cell-derived ROS may contribute to the
increased level of ROS in neuroinflammation and neurode-
generative diseases.

Neuroinflammation plays an important role in the neurode-
generation in several neurodegenerative diseases [37, 61, 62].
Cytokine networks play an important role in neuroinflamma-
tion [63]. Mast cells are heterogeneous multifunctional im-
mune and inflammatory cells that contribute to the neuroin-
flammation process in the CNS by releasing several stored
granules and newly synthesized neuroinflammatory mediators
including tryptase, IL-1β, TNF-α, IL-6, IL-8, IL-33, matrix
metalloproteinases (MMPs), and ROS [19, 64–66]. Mast cells
are implicated in the pathogenesis of PD, AD, MS, and EAE

[18, 67–70]. Mast cells are increasingly considered as early
responders in brain injury by releasing the prestored and
preactivated inflammatory mediators such as TNF-α and pro-
teases such as MMCP-6 and MMCP-7 in mouse [11, 71, 72].
Mast cell degranulation release proteases and these proteases
are known to activate glial cells as well as neurons to release
inflammatory cytokines such as TNF-α and IL-6 via protease-
activated receptor 2 (PAR-2) signaling pathways [73]. PAR-2
expressed on glia-neurons and mast cells play an important
role in neuroinflammation [73–76]. PAR-2 also causes recruit-
ment of mast cells at the site of inflammation [77]. Mouse
mast cell proteases MMCP-6 and MMCP-7 upregulate PAR-
2 expression in glia, neurons, and mast cells [78]. Mast cells
are implicated in neuroinflammation and AD in association
with the detection of IL-33 [52]. Our present study also shows
similar results that IL-33 and mast cells are increased in PD
brains. Moreover, increased release of protease tryptase could
activate glial cells and neurons and mediate neurodegenera-
tion in PD.

In the present study, we have investigated whether MMCP-
6 and MMCP-7 activate glial cells and neuronal cells to re-
lease IL-33. We demonstrate that both MMCP-6 and MMCP-
7 activate astrocytes and neurons and release IL-33 that are
implicated in neurodegeneration, as we have reported previ-
ously [27]. This release involves activation of p38 and ERK1/
2 MAPKs and NF-κB pathways as also reported previously
for microglial activation by proteases [73]. MAPKs are pres-
ent in cell surface and transfer signals from the cell surface
receptors to the nucleus. NF-κB is an important transcription
factor implicated in the upregulation of inflammatory media-
tors, cytokines, chemokines, and neurotoxic mediators in neu-
rodegenerative diseases [36, 37, 79]. Normally, NF-κB is
present in the cytoplasm in association with I-κB. The expres-
sion of proinflammatory mediators has been shown to be reg-
ulated by MAPKs through the activation of NF-κB. We have
previously shown that upregulation of NF-κB p65 is associ-
ated with increased GMF expression in human AD brains
[38]. Moreover, NF-κB is implicated in neuroinflammatory
pathways in neurodegenerative diseases including PD and
AD [36, 80]. Our present findings indicate that mast cell-
derived inflammatory mediators, brain protein GMF, and
PD-relevant MPP+ can phosphorylate and upregulate the ex-
pression of p38, ERK1/2MAPKs and NF-κB in mast cells or
brain cells in neurodegenerative diseases including PD.

neurotoxin MPP+ is known to activate glia, neurons, and
mast cells to release neuroinflammatory mediators and induce
neurodegeneration [18, 31, 32]. In the present study, we have
demonstrated that MPP+ induces the release of IL-33 through
the activation of ERK1/2, p38, and NF-kB. GMF was isolat-
ed, sequenced, and cloned previously in our laboratory [22,
23]. We have previously shown that GMF is implicated in
neurodegeneration [27–29, 44, 81]. GMF also activates mast
cells to release various inflammatory mediators in vitro [18,
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27]. In the present study, we have used GMF as a positive
control for the stimulation and show that GMF-induced the
release of IL-33 through the activation ofMAPKs and NF-κB.

Conclusions

Mast cell proteases MMCP-6 and MMCP-7 activate astro-
cytes and neurons, and MPP+ activates mast cells to release
IL-33 through the activation of ERK1/2, p38 MAPKs, and
NF-κB. Further, PD brains show increased mast cell number,
its activation status, and expression of cell injury-associated
cytokine IL-33 in the midbrain and striatum regions. We sug-
gest that inhibition of glia-neuron and mast cell activation
pathways may represent a new therapeutic target for
neuroinflammatory diseases including PD.
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