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Abstract

Parkinson’s disease (PD) is characterized by the presence of inflammation-mediated dopaminergic 

neurodegeneration in the substantia nigra. Inflammatory mediators from activated microglia, 

astrocytes, neurons, T-cells and mast cells mediate neuroinflammation and neurodegeneration. 

Administration of neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induces PD 

like motor deficits in rodents. 1-methyl-4-phenylpyridinium (MPP+), a toxic metabolite of MPTP 

activates glial cells, neurons and mast cells to release neuroinflammatory mediators. Glia 

maturation factor (GMF), mast cells and proteinase activated receptor-2 (PAR-2) are implicated in 

neuroinflammation. Alpha-synuclein which induces neurodegeneration increases PAR-2 

expression in the brain. However, the exact mechanisms are not yet understood. In this study, we 

quantified inflammatory mediators in the brains of MPTP-administered wild type (Wt), GMF-

knockout (GMF-KO) and mast cell knockout (MC-KO) mice. Additionally, we analyzed the effect 

of MPP+, GMF and mast cell proteases on PAR-2 expression in astrocytes and neurons in vitro. 

Results show that the levels of interleukin-1beta (IL-1β), tumor necrosis factor-alpha (TNF-α) and 

the chemokine (C-C motif) ligand 2 (CCL2) were lesser in the brains of GMF-KO mice and MC-

KO mice when compared to Wt. mice brain after MPTP administration. Incubation of astrocytes 

and neurons with MPP+, GMF and mouse mast cell protease-6 (MMCP-6) and MMCP-7 

increased the expression of PAR-2. Our studies show that the absence of mast cells and GMF 

reduce the expression of neuroinflammatory mediators in the brain. We conclude that GMF along 

with mast cell interactions with glial cells and neurons during neuroinflammation can be explored 

as a new therapeutic target for PD and other neuroinflammatory disorders.
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INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disease due to the degeneration 

of dopaminergic neurons in the substantia nigra and decreased dopamine level in the 

striatum [1]. PD is the second most common neurodegenerative disorder affecting nearly one 

million people in the United States of America and 10 million worldwide (Parkinson’s 

Foundation, New York, NY). About 60,000 peoples are diagnosed with PD each year in the 

USA. The incidence of PD increases with age and men are about 1.5 times more prone to 

PD than women. About 4% of people with PD are diagnosed before the age of 50 years. It 

costs about $25 billion per year to combat PD in the USA. PD affects movement and there 

are no disease-specific treatment options available as the exact cause and the disease 

mechanisms are still not yet clearly understood [2–4]. PD is a movement disorder and the 

current dopaminergic medication causes significant side effects to the patients [2]. Although 

the exact cause of PD remains unknown, exposure to environmental chemicals such as 

pesticides and heavy metals accumulation in the brains are reported to cause PD in humans 

and animals [5]. Administration of neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP), 6-hydroxydopamine (6-OHDA), paraquate and rotenone mimics several PD 

symptoms in primates and rodents [6, 7]. MPTP-administration increases alpha-synuclein 

(α-synuclein) expression in the brains of rodents [8]. Lewy bodies (LB) are implicated in the 

development, survival and functioning of dopaminergic neurons and α-synuclein is the 

major component of LB and a potential therapeutic target in PD [9]. Aggregation of α-

synuclein in neurons forms LB that spreads through the brain and induces 

neurodegeneration in the substantia nigra in PD [10, 11]. Recent reports indicate that innate 

and adaptive immune responses are involved in the pathogenesis of PD [12–14]. 

Inflammatory cytokines, chemokines and other neuroinflammatory mediators including 

interleukin-1beta (IL-1β), tumor necrosis factor-alpha (TNF-α), chemokine (C-C motif) 

ligand 2 (CCL2) are shown to be involved in the pathogenesis of PD [15–18].

We have shown that glia maturation factor (GMF), a brain specific protein is involved in the 

neuroinflammation and neurodegeneration [19–22]. Further, we have shown that GMF 

activates glial cells to release many neuroinflammatory mediators which induce 

neurodegeneration and that the absence of GMF reduced these effects [23–28]. Mast cells 

are innate immune cells which interact with glia and neurons and exacerbate 

neuroinflammation [29]. We and others have previously shown that mast cells are critical in 

neuroinflammatory conditions by releasing pre-stored and newly generated inflammatory 

mediators including proteases [30–33]. Proteinase activated receptors (PARs) are G-protein 

coupled receptors that are expressed in both peripheral system and central nervous system 

(CNS) that induce neuroinflammation [8]. There are four types of PARs such as PAR-1, 

PAR-2, PAR-3 and PAR-4. PAR-2 expression is increased in the brains of Multiple sclerosis 

(MS), PD and Alzheimer’s disease (AD). PARs are activated by proteases including the 
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tryptase released from the activated mast cells. PAR-2 activation leads to the activation of 

mitogen-activated protein kinases (MAPKs) and nuclear factor kappa-B (NF-kB) pathways 

that are involved in the generation of inflammatory cytokines and chemokines. MPTP 

administration increased the expression of PAR-2 in the substantia nigra and the blockade of 

PAR-2 reduced the synthesis of α-synuclein and the activation of NF-kB in rats [8]. 

However, interaction between MPP+, GMF and mast cell proteases on the regulation of 

PAR-2 expression in glia and neurons are not yet understood. Therefore, in the present study, 

we investigated whether the absence of GMF or mast cells would reduce neuroinflammation 

in MPTP administered mice. Additionally, we examined whether 1-methyl-4-

phenylpyridinium (MPP+), a metabolite of MPTP along with GMF and mast cell proteases 

can induce the expression of PAR-2. We demonstrate that the absence of GMF or mast cells 

reduced the expression of inflammatory mediators in the brain and PAR-2 in the glial cells.

MATERIALS AND METHODS

Reagents and antibodies

DuoSet enzyme-linked immunosorbent assay (ELISA) kits for mouse chemokine CCL2/JE/

MCP-1, IL-1β, and TNF-α as well as recombinant mouse mast cell protease-6 (MMCP-6) 

and MMCP-7 were purchased from R&D Systems (Minneapolis, MN). Dulbecco’s 

phosphate buffered saline (DPBS), Dulbecco’s Modified Eagle Medium Nutrient Mixture 

F-12 (Ham) (DMEM F12), penicillin/streptomycin and fetal bovine serum (FBS) were 

obtained from Life Technologies (Grand Island, NY). Cell culture flasks and tissue culture 

plates were purchased from Costar (Corning Incorporated, and Corning, NY). MPTP, MPP+, 

anti-microtubule associated protein-2 (MAP2) rabbit polyclonal antibody and poly-D-lysine 

were purchased from Sigma-Aldrich (St. Louis, MO). Rabbit polyclonal glial fibrillary 

acidic protein (GFAP) antibody (Proteintech, Rosemont, IL), anti-PAR-2 mouse monoclonal 

antibody (SAM11) (Abcam, Cambridge, MA), goat anti-mouse 568 (red), goat anti-rabbit 

488 (green), goat anti-mouse IgG Texas red antibodies were purchased from Vector 

Laboratories (Burlingame, CA) and Calbiochem (Burlington, MA). Recombinant GMF was 

obtained from the Vector core facility (University of Iowa, Iowa City, IA). GMF-knockout 

(GMF-KO) mice were previously developed in our laboratory and a colony of these mice 

were maintained for our studies [24, 34, 35]. Mast cell knockout (MC-KO) mice (WBB6/F1-

KitW/KitWv) and Wild type (Wt) C57BL/6 mice were purchased from Jackson Laboratory 

(Bar Harbor, ME).

MPTP-administered mouse model of PD

MPTP was administered to the mice as per the standard published safety procedures [36]. 

These mice were maintained and the experiments were conducted at the Harry S. Truman 

Memorial Veterans Hospital (Columbia, MO) in accordance with the NIH guidelines 

approved by the Animal Care and Use Committees at the VA Hospital (Columbia, MO). 

Briefly, adult Wt. mice, GMF-KO mice, and MC-KO mice (4 to 5/group) were given four 

intraperitoneal (i.p) injections of MPTP (15 mg/kg body weight) at 2 hrs intervals for acute 

effects as per the standard procedures [36, 37]. Control mice were given an equal volume of 

sterile phosphate buffered saline (PBS) only instead of MPTP. Rota rod and grip strength 

tests for locomotor behavioral tests were performed to assess the presence of PD symptoms 
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after MPTP administration as we have reported previously [37]. Then, the mice were 

euthanized by cervical dislocation on day 7 after MPTP administration for the procurement 

of brain for inflammatory cytokines and chemokine TNF-α, IL-1β and CCL2 quantification 

by ELISA.

Inflammatory cytokines and chemokine quantification in the brain lysates

Brain lysates were prepared from the brains of Wt. mice, GMF-KO mice and MC-KO mice 

by tissue homogenization and sonication methods with protease and phosphatase inhibitors 

in HEPES lysis buffer. Protein concentration in the lysates was quantified using BCA assay 

method (Pierce, Rockford, IL). TNF-α, IL-1β and CCL2 levels were measured in the brain 

lysates consisting of 50 to 100 μg protein per sample using DuoSet ELISA kits as 

recommended by the manufacturer. Finally, the ELISA microplates were read on a 

microplate reader (Molecular Devices, Sunnyvale, CA) as we have previously reported [38, 

39].

Mouse primary astrocytes and glia-neurons mixed culture

Wt. pregnant mice (C57BL/6) were euthanized on 16th to 18th day of gestation and the fetal 

brains were subsequently obtained. Primary astrocytes were isolated from the fetal brains 

and cultured in vitro, as we have reported previously [39]. Pure astrocytes were obtained by 

removing the microglia after shaking the flasks. 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 and on poly-D-lysine coated coverslips in 24 

well culture plates [23, 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 cm2 or 75 cm2 tissue culture flasks and in poly-D-lysine 

coated coverslips in 24 well plates as reported previously [41]. Cells grown on poly-D-lysine 

coated cover glass were used for immunofluorescence staining of PAR-2, GFAP and MAP2 

expression.

Cell stimulation with MPP+, GMF and MMCPs for PAR-2 expression

Primary astrocytes and glia-neurons were grown to on poly-D-lysine coated cover glasses 

that were placed in 24 well tissue culture plates. These cells were incubated with MPP+ (10 

µM), recombinant GMF (100 ng/ml), MMCP-6 (100 ng/ml) or MMCP-7 (100 ng/ml) for 48 

hrs in 0.1% serum supplemented medium. The culture medium was then removed and the 

cells were washed with PBS and fixed with 4% paraformaldehyde for immunofluorescence 

staining.

Double immunofluorescence detection of GFAP and MAP2 with PAR-2 in astrocytes and 
Neurons

Primary astrocytes and glia-neurons grown on cover glasses were incubated with MPP
+,GMF, MMCP-6 and MMCP-7 and then fixed with 4% paraformaldehyde. Double 

immunofluorescence labeling was performed using the polyclonal antibody to GFAP (1:250) 

or polyclonal antibody for MAP2 (1:1000) along with monoclonal antibody to PAR-2 

(1:100) as we have reported previously [38, 42–44]. Astrocytes were stained for the 
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astrocytic marker GFAP and neurons were stained for the neuronal marker MAP2. Briefly, 

the cells were incubated overnight with primary antibodies at 4ᵒC. Following this, they were 

incubated with a mixture of Alexa Flour 488 goat anti-rabbit IgG and Alexa Flour 568 goat 

anti-mouse IgG/goat anti-mouse Texas red secondary antibodies (1:500) for one hr at room 

temperature for double immunofluorescence labeling. After washing with DPBS, the cover 

slips with cells were lifted from the wells and mounted onto the microscope slides, dried and 

viewed with a confocal fluorescent microscope (Leica Microsystems GmbH, Germany; 

Harry S. Truman Memorial Veterans Hospital, Columbia, MO). Photomicrographs were 

acquired using an oil immersion objective (63x) as we have previously reported [38].

Statistical analysis

All the ELISA results were analyzed by GraphPad InStat 3 software. Results were provided 

as mean ± SEM. Data were analyzed using One-way Analysis of Variance (ANOVA) and the 

post hoc test Tukey-Kramer multiple comparison analysis to determine statistically 

significant differences between the groups. A p-value of <0.05 was considered as 

statistically significant.

RESULTS

Decreased levels of cytokines TNF-α and IL-1β, and chemokine CCL2 in the brain lysates 
of MC-KO mice administered with MPTP

The levels of TNF-α, IL-1β and CCL2 were quantified by ELISA in the brain lysates 

prepared from MPTP administered Wt. mice, GMF-KO mice, MC-KO mice as well as from 

untreated control mice. MPTP-administration significantly increased TNF-α level in the Wt. 

mice as compared to the control untreated mice (Fig. 1A, n=4–5/group). However, there is 

no significant increase of TNF-α in both GMF-KO mice and MC-KO mice. In these groups 

of mice, TNF-α levels remained significantly reduced (p<0.05) as compared to Wt. mice 

treated with MPTP (Fig. 1A). Similarly, MPTP administration significantly increased 

(p<0.05) IL-1β level in Wt. mice as compared to control mice (Fig. 1B). Similar to TNF-α, 

both GMF-KO mice and MC-KO show significantly reduced levels of IL-1β as compared to 

Wt. mice after MPTP administration (Fig. 1B, n=3–4/group). Further, we also measured 

chemokine CCL2 in the brain lysates in the groups as we mentioned above in the text. Our 

results show that CCL2 level increased in the brains of Wt. mice administered with MPTP 

(Fig. 2, n=3/group). Both GMF-KO and MC-KO brains show reduced levels of CCL2 as 

compared with Wt. mice with MPTP administration. Our results indicate that absence of 

GMF and mast cells reduce the release of TNF-α, IL-β and CCL2 in MPTP administered 

mice.

Decreased levels of TNF-α and IL-1β in the serum of MC-KO mice administered with MPTP

In addition to quantification in brain lysates, we also quantified TNF-α and IL-1β levels in 

the serum of MPTP-administered Wt. mice, GMF-KO mice, MC-KO mice and compared 

with serum from untreated control mice (n=4/group). Wt. mice administered with MPTP 

show significantly increased (p<0.05) TNF-α (Fig. 3A) as well as IL-1β (Fig. 3B) levels in 

the serum as compared with control mice serum. Additionally, both GMF-KO mice and MC-

KO mice show significantly decreased (p<0.05) TNF-α level in the serum as compared with 
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the level in MPTP-administered Wt. mice serum (Fig. 3A). However, serum IL-1β level is 

significantly reduced (p<0.05) only in MC-KO mice as compared with Wt. mice 

administered with MPTP (Fig. 3B). These results further show that the absence of GMF and 

mast cells can also reduce the serum levels of TNF-α and IL-1β compared to MPTP 

administered mice.

MPP+, GMF, MMCP-6 and MMCP-7 upregulate the expression of PAR-2 in mouse primary 
astrocytes as detected by double immunofluorescence

Mouse primary astrocytes were grown and incubated with MPP+ (10 μM), GMF (100 ng/

ml), MMCP-6 (100 ng/ml) or MMCP-7 (100 ng/ml) for 48 hrs and the expression of PAR-2 

and GFAP were analyzed by double immunofluorescence staining. Representative images 

(n=3) show that astrocytes incubated with MPP+ and GMF for 48 hrs increased the 

expression of PAR-2 (red fluorescence) as compared with untreated control cells (Fig. 4). 

GFAP expression is shown by the green fluorescence (Fig. 4). Merged images show co-

localization of PAR-2 with GFAP. Similarly, incubation of astrocytes with mast cell 

proteases MMCP-6 and MMCP-7 increased the expression of PAR-2 (red fluorescence) as 

compared with untreated control cells (Fig. 5). Astrocyte marker GFAP is shown by the 

green fluorescence (Fig. 5). Untreated control astrocytes show reduced expression of PAR-2 

as compared to treated astrocytes (Fig. 4 and Fig. 5). Merged images show co-localization of 

GFAP and PAR-2. These results indicate that MPP+, GMF, MMCP-6 and MMCP-7 induce 

PAR-2 expression in astrocytes that plays an important role in the neuroinflammation of the 

brain.

MPP+, GMF, MMCP-6 and MMCP-7 upregulate the expression of PAR-2 in mouse primary 
neurons as detected by double immunofluorescence

Mouse primary neurons were grown and incubated with MPP+ (10 μM), GMF (100 ng/ml), 

MMCP-6 (100 ng/ml) or MMCP-7 (100 ng/ml) for 48 hrs and the expression of PAR-2 and 

MAP2 were analyzed by double immunofluorescence staining. Representative images (n=3) 

show that neurons incubated with MPP+ and GMF for 48 hrs increased the expression of 

PAR-2 (red fluorescence) as compared with control untreated cells (Fig. 6). MAP2 

expression is shown by the green fluorescence (Fig. 6). Similarly, incubation of neurons with 

mast cell proteases MMCP-6 and MMCP-7 increased the expression of PAR-2 (red 

fluorescence) as compared with un-treated control cells (Fig. 7). Neuronal marker MAP2 is 

shown by the green fluorescence (Fig. 7). Untreated control neurons show less expression of 

PAR-2 as compared to treated cells (Fig. 6 and Fig. 7). Merged images show co-localization 

of MAP2 and PAR-2. Our results show that MPP+, GMF, MMCP-6 and MMCP-7 induce 

neuronal PAR-2 expression that can lead to neuroinflammation and neurodegeneration in the 

brain.

DISCUSSION

In the present study, we investigated whether MPTP administration would show decreased 

levels of inflammatory mediators in the brain and serum of MC-KO mice and GMF-MO 

mice as compared with Wt. mice. We found significant reduction in the levels of TNF-α, 

IL-1β and CCL2 levels in both MC-KO mice as well as in GMF-KO mice when compared 
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to the Wt. mice after MPTP administration. Wt. mice showed significantly increased levels 

of these inflammatory mediators in the brain and serum after MPTP administration when 

compared to untreated control mice. Increased level of α-synuclein is associated with 

increased expression of PAR-2 in the brains of PD patients. Since MPP+, GMF and mouse 

mast cell proteases are implicated in neuroinflammation, we further investigated whether 

MPP+, GMF and mouse mast cell proteases increase the expression of PAR-2 in astrocytes 

and neurons in vitro. We found that incubation of mouse primary astrocytes and neurons 

with MPP+, GMF, MMCP-6 and MMCP-7 for 48 hrs increased the expression of PAR-2 as 

detected by double immunofluorescence staining. Administration of MPTP is known to 

produce PD like motor disorders in the animal models of PD. In the present study, MPTP 

treated animals showed motor abnormalities as determined by Rota Rod and Grip tests 

(results not shown) as we have previously reported [37, 45]. We have previously reported 

reduced neuroinflammation in GMF-KO mice [25]. GMF is a multifunctional, brain-

predominant protein first discovered purified, sequenced, and cloned in our laboratory [23, 

27, 46–48]. GMF is primarily expressed in the CNS where it activates glia and neurons to 

release multiple neuroinflammatory mediators that induce and upregulate 

neuroinflammation and neurodegeneration in neurodegenerative diseases [23, 24, 35, 40, 

49]. We have also shown that GMF expression is increased in the brains of AD [22, 42, 43, 

50, 51]. In the present study, we used GMF-KO mice as a control to compare the effects in 

MC-KO mice after MPTP administration. Mast cells are involved in the pathogenesis of 

neurodegenerative diseases such as experimental autoimmune encephalomyelitis (EAE), PD 

and AD [30, 31, 52–54]. Mast cells are early responders after brain injury by releasing 

prestored inflammatory mediators including TNF-α and proteases MMCP-6 and MMCP-7 

[39, 55–57]. Though mast cells are fewer in numbers in the CNS, they can release 

significant amounts of inflammatory mediators. Moreover, mast cells can accumulate at sites 

of inflammation, and mast cell progenitors migrate from distant sites, organs, and increasing 

mast cell numbers depending upon the inflammatory status.

We measured cytokines TNF-α and IL-1β as well as chemokine CCL2 in the brain lysates 

from Wt. mice, GMF-KO mice, MC-KO mice, and untreated control mice. These cytokines 

and chemokine mediate neuroinflammation and implicated in the pathogenesis of PD. 

Moreover, both IL-1β and TNF-α in higher concentrations can directly induce neuronal 

damage, and through activating microglia and astrocytes to release neuroinflammatory and 

neurotoxic mediators in the brain [30, 58, 59]. CCL2 induces the accumulation of immune 

cells at the site of inflammation and increases the blood-brain barrier permeability in 

neurodegenerative diseases [60, 61]. Our results show that TNF-α, IL-1β and CCL2 are 

increased in Wt. mice administered with MPTP as compared to control mice. Furthermore, 

we show that the levels of these cytokines and chemokine are lower in both GMF-KO mice 

as well as MC-KO mice as compared with Wt. MPTP-administered mice. This may because 

the absence of GMF reduced the activation of glial cells to release inflammatory mediators 

in the brain after MPTP administration. The reduced levels of TNF-α, IL-1β and CCL2 in 

MC-KO mice after the MPTP administration may be because absence of mast cells reduced 

the release of TNF-α, IL-1β and CCL2 upon activation. Inflammatory mediators released 

from mast cells can activate glial cells to release additional inflammatory mediators that 

induce neuroinflammation and neurodegeneration [30, 62]. Thus, absence of mast cells can 
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reduce the levels of TNF-α, IL-1β and CCL2 in MPTP administered mice as seen in this 

study. Mast cells are an important source of TNF-α, IL-1β, CCL2 and other mediators [30, 

63, 64]. We have previously shown that MPP+, the metabolite of the neurotoxin MPTP and 

the neuroinflammatory protein GMF activate mast cells in vitro to release several 

neuroinflammatory cytokines and chemokines [65, 66].

Mast cell protease can activate brain cells through PAR-2 pathways as astrocytes, microglia 

and neurons express only low levels of PAR-2 for neuroprotective physiological functions 

[67]. It has been shown that mast cell protease tryptase activates microglia to release TNF-α 
and IL-6 [68].We have previously demonstrated that the mast cell proteases MMCP-6 and 

MMCP-7 activate glia and neurons and release inflammatory mediators including CCL2, 

matrix metalloproteinase-3 (MMP-3), IL-33 that are implicated in neuroinflammation and 

neurodegeneration [38, 39]. PAR-2 is abundantly expressed in cortical layers, hippocampus, 

thalamus, hypothalamus, and striatum [67]. However, the expression of PAR-2 increases in 

neuroinflammatory conditions including MPTP induced PD in rats [8]. Activation of PAR-2 

induces neuroinflammation mediated neuronal death [69]. Reactive astrocytes show 

increased expression of PAR-1 and PAR-2 [70]. PARs activate ERK1/2, JNK, and p38 

MAPKs to induce cellular responses in the brain cells that also induces the secretion of 

inflammatory cytokines and chemokines [67]. Previous study has shown that mast cell 

proteases upregulate neuroinflammation via activating glial cells and neurons to release 

TNF-α and IL-6 through PAR-2 expression [71]. PAR-2 expressed on glia, neurons and mast 

cells upregulate neuroinflammation in the CNS [72–75]. Additionally, tryptase induces the 

recruitment and accumulation of mast cells at the site of inflammation through the activation 

of PAR-2 [76]. In the present study, we have analyzed the expression of PAR-2 in astrocytes 

and neurons after incubation with MPP+, GMF or mast cell proteases such as MMCP-6 and 

MMCP-7. Here, we have demonstrated that both MPP+ and GMF, as well as mast cell 

proteases, increase the expression of PAR-2 in primary astrocytes and neurons.

Conclusions

MPTP administration increases the expression of TNF-α, IL-1β and CCL2 levels in the 

brains of Wt. mice. However, these levels were reduced in the brains of MC-KO mice as 

well as in GMF-KO mice. Additionally, both TNF-α as well as IL-1β levels were reduced in 

the serum of MPTP administered mice when compared to levels in the serum of wt. mice. 

Furthermore, MPP+, GMF and mast cell proteases increases the expression of PAR-2 in Wt. 

mouse primary astrocytes and neurons. We propose that GMF and mast cell interactions 

with glial cells and neurons during neuroinflammation be explored as a new therapeutic 

target in PD and other neuroinflammatory conditions.
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Fig. 1. 
Mast cell deficiency decreases the levels of cytokines TNF-α and IL-1β in the brain lysates 

of MC-KO mice after MPTP administration. TNF-α and IL-1β were measured by ELISA in 

the brain lysates of MPTP administered Wt. mice, GMF-KO mice, MC-KO mice and 

untreated control mice. MPTP-administration significantly increased TNF-α level in the Wt. 

mice as compared to the control mice (A, n=4–5/group). However, there is no significant 

increase of TNF-α in both GMF-KO mice and MC-KO mice as compared with control mice. 

In these groups of mice, TNF-α levels remain significantly reduced (p<0.05) as compared to 

Wt. mice treated with MPTP (A). Further, MPTP administration significantly increased 

(p<0.05) IL-1β level in Wt. mice as compared to untreated control mice (B, n=3–4/group). 

Both GMF-KO mice and MC-KO mice show significantly reduced (p<0.05) IL-1β levels as 

compared to the Wt. mice after MPTP administration. *,# p<0.05, *Vs Wt. Control, #Vs Wt. 

+ MPTP, ANOVA and Tukey-Kramer post hoc –––––test.
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Fig. 2. 
Mast cell deficiency decreases chemokine CCL2 level in the brain lysates of MC-KO mice 

after MPTP administration. CCL2 level was measured by ELISA in the brain lysates of 

MPTP administered Wt. mice, GMF-KO mice, MC-KO mice and untreated control mice 

(n=3/group). Our results show that CCL2 level increased in Wt. mice brain administered 

with MPTP as compared with control mice. Both GMF-KO mice and MC-KO mice show 

reduced levels CCL2 as compared with Wt. mice with MPTP administration. *p<0.05, Vs. 

Wt. Control, ANOVA and Tukey-Kramer post hoc test.
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Fig. 3. 
Mast cell deficiency decreases serum levels of TNF-α and IL-1β in MC-KO mice. We 

measured serum levels of TNF-α and IL-1β in MPTP administered Wt. mice, GMF-KO 

mice, MC-KO mice and untreated control mice (n=3–4/group). Wt. mice administered with 

MPTP show significantly increased (p<0.05) serum levels of TNF-α (A) and IL-1β (B) as 

compared with serum levels of untreated control mice. Both GMF-KO mice and MC-KO 

mice show significantly decreased (p<0.05) serum TNF-α level as compared with the serum 

level in MPTP-administered Wt. mice (A). However, serum IL-1β has been significantly 

reduced (p<0.05) only in MC-KO mice as compared with Wt. mice administered with 

MPTP (B). *,# p<0.05, *Vs Wt. Control, #Vs Wt. + MPTP, ANOVA and Tukey-Kramer 

post hoc test.
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Fig. 4. 
MPP+ and GMF upregulate the expression of PAR-2 in mouse primary astrocytes as 

determined by double immunofluorescence staining. Astrocytes were incubated with MPP

+ (10 μM) or GMF (100 ng/ml) for 48 hrs and the expression of PAR-2 and GFAP were 

analyzed by immunofluorescence staining (n=3). The cells were incubated with monoclonal 

antibody for PAR-2 and polyclonal primary antibodies for GFAP followed by incubation 

with Alexa Flour 488 goat anti-rabbit IgG and Alexa Flour 568 goat anti-mouse IgG 

secondary antibodies. Then the cover glass with cells were lifted from the wells and 

mounted on to the microscope glass slides, dried and viewed using a confocal microscope. 

Representative images show that astrocytes incubated with MPP+ and GMF increased the 

expression of PAR-2 (red fluorescence) as compared with untreated control cells. Astrocyte 

marker GFAP is shown by the green fluorescence. Merged images show co-localization of 

PAR-2 and GFAP in the astrocytes. Photomicrographs original magnification = 630x.
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Fig. 5. 
Mast cell proteases MMCP-6 and MMCP-7 upregulate the expression of PAR-2 in mouse 

primary astrocytes as determined by double immunofluorescence staining. Astrocytes were 

incubated with MMCP-6 and MMCP-7 for 48 hrs and the expression of PAR-2 and GFAP 

were analyzed by immunofluorescence staining as mentioned previously (n=3). 

Representative images show that astrocytes incubated with MMCP-6 and MMCP-7 

increased the expression of PAR-2 (red fluorescence) as compared with untreated control 

cells. Astrocyte marker GFAP is shown with green fluorescence. Merged images show co-

localization of PAR-2 and GFAP in the astrocytes. Photomicrographs original magnification 

= 630x.
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Fig. 6. 
MPP+ and GMF upregulate the expression of PAR-2 in mouse primary neurons as detected 

by double immunofluorescence. Mouse primary neurons were grown and incubated with 

MPP+ (10 μM) or GMF (100 ng/ml) for 48 hrs and the expression of PAR-2 and MAP2 

were analyzed by double immunofluorescence staining as mentioned previously. 

Representative images (n=3) show that neurons incubated with MPP+ or GMF for 48 hrs 

increased the expression of PAR-2 (red fluorescence) as compared with control untreated 

cells. MAP2 expression is shown by green fluorescence. Merged images show co-

localization of MAP2 and PAR-2. Photomicrographs original magnification = 630x.
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Fig. 7. 
Mast cell proteases MMCP-6 and MMCP-7 upregulate the expression of PAR-2 in mouse 

primary neurons as detected by double immunofluorescence. Mouse primary neurons were 

grown and incubated with MMCP-6 (100 ng/ml) or MMCP-7 (100 ng/ml) for 48 hrs and the 

expression of PAR-2 and MAP2 were analyzed by double immunofluorescence staining as 

mentioned previously. Representative images (n=3) show that both MMCP-6 and MMCP-7 

increased the neuronal expression of PAR-2 (red fluorescence) as compared with untreated 

control cells. Neuronal marker MAP2 is shown by green fluorescence. Merged images show 

co-localization of MAP2 and PAR-2. Photomicrographs original magnification = 630x.
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