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ARTICLE
NLRP3 inflammasome pathway is involved in olfactory

bulb pathological alteration induced by MPTP

Ying Chen', Qiu-shuang Zhang', Qian-hang Shao', Shuo Wang’, Yu-he Yuan', Nai-hong Chen' and Hong-bo Wang?

Olfactory bulb, as one of sensory organs opening to the outside, is susceptible to toxic environment and easy to deteriorate. Recent
studies in Parkinson’s disease (PD) patients and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys have shown
that abnormal a-synuclein is accumulated in the olfactory glomeruli, suggesting that the lesions of PD are not only confined to the
substantia nigra (SN) but also located in the olfactory bulb. Thus, olfactory bulb might be the region of onset in PD pathogenesis
and a targeted region for diagnosis and treatment of PD. However, the relationship between olfactory bulb and pathogenesis of
PD remains unclear. In the present study, we investigated the inflammatory pathological alterations in olfactory bulb and

the underlying mechanisms in chronic MPTP mice. Mice were treated with MPTP/P, i.e., MPTP (25 mg/kg, s.c.) plus probenecid
(250 mg/kg, i.p.) every 4 days, for ten times. The mice displayed typical parkinsonian syndrome. Then we examined their olfactory
function and the pathologic changes in olfactory bulb. The mice showed obvious olfactory dysfunction in a buried pellet test.
Immunohistochemical studies revealed that tyrosine hydroxylase (TH) protein levels were significantly decreased, whereas
abnormal a-synuclein was significantly increased in the olfactory bulbs. Furthermore, the olfactory bulbs in MPTP/P-treated mice
showed significantly increased levels of interleukin-1p (IL-1(), caspase-1, glial fibrillary acidic protein (GFAP), Toll receptor 4 (TLR4),
phosphorylation of p65, as well as activated molecules of NOD-like receptor protein 3 (NLRP3) that were associated with
neuroinflammation. Our results demonstrate that MPTP/P-caused olfactory bulb damage might be related to NLRP3-mediated

inflammation.
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INTRODUCTION

Parkinson'’s disease (PD) is a neurodegenerative disorder with a
wide variety of symptoms, including motor dysfunction and
nonmotor symptoms [1]. The primary pathological alterations are
the degeneration of dopaminergic neurons [2] and the aggrega-
tion of abnormal a-synuclein [3]; thus, PD is also called a
proteinopathy [4]. Motor dysfunction includes bradykinesia,
muscular rigidity and resting tremors [5], and nonmotor symp-
toms include hyposmia, constipation and other features [1]. The
pathogenesis of PD remains elusive, but investigators have come
to a consensus on the contribution of genetic and environmental
factors to the mechanisms of PD [1]. Because nonmotor symptoms
precede the behavioral disorders [1], it is necessary to investigate
the mechanism underlying the nonmotor symptoms.

In addition to the loss of neurons in the SN, pathological
changes also emerged in the olfactory bulb [6]. Given studies of
PD patients and MPTP-induced monkeys, researchers have
demonstrated that a-synuclein aggregation first appears in the
olfactory bulb and vagus and then spreads to the central
nervous system over decades [7]. Additionally, a-synuclein
monomers and oligomers can transfer from olfactory bulb to
other brain regions through neural pathways [8]. When MPTP

and 6-hydroxydopamine (6-OHDA) were injected into the
olfactory bulb in rabbits, dopamine (DA) neurons in the SN
and striatum were lost, verifying the ability of external toxicants
to accelerate PD pathogenesis and the dopaminergic projection
relationship between the SN and olfactory bulb [9]. However,
the mechanisms underlying olfactory bulb degeneration remain
unknown.

Neuroinflammation is a common neuropathological finding in
degenerative diseases. Studies have indicated that chronic mild
inflammation contributes to degeneration of dopaminergic
neurons in PD [10, 11] and can increase the production of
reactive oxygen species (ROS), ultimately leading to neuronal
death [12]. Many factors trigger neuroinflammation, such as ion
channels, microRNAs, autophagy, and monocyte activation [13].
Therefore, it is essential to focus on the inflammatory process in
the pathogenesis of PD. The NLRP3 inflammasome, closely related
to IL-1B production, is a multiprotein complex that plays a key role
in inflammation [14]. Hyposmia is an early symptom of PD,
and neuroinflammation or neuron loss also appears in the
olfactory bulb, but the molecular mechanism underlying these
symptoms is still unknown. In this study, we investigated
inflammation-related pathological alterations and the associated
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mechanisms in the olfactory bulb induced by chronic MPTP
administration in mice.

MATERIALS AND METHODS

Materials

MPTP hydrochloride and probenecid were purchased from Sigma-
Aldrich, USA. Antibodies were obtained from Santa Cruz, Abcam,
Thermo and Wako and they are described in Table 1.

Animals

Male C57BL/6 mice (8 weeks, 22-25 g) were ordered from Vital
River Laboratory Animal Technology Co. Ltd, Beijing, China. The
mice were raised in an experimental animal room and bred with
an adequate supply of food and water. The room was managed by
specific personnel to guarantee a 12h light/dark cycle with a
constant temperature of approximately 22 + 1 °C.

Experimental procedures
Mice were randomly divided into two groups after 7 days of
adaptation: control and model groups. Probenecid was dissolved

in 0.1 mol/L NaOH, and the pH adjusted to 7.4 with Tris-HCl (pH
6.8). MPTP-HCl was dissolved in 0.9% saline away from light and
used immediately. Model mice were administered MPTP/P every
4 days, for a total of ten doses (Fig. 1b). The mice were given an
intraperitoneal injection of probenecid (250mg/kg) and a
subcutaneous injection of MPTP-HCI (25 mg/kg) after 1 h. Control
group mice were treated with equal volumes of 0.9% saline via
subcutaneous injection.

Buried pellet test

This test was performed as described by Yan Liu et al. [15]. In a
preliminary experiment, a buried pellet test was adopted to detect
the smell sensations of mice. All mice were fasted for 16-18 h with
normal access to drinking water before the test. Every mouse adapted
itself to a clean storage cage (25c¢m X 15 cm x 13 c¢m) for 5 min and
then was transferred to a test box (46cm x23.5cm x20cm) and
allowed to adapt for 2min. A piece of ordinary laboratory food
(approximately 1.0g) was buried at a depth of 1cm below the
bedding and placed on the walls of the box randomly. Each mouse
was placed in the middle of the test box, and then, the time needed
to find the food was recorded (the time was limited to 5 min).

Table 1. The information of the antibodies used in the present work

Antibody Source Dilutions Company

NF-kB/p65 Mouse 1:500 Santa Cruz Biotechnology
TH Rabbit 1:500 Santa Cruz Biotechnology
IL-1B Rabbit 1:500 Santa Cruz Biotechnology
NLPR3 Rabbit 1:1000 Abcam

Caspase-1 Mouse 1:1000 Abcam

TLR4 Rabbit 1:500 Santa Cruz Biotechnology
a-Synuclein(C20) nitrated Mouse 1:500 Santa Cruz Biotechnology
Tyr125/Tyr133 a-synuclein Mouse 1:1000 Thermo Fisher Scientific
p-p65 Rabbit 1:1000 Cell Signaling Technology
p-actin Mouse 1:1000 Sigma

GFAP Mouse 1:1000 Wako
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Fig. 1 Schematic showing the experimental design. a The neurotoxicity of MPTP triggers parkinsonism symptoms. b Schematic of the

experimental procedure
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Tissue preparation

Chloral hydrate was applied to deeply anesthetize the mice (400
mg/kg, i.p.). We quickly isolated the olfactory bulb and placed the
tissues into a —80°C freezer for biochemical analysis. For
morphological observation, we perfused some of the anesthetized
mice with 0.1 mol/L phosphate-buffered saline (PBS) and 4%
paraformaldehyde (pH 7.4, dissolved with PBS) for histologic
analysis. The olfactory bulb was kept in 4% paraformaldehyde for
24h to fix tissues and then dehydrated in different ethanol
concentrations (75%-85%-90%-95%-100%). Then, the olfactory
bulb was embedded in paraffin, cut into slices (4 um) and placed
on glass slides.

Ultrastructural transmission electron microscopy (TEM)

Tissues were steeped in 4% paraformaldehyde and then cut into
cubic sections approximately 1 mm?. After being fixed with 2.5%
glutaraldehyde for 2 h, the sections were washed with 0.1 mol/L
PBS and dehydrated on a gradient. Then, we embedded the
sections inside of Epon resin and cut them into ultrathin slices.
Finally, the sliced sections were doubly stained with uranyl acetate
and lead citrate and observed with a transmission electron
microscope (H-7650; Hitachi, Tokyo, Japan).

Immunohistochemistry (IHC) and immunofluorescence (IF)
Paraffin sections were placed successively into dimethylben-
zene (100% I/1l, 15 min) and different ethanol concentrations
(100% 1/11-90%-80%-70%-60%, 5 min) for dewaxing. Then, the
sections were washed with double-distilled water for 10 min
and PBS for 10 min. Next, sections were boiled in citrate buffer
solution (0.01 mol/L) for antigen retrieval. When the sections
cooled to room temperature, they were washed three times for
10 min in PBS and then permeabilized in 0.5% Triton X-100 for
10 min. Endogenous peroxidase activity was eliminated by
treatment with 3% H,0, for 10 min. After incubation with 5%
bovine serum albumin (BSA) (dissolved in PBS) for 30 min to
block nonspecific antigens, the sections were incubated with
anti-TH (1:200), anti-nitrated Tyr125/Tyr133 a-synuclein (1:1000),
or anti-GFAP (1:250) antibody overnight at 4 °C. For immuno-
histochemistry, sections were incubated with corresponding
secondary antibodies for 2 h after being washed with PBST.
After rinsing with PBST, the sections were stained with 3,3'-
diamino-benzidine (DAB) and covered with slips and neutral
glue. Finally, the slices were observed and imaged with an
Olympus BA51 photomicroscope (Tokyo, Japan). For immuno-
fluorescence, sections were incubated with Alexa Fluor-
conjugated secondary antibodies and DAPI away from light
for 2h and then observed with a laser scanning confocal
microscope (Leica TCS SP2).

Western blot analysis

Olfactory bulb tissues were homogenized with RIPA buffer
containing protease inhibitor cocktail (Sigma, USA) and phos-
phatase inhibitors (Invitrogen, USA) and then centrifuged, and
the supernatant was extracted. A BCA (bicinchoninic acid) kit
was used for quantitative analysis of protein concentration. The
olfactory protein extraction mixed with loading buffer was
denatured in boiling water for 15 min. Equivalent amounts of
protein from different groups were loaded and separated on
SDS-PAGE gels and then transferred to polyvinylidene difluoride
(PVDF) membranes (Millipore, USA). Then, the membranes were
blocked with 3% BSA (dissolved in TBST buffer) and incubated
overnight at 4 °C with the following primary antibodies: anti-3-
actin (1:5000), anti-a-synuclein (C20) (1:500), anti-n-a-synuclein
(1:1000), anti-TLR4 (1:250), anti-Nuclear factor kappa-light-chain-
enhancer (NF-kB) (1:500), anti-phosphorylated-NF-kB (1:500),
anti-NLRP3 (1:1000), anti-caspase-1 (1:1000), and anti-IL-1
(1:250). After being washed with TBST three times, the
membranes were incubated with the corresponding secondary
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antibodies for 2h, and then visualized with an enhanced
chemiluminescence (ECL) plus system (Molecular Device, LMAX).
The protein bands were quantitatively analyzed using Quantity
One software (Toyobo, Japan).

Statistical analysis

GraphPad Prism 6.0 software (GraphPad, San Diego, CA, USA) has
been widely adopted for statistical analysis. Data were analyzed
via t-test analysis using an unpaired t-test and were displayed as
the means + standard error (SEM). Significance was considered at
P <0.05.

RESULTS

Olfactory dysfunction was observed in mice injected with MPTP/
Pro

All mice performed the buried pellet test, and the number of mice
missing food in the model group was twice that in the control
group (Fig. 2a). TH is a key enzyme in dopamine production, and
its level was significantly decreased in MPTP/Pro-treated mice
based on IHC analysis (Fig. 2b). From ultrastructural observation,
we found consolidation of neurons and damaged mitochondria
(Fig. 2¢c). We confirmed cytomembrane disruption and chromatin
condensation in MPTP-induced olfactory bulbs. Additionally,
mitochondria had fewer cristae than observed in the normal

group.

Abnormal a-synuclein protein aggregation in olfactory bulbs from
MPTP/Pro mice

The a-synuclein protein level was assessed by staining with anti-a-
synuclein (C20) antibody and was found to be increased in MPTP/
p group mice (Fig. 3a, P < 0.05). The nitrated a-synuclein level was
also significantly augmented after exposure to MPTP (Fig. 3b, P <
0.05). Similar alterations were demonstrated by the IHC results
(Fig. 3¢, d). Both C20- and nitrated a-synuclein-positive staining
were mostly located at the edge of the olfactory bulb, specifically,
in glomerular cells.

Active inflammation-related protein expression was increased in
the olfactory bulb medium after treatment with MPTP/Pro
Results of western blotting showed that the protein levels of pro-
IL-1B and cleaved-IL-1 were higher in olfactory bulbs from the
MPTP/Pro group than those from the untreated group (Fig. 4a, P <
0.01). Caspase-1 cleaves pro-IL-1B, and thus, we detected the level
of Caspase-1 via western blotting. The results showed that pro-
Caspase-1 expression was increased in MPTP/Pro mice (Fig. 4b,
P < 0.05), and the protein could be cleaved into active Caspase-1
to promote IL-1B generation. Moreover, sections were stained
with GFAP antibody and imaged under a confocal microscope.
The number of positively stained cells and the staining intensity of
GFAP were much higher in the MPTP group than in the control
group (Fig. 4c).

NF-kB-related signaling was activated in the olfactory bulb of
MPTP/Pro-injected mice

TLR4 is closely associated with inflammation occurring in the
central nervous system (CNS) of PD patients [16], and thus, we
detected the protein level of TLR4. Western blotting results
showed that the TLR4 level was remarkably increased in
olfactory bulbs after treatment with MPTP (Fig. 5a, P<0.05).
NLRP3, an inflammasome that regulates Caspase-1 activation,
was induced by MPTP (Fig. 5b, P < 0.05). NF-kB is a downstream
signaling molecule of TLR4. Its subunit p65 relocates to
the nucleus and is phosphorylated to promote the expression
of target genes. The results demonstrated that the
level of phosphorylated p65 was increased after mice were
exposed to MPTP/Pro (Fig. 5¢, P < 0.05 for p-p65 and P < 0.01 for
p-p65/p65).
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Fig. 2 Mice treated with MPTP/Pro demonstrated olfactory dysfunction. a Mice in the group injected with MPTP/Pro exhibited remarkable
olfactory dysfunction compared with control mice in behavior testing. b The TH protein level was decreased in MPTP/Pro-treated mice.
¢ Damaged neurons and mitochondria appeared in the olfactory bulb based on transmission electron microscopy (TEM) observation. All data
are expressed as the mean + SEM. *P < 0.05 compared with the control group
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Fig.3 Abnormal a-synuclein appeared in the olfactory bulbs of mice treated with MPTP/Pro. a, b a-Synuclein protein levels were determined
by immunoblotting with C20 and n-synuclein antibodies and were found to be enhanced in mice injected with MPTP/Pro compared with
control group mice. ¢, d a-Synuclein was detected with C20 and n-synuclein antibodies in the olfactory bulb via immunohistochemistry. All
data are expressed as the mean + SEM. *P < 0.05 compared with the control group

DISCUSSION

As a complicated neurodegenerative disease, PD is gradually
observed with high incidence in younger patients. However, there
is not a clear definition of PD [1] because of its extensive
pathogenesis. All the pathologic changes can gradually damage
dopaminergic neurons and trigger a series of nonmotor and motor
clinical symptoms. Motor symptoms appear in the advanced stage
of PD, when approximately 60% dopaminergic neuron loss has
occurred [17], and these symptoms are markers for clinical
diagnosis [1]. In the early stage of PD, a variety of nonmotor
symptoms related to the CNS and peripheral nervous system (PNS),

SPRINGER NATURE

such as anxiety [18], depression [19], and sleep disorders [20], may
influence patients earlier and reduce quality of life. Additionally,
olfactory dysfunction occurs in a vast majority of patients [21] and
may be associated with the spread of a-synuclein in PD
progression [22, 23]. Braak H and colleagues proposed that the
olfactory bulb is one of the primary regions of Lewy pathology,
which spreads to other brain regions [3]. In addition, the Lewy
bodies in the olfactory bulb have been confirmed to have high
sensitivity and specificity for early diagnosis of PD [24]. Therefore, it
is necessary to focus on the pathology changes in the olfactory
bulb to determine the PD mechanism.
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Fig. 4

injected with MPTP/Pro. b The pro-Caspase-1 protein level in the model group was higher than in the control group. ¢ The fluorescence
intensity of GFAP was much higher in olfactory glomeruli of the model group. All data are expressed as the mean + SEM. *P < 0.05 compared

with the control group

In our study, mice were given subcutaneous injections of MPTP
to mimic the lesions observed in PD patients. Previous studies
have reported that environmental toxicants can induce PD and
MPTP is an appropriate chemical substance used to construct a PD
animal model [25]. MPTP penetrates the BBB (blood brain barrier)
of mice and metabolizes to MPP™, the active ingredient of toxicity
in astrocytes. Then, MPP™ is assimilated by dopaminergic neurons
and has a toxic effect on mitochondria, causing oxidative stress
and neuron death [26]. The analysis of olfactory bulb pathologic
changes showed a decreased protein level of TH (Fig. 6), which
essentially reflects the same change in the midbrain of PD
patients.

Additionally, toxic a-synuclein, including nitrated a-synuclein
and abnormal monomeric a-synuclein, were detected by western
blotting and IHC in MPTP-induced mice. Alpha-synuclein is the key
protein in PD pathological changes. Normal a-synuclein, including
monomers [27], exists in healthy people, while abnormal a-
synuclein rich in Lewy bodies [28] appears in different brain
regions and other areas of the peripheral nervous system in PD
patients [1]. The toxic a-synuclein forms may be oligomers and

Acta Pharmacologica Sinica (2019) 40:991 - 998

fibrils, aggregated from unfolded monomers [29]. Furthermore,
abnormal modifications of a-synuclein, such as nitrated a-
synuclein, can also lead to neurotoxicity [30]. There are many
toxic effects of abnormal a-synuclein, including nuclear dysfunc-
tion, mitochondrial dysfunction, and synaptic dysfunction. As a
result of a-synuclein toxicity, neurons rupture and release the toxic
a-synuclein, which triggers inflammation in the olfactory bulb.
Furthermore, a-synuclein could spread via prion-like propagation
[31] based on its construction and other agents. It is reasonable to
propose that a-synuclein could propagate from the olfactory bulb
to the midbrain and other critical brain regions.

Multiple factors, including oxidative stress and environmental
toxicity, contribute to neuroinflammation. In our study, we verified
the appearance of increased IL-13 and GFAP in the olfactory bulb,
which suggested that MPTP caused inflammation. Neuroinflam-
mation in PD is a phenomenon associated with activated
astrocytes and microglia, and it might be the prevalent cause of
neuronal damage [32]. In an epidemiological investigation,
investigators have found that nonsteroidal anti-inflammatory
drugs (NSAIDs) can decrease the morbidity rate of PD in an

SPRINGER NATURE
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Fig. 5 Alterations in TLR4-related inflammation protein molecule expression in the olfactory bulb. a, b The protein levels of TLR4 and NLRP3
improved in MPTP/Pro mice. ¢ The activated NF-kB protein level was increased in the model group compared with the control group. All data
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NLRP3 inflammasome activation in PD or other neurodegenerative
diseases. After all, many factors can stimulate the NLRP3
inflammasome. Investigators have found that prion-protein-like
a-synuclein fibrils can activate NLRP3 [46, 47] and increase its
mMRNA level [48]. As an endogenous disease-related signal,
aggregated a-synuclein stimulates microglia to release
pro-inflammatory cytokines [49, 50] and has an influence on
the NLRP3 inflammasome [51]. Through cellular endocytic path-
ways [52], aggregated a-synuclein is encapsulated into intracel-
lular lysosomes and triggers cathepsin B [53], which induces
NLRP3 inflammasome activation [48]. Regarding cellular location,
the NLRP3 inflammasome is typically detected in monocytes and

——————————————————— — microglia in the CNS [54]. Previous studies have demonstrated
Fig. 6 Summary of our experiments. External environmental that NLRP3 inflammasome activation is involved in microglia and
stimulation, such as with MPTP, triggers olfactory dysfunction, human monocyte activation in vitro [48, 55]. Interestingly, in
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the olfactory bulb induced by MPTP/Pro flammation. A paper published in NPJ Parkinson’s Disease showed
that NLRP3 expression increased in DA neurons and induced
epidemiological investigation [33], which reminded us of the inflammation in mesencephalon tissues from PD patients and
importance of neuroinflammation. TLR4/NF-kB is a classical neuronal cultures [56]. This suggests to us that the NLRP3-
inflammatory pathway and is involved in neuroinflammation in inflammasome-mediated inflammatory response has an intimate
the SN [16]. TLR4, one of pathogen recognition receptors, relationship with a-synuclein [48] and is significant in the
influences the transcription factor NF-kB and plays a key role in pathology of PD.
chronic diseases [34]. Moreover, various molecules participate in Therefore, we can draw the conclusion that the NLRP3
the network of inflammation mediated by TLR4 [34]. TLR4, MyD88, inflammasome plays a key role in the inflammation that occurs

Toll-interleukin-1 receptor-domain-containing adaptor protein during PD development. Researchers have completed some
(TIRAP), TIR-domain-containing adapter-inducing interferon- significant experiments related to NLRP3 and demonstrated that
(TRIF) and translocation-associated membrane protein (TRAM) NLRP3 inhibition has positive effects on remission of PD. For
receive extracellular signals jointly [35, 36]. Then, NF-kB in the example, one study indicated that absence of NLRP3 slowed
cytoplasm accepts the signal transduction and translocates to symptom progression in PD induced by rotenone in mice [57].In a
the nucleus, stimulating inflammation through four different PD model induced by acute treatment with MPTP, low expression
signaling pathways [37-41]. NLRP3, a type of inflammasome, of NLRP3 also benefited a nigral cell model [58]. A new study
can mediate host immune responses [42] and is involved in showed that NLRP3 activation is a common pathway in microglia
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of the substantia nigra in PD patients and rodent PD models and
was triggered in a delayed but forceful way in vitro [59]. They also
designed different administration methods to verify the remission
of neuroinflammation, nigrostriatal dopaminergic degeneration
and a-synuclein pathology induced by NLRP3 inhibition [59].
Additionally, a new interesting study showed that inhibition of
hepatic NLRP3 still protected dopaminergic neurons in the brain
[60]. All these studies suggest that further research on the
connection between NLRP3 inhibition and pathological alterations
in the olfactory bulb is needed. Considering the importance of
TLR4, we also designed an experiment to verify the role of TLR4 in
PD progression.

In summary, pathologic changes, including abnormal a-
synuclein, TH protein expression and inflammation, were detected
via a series of analytical methods in the olfactory bulb after
treatment with MPTP. As one of organs directly connected to the
outside, the olfactory bulb is sensitive to environmental toxicity
and is a significant brain region in parkinsonian pathology. This
reminds us of the prion-like propagation of a-synuclein and the
hypothesis of Braak. The olfactory bulb may be sensitive to
etiological factors and be the initiation region in PD. Then, the a-
synuclein lesions spread from the margin to key sites in the brain,
particularly the neurodegenerative regions [61]. Additionally, we
might develop a new nasal delivery system for anti-inflammatory
agents that target NLRP3 to delay PD progression. In conclusion,
further studies are needed to directly demonstrate that a-
synuclein can spread from the olfactory bulb to the SN and to
determine the feasibility of assessing olfactory dysfunction for
early diagnosis of PD.
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