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Abstract

Background Prolonged inflammation, oxidative stress, and protein aggregation are important factors contributing to Par-
kinson’s disease (PD) pathology. A known ROS generator, pesticide paraquat (PQ), was indicated as an environmental
substance potentially increasing the incidence of PD and is used to model this disease. We investigated if a combination of
inflammation and oxidative stress in subthreshold doses would exacerbate the modelled neuropathology.

Methods We examined the late effects of acute or repeated peripheral inflammation induced by low dose of LPS (10 pg/
kg, ip) on PQ toxicity in the rat nigrostriatal dopaminergic pathway, microglial activation markers and expression of major
Lewy bodies proteins, a-synuclein and synphilin-1.

Results We observed that LPS increased, while PQ decreased body temperature and microglia CD11b expression in the SN.
Single LPS pretreatment, 3 h before repeated weekly PQ injections (4x) slightly aggravated neuronal degeneration in the
SN. Moreover, degeneration of dopaminergic neurons after weekly repeated inflammation itself (4X) was observed. Interest-
ingly, repeated LPS administration combined with each PQ dose counteracted such effect. The expression of a-synuclein
decreased after repeated LPS injections, while only combined, repeated LPS and PQ treatment lowered the levels of synphi-
lin-1. Therefore, a-synuclein and synphilin-1 expression change was influenced by different mechanisms. Concomitantly,
decreased levels of the two proteins correlated with decreased degeneration of dopaminergic neurons and with a normalized
microglia activation marker.

Conclusions Our results indicate that both oxidative insult triggered by PQ and inflammation caused by peripheral LPS
injection can individually induce neurotoxicity. Those factors act through different mechanisms that are not additive and
not selective towards dopaminergic neurons, probably implying microglia. Repeated, but small insults from oxidative stress
and inflammation when administered in significant time intervals can counteract each other and even act protective as a
preconditioning effect. The timing of such repetitive insults is also of essence.

Keywords Parkinson’s disease - Paraquat - Pesticides - Oxidative stress - Inflammation - Microglia - a-Synuclein -
Synphilin-1 - Neurodegeneration - Substantia nigra - Ventral tegmental area - Midbrain

Abbreviations PD  Parkinson’s disease
BBB Blood-brain barrier PQ Paraquat
LPS Lipopolysaccharide ROS Reactive oxygen species

SN Substantia nigra
TH  Tyrosine hydroxylase

I Katarzyna Z. Kuter
Kuter@if-pan krakow.pl VTA Ventral tegmental area

Department of Neuropsychopharmacology, Maj Institute
of Pharmacology, Polish Academy of Sciences, 12 Smetna
St., 31-343 Krakéw, Poland

Department of Neurobiology, Maj Institute of Pharmacology,
Polish Academy of Sciences, Krakéw, Poland

@ Springer


http://orcid.org/0000-0001-8210-6447
http://orcid.org/0000-0003-1117-6637
http://orcid.org/0000-0002-8381-6632
http://crossmark.crossref.org/dialog/?doi=10.1007/s43440-021-00340-1&domain=pdf

68

K.Z. Kuter et al.

Introduction

Pesticide paraquat (1,1'-dimethyl-4,4"-bipyridinium dichlo-
ride, PQ) is used as a model substance to induce oxidative
and energetic stress and progressive degeneration of dopa-
minergic neurons in animals [1-6]. Long-term use of this
compound in agriculture increases the incidence of Parkin-
son’s disease (PD) in humans [7-11]. PD is a slowly pro-
gressing neurodegenerative disorder, which mainly affects
dopaminergic neurons in the substantia nigra (SN) of the
central nervous system (CNS) [12]. According to the ‘mul-
tiple hit’ hypothesis, different factors contribute to neuronal
degeneration in idiopathic PD [13, 14]. Among them, aging
processes, oxidative stress, energy deficit through mitochon-
drial inhibition, prolonged inflammation, protein misfolding,
and aggregation, are all pointed out as the main pathomecha-
nisms. In post mortem PD patient brains elevated TNF-a,
COX-2 and pro-inflammatory IL-1p were found [15, 16],
suggesting an ongoing chronic brain inflammatory process.
Furthermore, neuroinflammation itself can cause PD symp-
toms. Head trauma, sepsis, encephalitis, and inflammatory
processes in the perinatal period can often result in parkin-
sonism in old age [15, 17]. It was also proven that even
minor, peripheral but long-term inflammation caused by dis-
eases such as, for example, ulcerative colitis, can increase
the risk of SN neuron degeneration [18-20]. Among brain
structures, SN is known to be rich in microglia and poor
in potentially supportive astrocytes, making it particularly
susceptible to inflammation [19, 21]. Furthermore, regular
use of non-steroid anti-inflammatory drugs is correlated
with a lower incidence of PD [22]. All the above observa-
tions show that inflammatory processes are important in the
pathogenesis of PD. However, it is still uncertain whether
inflammation is a primary disease mechanism or is triggered
by signals from already diseased neurons. These facts led
us to investigate whether inflammatory processes combined
with oxidative stress would affect the vulnerability of dopa-
minergic neurons in the SN.

Furthermore, mutations or multiplication of a-synuclein
gene were implicated in familial forms of PD [23]. Pro-
teins such as a-synuclein and synphilin-1 are constitu-
ents of Lewy bodies and markers of parkinsonian pathol-
ogy. a-Synuclein has the ability of self-aggregation to
potentially cytotoxic forms. Synphilin-1 interacts with
a-synuclein and promotes the formation of cytosolic inclu-
sions [23, 24]. The previous studies indicated that aggre-
gation of a-synuclein was enhanced after oxidative stress
[25] and such aggregated forms activated microglia [26].
However, mechanisms of those protein’s aggregation and
toxicity have not yet been fully explained.

The combination of oxidative stress induced by exog-
enous substances and inflammatory processes could
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additively influence accumulation of a-synuclein and syn-
philin-1 in Lewy bodies in PD brains. Therefore, in this
study, we examined the late effects of acute or repeated
inflammation induced by small doses of peripherally
injected lipopolysaccharide (LPS) on the toxicity of pes-
ticide PQ in the dopaminergic system of the rat brain.

This study proposes a new approach based on the admin-
istration of small doses of LPS and/or PQ. Such treatment
alone does not cause general acute strong defects, similarly
to slowly progressing PD. The aim was to look closer at
the long-lasting effects of LPS and PQ, which more closely
resemble an environmental situation in people exposed to
pesticides, having minor peripheral inflammation, who
slowly develop disease signs over many years.

Materials and methods
Animals

Male Wistar rats (Charles Rivers, Germany), 3 months old
at the beginning of the experiment, were kept in an artificial
light 12 h dark/light cycle (light from 07:00 to 19:00), 4-5
per cage, with free access to food and water. The experi-
ments were carried out in compliance with the Animal
Experiments Bill of January 21, 2005; (published in Journal
of Laws no. 33/2005, item 289, Poland) and according to the
NIH Guide for the Care and Use of Laboratory Animals.
They also received approval from the Local Ethics Commit-
tee (563/2008). In total, 63 rats were used. All efforts were
made to minimize the number of animals and their suffering.

Drugs and treatment

Paraquat dichloride (PQ, 1,1’-dimethyl-4,4'-bipyridinium
dichloride; Sigma-Aldrich, Germany) was dissolved in
sterile water and administered ip at a dose of 10 mg/kg.
LPS (Escherichia coli lipopolysaccharide, serotype 055:BS5,
Sigma-Aldrich, Germany) was administered at a small dose
of 10 pg/kg ip, always 3 h before PQ (Fig. 1).

Three sets of experiments were performed (Fig. 1): (i)
a single injection of LPS followed by a single injection of
injection of PQ; (ii) a single LPS injection followed by 4
doses of PQ administered every 7th day; (iii) 4 LPS injec-
tions followed by 4 doses of PQ administered every 7 days.
Respective controls received LPS, PQ, or solvent, alone,
at the same time. All animals were killed by decapitation
7 days after the last dose of PQ or solvent administered.

BOdy temperature measurements

Body temperature was measured inside the rat ear using
an infrared light digital thermometer (Geratherm Medical
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Fig. 1 Graphical representation

of rat study timelines. Analyses A
were performed A after a single

LPS administration (10 pg/kg, LPS
ip), 3 h later followed by PQ PQ
(10 mg/kg, ip); B after a single l

1x LPS + 1x PQ

tissue

LPS injection, 3 h later followed

by 4 doses of PQ administered l
once a week; C after repeated N )4
LPS injection, always 3 h before M
weekly PQ injections

B 1xLPS +4xPQ
LPS

analysis

T, 1 week

tissue

fQ PlQ PlQ PlQ anaiysis

-Fo 1 week 2 weeks 3 wéeks 4 weeks

C 4xLPS +4xPQ
LPS LPS LPS LPS _

PQ PQ PQ PQ tlssug

l l l l anaiy5|s

To 1 week 2 weeks 3 weeks 4 weeks

AG, Germany). The air temperature in the exam room was
monitored. Each animal was tested immediately before LPS
injection—at the beginning of the experiment, to measure
the basal body temperature (T,)). The mean value of three
separate measures was used. Next, the measurement was
performed 3 h after injection of LPS—immediately before
administration of PQ. The last measurement was made after
3 more hours, which was 3 h after PQ administration and 6 h
after LPS. Such measurements were made each week dur-
ing treatment. For statistical analysis, delta T—T; was used.

HPLC determination of catecholamines in brain
homogenates

After decapitation, the left striata were immediately dis-
sected and frozen on dry ice. The tissue was kept at
— 80 °C until further analysis. Dopamine (DA) levels and
its metabolites: 3,4-dihydroxyphenylacetic acid (DOPAC),
3-methoxytyramine (3-MT), homovanillic acid (HVA)
as well as noradrenaline (NA), serotonin (5-HT) together
with its metabolite 5-hydroxyindoleacetic acid (5-HIAA)
were assessed using the HPLC method with electrochemi-
cal detection [27]. Tissue samples were homogenized
in 0.1 M perchloric acid containing 0.05 mM ascorbic

acid, then centrifuged (10,000xg, 15 min, 4 °C), filtered
through 0.2 pm cellulose membrane (Alltech Centrifuge
Filters, USA), centrifuged again (4,000Xg, 3 min, 4 °C)
and injected into the system that consisted of thermally
controlled ASI-100 autosampler (4 °C), P680 isocratic
pump with degasser (Dionex, Germany), column (Hypersil
Gold C18, 150 3.0 mm, 3 pm, Thermo Scientific, UK),
TCC-100 thermal controlled column compartment (32 °C,
Dionex, Germany) and electrochemical detector analytic
cell 5010 Coulochem IIT (ESA, Inc. USA). The mobile
phase consisted of 50 mM NaH,PO, x 2H,0; 40 mM citric
acid; 0.25 mM 1-octanesulfonic acid sodium salt; 0.25 mM
EDTA; 1.3% acetonitrile; 2.4% methanol. The flow rate was
0.8 ml/min. The applied potential was E1=— 175 mV and
E2= 4350 mV. Data were quantified using the area under
the peak and external standards with Chromeleon software
(Dionex, Germany). They are presented as ng/g of wet tis-
sue. The turnover rates of amines were calculated as metab-
olite-to-neurotransmitter ratios.

Immunohistochemistry and histology

The caudal parts of the brains were rapidly removed,
post-fixed in cold 4% paraformaldehyde for 7 days, and
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cryoprotected in a 20% sucrose solution in phosphate
buffered saline (PBS) until they sank. The brains were
then cut on a freezing microtome into 30 pm frontal sec-
tions according to stereological rules. Each 6™ section
was sampled into a series of sections that covered all
lengths of the SN and adjacent series were stained as
previously described [28]. Free-floating sections were
incubated for 48 h at 4 °C in a primary antibody (anti-
tyrosine hydroxylase (TH), 1: 3,000; anti-a-synuclein,
1:4,000; anti-synphilin-1, 1:3,000; (all from Chemicon
Int.; Millipore, USA) and anti—CD11b, 1:500 AbD Sero-
tec, UK, anti-Ibal, 1:2,000, Wako, Japan), rinsed in PBS,
then incubated for 30 min in secondary antibodies (anti
mouse or anti rabbit biotinylated, 1:200, Vector Labora-
tories, UK) and processed using an ABC-peroxidase kit
(Vector Laboratories, UK) and 3,3'-diaminobenzidine as a
chromogen. The stained sections were mounted on slides,
dried, stained with 1% cresyl violet (CV) and covered. TH
immunoreactive (TH+/CV +) dopaminergic neurons and
non-DA neurons (TH —/CV +) were counted stereologi-
cally in the SN and ventral tegmental area (VTA).

Stereology

The stained cells were counted stereologically in the bilat-
eral SN pars compacta (SNc) as previously described [2].
The tissue sampling was random, starting from the begin-
ning of the structure, systematic and uniform, and every
sixth section was taken from all SNc. At least 8—10 sec-
tions were sampled throughout the length of the structure.

Stereological counting was performed using a light
microscope (Leica, Denmark) equipped with a project-
ing camera (Basler Vision Technologies, Germany) and
an xyz stage stepper (PRIOR ProScan) controlled by new-
CAST software (Visiopharm, Denmark). The analyzed
regions were outlined under lower magnification (5x),
and their areas were estimated. The number of stained
cells was calculated at 63 X magnification using a rand-
omized meander sampling and optical dissector method.
The dissector height was 10 pm. The area of the counting
frame was 8302.8 um? and covered 30% of the screen
area. Meander sampling probed 10% (for TH +/CV +) or
7% (for TH —/CV +) or 5% (for Ibal +) of the delineated
regions of interest, resulting in counting not less than
150 cells from each animal. On double stained (TH/CV)
sections non-dopaminergic neurons were identified with
large cell bodies stained only with CV, not TH. Astrocytes
visible as small CV +nuclei were not counted. Microglial
Ibal + cell bodies were counted. Coefficiency error was
smaller than half of the observed coefficiency of varia-
tion [29].
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Densitometric analysis of immunostaining

The sections stained immunohistochemically for
a-synuclein, synphilin-1, CD11b and Ibal were analyzed
densitometrically in the region of SN (compacta and reticu-
lata) outlined under camera magnification. Relative density
units (ROD) were counted using an image analysis system
(MCID, St. Catharines, Ontario, Canada). The background
signal was subtracted from each section separately, close to
the region of interest. The results were presented as the mean
of each ROD value minus background.

Statistical analysis

Results are presented as means + standard errors of mean
(SEM). Statistical analysis of the results was performed
using STATISTICA 8.0 software (StatSoft Inc., USA).
p <0.05 was considered as statistically significant and
0.1>p>0.05 were considered as trends.

The data were analyzed using two-way factorial ANOVA
with Fisher’s Least Significant Difference post hoc test,
except for body temperature results, where a repeated meas-
ures ANOVA was performed. For experiments with 1 and 4
doses of LPS, the same control groups (SOLV 4+ SOLV and
SOLV +4xPQ) were used and are presented on the same
graph. All groups consisted of 6-8 animals.

Results

The effect of single or repeated LPS and PQ
administration on body temperature

All animals were first injected with LPS (or solvent) and
3 h later with PQ (or solvent) (Fig. 1). Body temperature
was measured before each of these treatments and after a
further 3 h.

The single injection of a small dose of LPS alone
(10 pg/kg, ip) (F;5,=4.09, p=0.019) increased the body
temperature of the rat measured after 6 h (SOLV + SOLV
t=35.65+0.23 °C vs IXLPS+SOLV t=36.26+0.11 °C;
p=0.032) (Fig. 2A). Single treatment with PQ (10 mg/kg ip)
non-significantly lowered body temperature, but combined
treatment with 1 dose of LPS + PQ significantly decreased
the response to immunostimulant (1XLPS + SOLYV,
t=36.26+0.11 °C vs IXLPS + 1xPQ r=36.06+0.17 °C;
p=0.048).

On the other hand, single LPS alone treatment did not
induce any long-lasting effect after 7 days of withdrawal
(Fig. 2B), but repeated weekly 4 doses of LPS (F; ,,=2.66,
p=0.07) tended to increase body temperature over time
(p=0.056 for 1 week vs 3 weeks) (Fig. 2C). Repeated injec-
tions with PQ alone decreased body temperature when
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Fig.2 Changes in the Wistar rat body temperature A measured after »

the first injection of LPS and/or PQ. First measurement—immedi-
ately before LPS (or solvent) injection (T0), second—3 h later, imme-
diately before PQ (or solvent) injection, third—3 h later. Changes
in the body temperature measured after single (B) or repeated (C)
injections of LPS and/or PQ, always 7 days after treatment. The
values show mean from 3 separate measures and delta between TO
and subsequent measure. Two-way repeated measures ANOVA
with Fisher Least Significant Difference post hoc test, p<0.05 vs
solvent (*),vs PQ (#), vs LPS (&). Trends with 0.05<p<0.1 are
marked in grey. 1XSOLV +1xSOLV n=38; 1XSOLV + I1xXPQ n=>5;
IXLPS +1XSOLV n=6; I1XLPS + 1xPQ n=6; 4xSOLV +4xSOLV
n=o0; 4xSOLV +4xPQ n=o0; 1XLPS +4xSOLV n=0;
IXLPS +4xPQ n=6; 4XLPS +4XSOLV n="7; 4XLPS+4xPQ n=17

measured 7 days after treatment (p =0.04 after 1 week
and p=0.08 after 3 weeks) compared to the SOLV control
(Fig. 2B). When PQ treatment was preceded by a single LPS
injection, the effect was diminished. Changes induced by
4xPQ alone and 4XLPS alone were statistically significantly
different — LPS increased body temperature and PQ decreased
it in the long term. Combined, repeated LPS and PQ treat-
ments counteracted the changes observed with LPS or PQ
alone, normalizing body temperature.

The effect of single or repeated LPS and PQ
treatment on microglia activation

To check the ability of low-dose LPS intraperitoneal admin-
istration to induce brain microglia activation, we analyzed the
intensity of immunostaining for CD11b in the SN (Fig. 3A)
(F5,9=14.27, p<0.001). The single administration of LPS
followed by four weekly doses of solvent did not change
staining. Interestingly, repeated PQ injections decreased the
expression of the activated microglia marker. This effect was
intensified when four doses of PQ were preceded by a single
LPS dose. On the other hand, four repeated injections of LPS
alone increased the level of the microglia marker CD11b. Four
doses of combined LPS and PQ treatment decreased the effects
of LPS or PQ alone, normalizing the microglia state. The
observed effects were counteracted by each other, similarly
as in body temperature measurements. The effect of single
vs repeated LPS administration in combination with PQ was
significantly different.

To check whether the observed changes were not caused by
microglia death or a change in their number, we also analyzed
the optical density of immunostaining for the constitutive
microglial marker Ibal (Fig. 3B) and stereologically counted
Iba-1+ microglia cells (Fig. 3C). Both did not show deficits.

The effect of LPS and PQ administration
on neurodegeneration in the SNcand VTA

Neither a single dose of PQ nor LPS alone did not reduce
the number of dopaminergic cells in the SNc or VTA when
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Fig.3 The expression of microglia markers. Densitometric analy-
sis of CD11b—marker of activated microglia (A), Ibal—constitu-
tive microglia marker (B) and stereological counting of Ibal +cells
(C) in the substantia nigra (SN) of Wistar rats treated with single
or repeated LPS followed by four weekly PQ injections. Results are
shown as mean relative optical densities with subtracted background
levels (A and B) and as mean cell number per mm?® (C). Two way
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analyzed 7 days later. However, already a single coadminis-
tration of PQ and LPS induced a 26% decrease in the density
of TH+/CV +neurons detected in the SNc one week after
treatment (SOLV +SOLV 19,514 +637 vs I1XLPS + 1XPQ
14,398 +2131; p=0.014) (Fig. 4A). Despite slight reduc-
tions, no significant changes were observed in the VTA
(Fig. 4B).

Four weekly doses of PQ did not reduce the number of
TH +/CV + neurons statistically but reduced the number of
non-dopaminergic neurons (TH —/CV +) in the SNc after
4 weeks of treatment, showing nonspecific toxicity of PQ
(Fig. 5A, C) (F;,3=10.98, p=0.003). The opposite situa-
tion was observed in the VTA, the density of dopaminergic
neurons was reduced (F; ;4=3.99, p=0.027) but no changes
were observed in the non-dopaminergic neurons (Fig. 5B,
D).

A single injection of LPS caused a decrease in non-dopa-
minergic neuron density in the SNc (F; ;,=6.46, p=0.02)
and a tendency to decrease non-dopaminergic neurons in
the VTA (p=0.08) (F3,18=1.12, p=0.30) (Fig. 5CD). This
effect was visible only 4 weeks after treatment.

Single pretreatment with LPS, followed by four doses
of PQ also decreased the density of TH+/CV + neurons
in the SNc (by 27.5%, SOLV 4+ SOLV 19,070 + 858 vs
IXLPS +4xPQ 13,835+ 1305; p=0.003) and VTA. Non-
dopaminergic neurons showed a decreasing trend (p =0.08)
in the SNc.

After four doses of LPS alone, a decrease was observed in
TH+/CV 4+ (SOLV +SOLV 19,070+ 858 vs 4xXLPS +SOLV
13,300 £ 1960; p=0.025) as well as in TH-/CV +neurons in
the SNc. VTA was not affected. Interestingly, after com-
bined administration of 4 X LPS and PQ, a significant loss
was documented only in non-dopaminergic neurons in both
SNc and VTA.
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Fig.4 The stereological counting of tyrosine hydroxylase (TH)
immunoreactive neurons in the substantia nigra pars compacta (SNc)
(A) or ventral tegmental area (VTA) (B) after single dose of LPS
and/or PQ and representative staining of TH+and CV + (cresyl vio-
let) neurons (C) from control Wistar rat. Results are shown as mean
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Neither oxidative stress caused by PQ nor inflammation
induced by LPS were selective processes for dopaminergic
neuron degeneration.

The influence of acute and repeated LPS and PQ
administration on the levels of neurotransmitters
and their metabolism in the striatum

One week after a single exposure of rats to LPS and/or
PQ, only small changes in DA metabolism were observed
(increased DOPAC (F; ,;=9.66, p=0.005) and DOPAC/
DA ratio (F;,,=12.36, p=0.002)). Similarly, serotoniner-
gic metabolism was increased in response to LPS or to PQ
(Table 1).

Four doses of PQ given 7 days apart decreased
only the 5-HT turnover rate (5-HIAA/5-HT
SOLV +SOLV 0.9252 +0.0184 ng/g vs SOLV +4xPQ
0.8500+0.0214 ng/g; p<0.05) (Fig. 6). Single treat-
ment with LPS alone, 4 weeks prior to decapi-
tation, also decreased only 5-HIAA/5-HT rate
(SOLV +SOLV 0.9252 +0.0184 ng/g vs 4XLPS + SOLV
0.8548 +0.0282 ng/g; p <0.05). Rats pretreated with LPS
before 4 doses of PQ tended to decrease DOPAC levels
(p=0.08) and decreased the DOPAC/DA ratio, as well as
5-HIAA/5-HT in the striatum (p <0.05) (Fig. 6, Table 2). A
single exposure to the LPS dose before 4 consecutive doses
of PQ showed more effects than either of these factors alone,
suggesting aggravation of the toxicity, similar to the count
of neurons.

Interestingly, single pretreatment with LPS followed by a
single injection of PQ increased the DA and 5-HT metabo-
lism measured by the DOPAC/DA and 5-HIAA/5-HT ratio,
but single administration of LPS when followed by repeated
administration of PQ decreased those parameters (Table 1).

Cresyl Violet THir
non-DA neuron DA neuron

cell number per mm?>. Two way ANOVA with Fisher least significant
difference post hoc test, p<0.05 marked as significant vs solvent.
SOLV +SOLV n=38; SOLV + 1xPQ n=5; 1XLPS+ 1XSOLV n=6;
IXLPS+ 1xPQ n=6
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Fig.5 The stereological counting of dopaminergic (TH+/CV +) (A,
B) and non-dopaminergic, (TH-/CV +) (C, D) cells in the substantia
nigra pars compacta (SNc) (A, C) and ventral tegmental area (VTA)
(B, D) after single or repeated LPS treatment followed by four weekly
PQ injections in Wistar rat. Results are shown as mean cell number
per mm®. Two way ANOVA with Fisher Least Significant Differ-

Repeated administration of small doses of LPS (10 pg/
kg) alone was intended to induce minor chronic peripheral
inflammation. Such treatment resulted in decreased levels of
DA metabolites DOPAC (F; 5, =11.08, p=0.003) and HVA
(F3,5,=4.33, p=0.049) in the brain (11.5%, p=0.07 and
23.6%, p=0.09) but not turnover rates (Fig. 6). 5-HT levels
were also decreased, together with its metabolite 5-HIAA,
but again not its turnover rate (Table 2). There was no
enhancement of the LPS effect due to co-administration with
PQ. Only the DOPAC/DA ratio was decreased, reflecting the
effect observed after 4 doses of PQ pretreated with a single
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ence post hoc test, p<0.05 marked as significant vs solvent (¥), vs
LPS (%). 0.1>p>0.05 were considered as trends. SOLV +SOLV
n=4/4/5/5; SOLV +4xPQ n=4/5/4/5; 1XLPS +4xSOLV n=>5/6/6/6;
IXLPS+4xPQ  n=5/5/5/6; 4xLPS +4xSOLV n=06/7/7/7,
4XLPS +4xPQ n="7/7/6/1, for A, B, C, D, respectively

dose of LPS. When LPS pretreatment was repeated each
time before 4 doses of PQ—no aggravation of the effect was
observed. Furthermore, repeated treatment with LPS alone
showed stronger influence on neurotransmitter levels and
metabolism than 4 doses of PQ itself. The results indicate
that repeated LPS and PQ counteracted each other’s effects.
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Table 1 HPLC analysis of SOLV +SOLV SOLV + 1xPQ 1XLPS +SOLV IXLPS + 1xPQ

catecholamines after acute

treatment with LPS and/or PQ Mean SEM Mean SEM Mean SEM Mean SEM
n 8 5 6 6
DA 10,389.08 304.67 9443.06 716.92 9802.28 36541 10,465.33  405.24
DOPAC 983.38 42.12 930.53 61.28 1097.93#  46.45 1123.13*  49.09
HVA 925.30 52.16 953.24 48.43 928.51 84.54 1067.80 58.02
3-MT 314.62 38.31 255.37 31.16 286.77 44.68 262.77 30.62
DOPAC/DA 0.0946 0.0027  0.0997 0.0062  0.1120* 0.0021  0.1075% 0.0032
HVA/DA 0.0892 0.0050  0.1028 0.0075  0.0943 0.0065  0.1025 0.0056
3-MT/DA 0.0309 0.0046  0.0272 0.0028  0.0289 0.0042  0.0248 0.0022
5-HT 389.53 20.80 401.33 24.33 418.25 20.25 398.72 17.53
5-HIAA 363.65 19.46 407.27# 16.26 439.38* 13.09 449.02* 14.65
5-HIAA/5-HT  0.9484 0.0591 1.0197 0.0220 1.0674 0.0781 1.13* 0.0357
NA 47.23 4.32 46.97 6.15 56.37 6.03 46.42 4.78

HPLC analysis of dopamine (DA), its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), 3-methoxy-
tyramine (3-MT), homovanillic acid (HVA) and turnover rates (DOPAC/DA, HVA/DA and 3-MT/DA) as
well as serotonin (5-HT), its metabolite 5-hydroxyindoleacetic acid (5-HIAA), turnover rate (5-HIAA/5-
HT) and noradrenaline (NA) in the striatum of rats treated with single LPS followed by single PQ injection.
Results are shown as mean in ng/g of wet tissue. Two way ANOVA with Fisher Least Significant Differ-
ence post hoc test, p <0.05 marked as significant vs solvent (*) and trends with p=0.09 vs solvent (#)

The influence of LPS and PQ administration
on the expression of a-synuclein and synphilin-1
in the SN

The immunostaining for a-synuclein was widespread in the
brain structures and visible both inside cells, probably neu-
rons, as suggested by the shape and size of the cells, as well
as in the neuropil. The intensity of a-synuclein expression
was measured within the entire SN (both pars compacta and
reticulata). Only repeated administration of LPS reduced
the intensity of immunostaining for a-synuclein in the SN
(F5,,=11.5, p=0.002) (Fig. 7A). The effect was observed
both after 4 doses of LPS alone and after combined treat-
ment with 4 doses of PQ. The single administration of LPS
also tended to decrease the expression of a-synuclein but it
was not statistically significant.

Furthermore, only combined treatment with LPS and PQ
decreased the intensity of immunostaining for synphilin-1—
both after single and repeated LPS (F; ,,=3.244, p=0.08)
(Fig. 7B). Neither LPS nor PQ alone did not change the
expression of this protein.

Discussion
LPS and PQ induce opposite inflammatory reactions
This study was planned to check if minor inflammatory pro-

cesses and oxidative insults, that often pass unattended with
medical help, could contribute to the slowly progressing

neurodegenerative processes, similar to PD. Therefore, the
doses of LPS (10 pg/kg) used here were small, as compared
to the previous studies (1-7 mg/kg, own data not shown and
[30]), and did not induce any sickness behavior.

The body temperature changes dynamically in time
during inflammation, hence in the present study the tem-
perature was measured across time. Whereas LPS injection
increased body temperature, the treatment with PQ resulted
in consistent decrease in body temperature (see Fig. 2). Such
opposite effects resulted in normalized body temperature
after combined LPS and PQ treatment, both after single and
repeated LPS pretreatment. One could instantly think of
hypothermia which was previously shown to be neuropro-
tective in many neurodegenerative disease models [31-33].
In our study the observed differences in body temperature
were rather small but long-lasting (delta T approximately
by 1 °C). Previous studies in mice reported only transient
hypothermia after PQ (2 x 10 mg/kg/week for 3 weeks)
[34]. Interestingly, the parkinsonism-inducing neurotoxin
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
given ip to mice also induced long-lasting hypothermia [35,
36]. Furthermore, PQ generates ROS in a cyclic reaction
using NADPH and in this way exhausts energy metabolism
reserves. Such mechanism could directly affect body tem-
perature and partially explain the impact of PQ on immune
cells mobilization.
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«Fig. 6 HPLC analysis of dopamine (DA), its metabolites 3,4-dihy-
droxyphenylacetic acid (DOPAC), 3-methoxytyramine (3-MT),
homovanillic acid (HVA) and turnover rates (DOPAC/DA, HVA/DA
and 3-MT/DA) in the striatum of rats treated with single or repeated
LPS followed by four weekly PQ injections in Wistar rat. Results are
shown as mean in ng/g of wet tissue. Two way ANOVA with Fisher
least significant difference post hoc test, p <0.05 marked as signifi-
cant vs solvent (*), vs PQ (#),vs LPS (*). 0.1>p>0.05 were consid-
ered as trends. All groups consisted of 6-7 animals. Exact numbers of
samples in each group are indicated in Table 2

Microglia activation

In the present study, we observed that the changes in rat’s
body temperature corresponded with microglia activation
markers in the SN. Decreased body temperature after 4
doses of PQ alone lowered expression of microglia acti-
vation markers, while repeated LPS caused temperature
increase and increased CD11b expression. Interestingly,
repeated concominant treatment with LPS and PQ showed
normalized microglia CD11b level. This proves that four,
repeated concominant injections of LPS and PQ counter-
acted the effects evoked by inflammatory processes.
Previous studies on microglial cultures showed no
changes in microglia activation markers after PQ [37,
38]. On the contrary, in mice injection of PQ (10 mg/
kg, ip) increased CD11b expression, showing activa-
tion of microglia, but those animals were killed earlier
than in our study—2 or 4 days after the last dose [39,
40]. Interestingly, more frequent dosing of PQ (10 mg/kg,
every 3rd day) was also shown to increase activation of
CD11b + microglia in mice [41]. Other studies reported
activation of microglia after PQ, already after a single
injection [42], but it was tested in combination with maneb
[43]. Cicchetti et al. identified some activation of micro-
glia in the SNc 24 h after the last of 8 doses of PQ admin-
istered in rats [6]. The question still remains if observed
microglia activation was due to the pesticide or to the
PQ-induced neurodegeneration. Importantly, all the above
experiments applied more intense regimens than in our
study and analyzed tissue after shorter times. Therefore,
the time schedule of injections plays an important role
in inflammatory response to pesticides. Our experiment,
performed on Wistar rats employed prolonged, low-level
exposure treatment with four doses of PQ given ip, 7 days
apart, and showed an opposite long-term effect. Interest-
ingly, in our practice, C57BL/6 mice after the dose of PQ
(10 mg/kg ip) used also by the other authors [39, 40, 42],
showed severe sickness behavior and most of them soon
died (own unpublished data). Rats, on the other hand, dis-
played no such symptoms with the same dose, suggesting
that PQ is much more toxic for mice than rats. It would
explain some of the discrepancies in microglia activation
by PQ between studies in different species. Our data does

not contradict the previous results analyzing shorter times
post treatment. We studied the long-term changes, since
the literature suggested that the prolonged microglia acti-
vation might be the reason of dopaminergic cell degenera-
tion in PD [44, 45]. It is rather not the case in relatively
short-term administered PQ toxicity.

CD11b is expressed not only in microglia but also in
myeloid-lineage cells such as monocytes/macrophages,
neutrophils, eosinophils, and basophils or NK cells. LPS
pretreatment could also affect BBB permeability. Therefore,
one might hypothesize that observed here changes in CD11b
expression could be partially also BBB-related. It could
increase PQ penetration to the brain and modulate inflamma-
tory cells mobilization but in this study LPS showed rather
preconditioning, counteracting effects after repeated doses.

Furthermore, the toxicity of PQ towards microglial cells
was reported previously [46, 47]. In our studies despite that
PQ always decreased the expression of CD11b protein, it
never decreased the number of microglial cells stained for
Ibal. Interestingly, microglial cells activated with IFN-
gamma were reported to induce neurogenesis, while LPS
activated microglia to inhibit it [48]. Thus, depending on
the immunological context, differentially activated microglia
can influence either survival or degeneration of neurons—
what we observed also in our study (see also [49-51]. This
issue needs further studies.

Neurotoxicity of LPS and PQ

In this study, we examined whether induction of acute or
repeated peripheral inflammation by a low dose of LPS
would affect neuronal survival and influence the neurotox-
icity evoked by PQ. Indeed, already a single dose of LPS
decreased the density of non-dopaminergic cells in the
SNc and VTA when counted after 4 weeks, demonstrating
prolonged neurodegeneration due to the small peripheral
inflammation itself.

Our results also showed degeneration of dopaminergic
neurons in the SNc 4 weeks after treatment with one dose of
LPS, preceding PQ injection (1x and 4x) (Fig. 5). Interest-
ingly, no such decrease was observed when each of the 4 PQ
injections was administered after LPS. One of the possible
explanations for such results could be decreased expression
of the TH marker protein rather than actual neuronal cell
death. Therefore, when analyzing repeated PQ effects, we
counted both TH+and TH — cells, proving the actual loss
of neurons. The second explanation of the above discrep-
ancy is the difference in the time of analysis. In the experi-
ment where animals were treated with a single dose of LPS
and PQ tissue was collected after 1 week (1XLPS + 1xPQ),
while in the experiment with repeated injections tissue was
collected after 4 weeks from the first dose (4 X LPS and/
or 4xPQ). Slowly progressing degeneration needs time to
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Table 2 HPLC analysis of serotonin (5-HT), its metabolite 5-hydroxyindoleacetic acid (5-HIAA), turnover rate (5-HIAA/5-HT) and noradrenaline (NA) levels in the striatum of rats treated with

single or repeated LPS followed by four weekly PQ injections

IXLPS +4xPQ 4xLPS+SOL 4XLPS +4xPQ

1XLPS +SOL

SOL +4xPQ

SOL +SOL

SEM

Mean

EM

S

Mean

SEM

Mean

SEM

Mean

SEM

Mean

SEM

Mean

434.0 + 38.22+#A

510.0 + 26.04+A

456.2 + 18.73+*
0.85+0.03

535.8 +23.15%%A
40.7+16.9

689.6 +27.7
554.0+20.3

629.5+29.5
516.8+34.1
0.82 +0.04*
43.6+10.1

648.6 +25.6
550.4+21.4

629.7+39.8
581.0+33.7
0.93+0.02
S5L4+16.7

5-HT

0.84+0.04
38.6+8.8

0.81+0.02*
51.6+5.8

0.85+0.02*
65.1+£244

5-HIAA

5-HIAA/5-HT

NA

Results are shown as mean in ng/g of wet tissue. Two way ANOVA with Fisher least significant difference post hoc test, p <0.05 marked as significant vs solvent (*), vs PQ (#), vs LPS (»).

0.1>p>0.05 were considered as trends

evolve, therefore after 4 weeks it could have been easier to
detect cell loss. It also seems that the first LPS injection
could trigger some dangerous processes, but the subsequent
repeated doses might render the system resistant to the fol-
lowing insults, as a preconditioning effect. Longer duration
of the experiment allowed for such adaptation. These results
could suggest that both LPS and PQ induce a very slow, pro-
gressing degeneration process and the timing of oxidative vs
inflammatory small insults is critical to trigger neurodegen-
eration or endogenous protection. This hypothesis should be
further tested in the context of idiopathic PD. It can be also
suggested that the immunocompetent microglial cells also
participate in this differential effect of treatment.

Neither LPS nor PQ induced cell type specific neurode-
generation. Some differences were also observed between
SNc and VTA, suggesting that VTA might be more resistant
to inflammatory and oxidative stress. This is in line with
experimental studies and the lower vulnerability of those
neurons in the course of PD, for example, due to the higher
expression of the astrocytic growth factor GDF15 [52].

Our results showed that four small doses of LPS, given
7 days apart, not only decreased neuron density, but also
tended to reduce DA and its metabolites DOPAC and
HVA in the striatum. This indicates that neurodegenera-
tion of dopaminergic neurons can be observed after pro-
longed inflammation itself. It is in line with previous stud-
ies [15—17] after a small peripheral inflammation caused
by ulcerative colitis [20, 53, 54]. Possibly, increased BBB
permeability due to LPS-induced inflammation could have
increased PQ penetration into the brain and aggravated its
toxicity. On the other hand, PQ given ip passes into the brain
in small amounts, but can accumulate after repeated dosing
[1,55-57].

Preconditioning—effect depending on the time line

The results of our study indicate that single ip LPS pretreat-
ment aggravated the toxicity of PQ injected later weekly for
4 weeks. But when LPS was administered prior to each of
the 4 PQ injections, we observed improvement in the sur-
vival of dopaminergic neuron in the SNc and VTA. Interest-
ingly, other authors have also shown that ongoing inflamma-
tion prior to toxic insult, such as induced by PQ, can both
prime the degeneration or prevent it, depending on the time
between the exposition and the doses used. Mangano and
Hayley also reported that exposure of mice to 10 mg/kg PQ
(ip) 2 days after intranigral injection of LPS pronounced its
toxicity, but when administered 7 days after LPS, neuro-
protection was observed [58]. Although the intranigral LPS
injection is an invasive method, the observed effect was very
similar to our results. The small insult induces endogenous
protective mechanisms such as the antioxidative response,
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Fig.7 The expression of Lewy bodies markers. Representative stain-
ing of substantia nigra (SN) for a-synuclein (A, E) and synphilin-1
(B, F). Densitometric analysis of a-synuclein (C) and synphilin-1 (D)
in the substantia nigra of Wistar rats treated with single or repeated
LPS followed by four weekly PQ injections. Results are shown as
mean relative optical densities with subtracted background levels.

Two way ANOVA with Fisher Least Significant Difference post hoc
test, p <0.05 marked as significant vs solvent (*), vs PQ (#), vs LPS
(&). SOLV+SOLV n=6; SOLV +4xPQ n=6; 1XLPS+4xSOLV
n=6; IXLPS+4xPQ n=6; 4xLPS+4xSOLV n=6 and 8;
4XLPS +4XxPQ n=6 and 8, respectively for C and D
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which is responsible for the preconditioning effect. Our
results may be surprising at first, but suggest that adminis-
tration of low dose of LPS and PQ repeated every 7th day,
gives enough time to counteract each other toxicity, and
initiate endoprotective mechanisms before the next dose. It
seems that such treatment might have acted as a precon-
ditioning and made neurons more resistant to subsequent
insults, at least for the time length of this study. Our previ-
ous research in the PQ model also showed that at the begin-
ning of weekly treatments, compensatory mechanisms were
activated in the nigrostriatal and mesocortical dopaminergic
pathways, before major neurodegeneration occurred after
6 months of PQ treatment [59, 60]. Other studies also cor-
roborate the preconditioning effect of a small dose of LPS
against neurodegeneration [61-64]. It is well recognized that
inflammation is a mechanism with strictly regulated nega-
tive feedback. In its early phase, pro-inflammatory cytokines
are produced, but after some time, healthy organism also
produces anti-inflammatory substances to extinguish the oth-
erwise dangerous process [45]. It is known that activated
microglia in the early stage can be neurotoxic, but later in
the resolving inflammation phase, active microglia have
regenerative function. Therefore, the timing of secondary
insults and their toxicity may be related to the phenotype of
activated microglia. In our study, LPS administered at 7-day
intervals induced the inflammation at first, but, since the
dosage was quite small, within 7 days, suppressive processes
could be activated and overlapped with the toxic effects of
the following doses of PQ and LPS. This is one of the prob-
able explanations for why single LPS administration aggra-
vated PQ toxicity, while repeated treatment spared some
neurons. In fact, it has been proven before that low con-
centrations of LPS induced IL-6 secretion from astrocytes
in vitro and supported the survival of dopaminergic neurons,
while higher concentrations of LPS killed them [65]. Other
numerous molecules can also be responsible for this pre-
conditioning effect, such as granulocyte colony stimulating
factor (G-CSF) [65]. Report by Mangano et al. showed the
neuroprotective action of G-CSF against PQ toxicity in mice,
hence corroborating this theory [66].

Decreased expression of a-synuclein and synphilin-1
in the SN

a-Synuclein is a protein with natively unfolded structure
that can form oligomeric protofibrils, which can further
aggregate [67]. It is a major component of Lewy bodies in
PD. Some forms of a-synuclein can be toxic for the cells.
a-Synuclein is taken up by glial cells and can activate
them. In our study, repeated induction of the inflammatory
response by small doses of LPS reduced a-synuclein stain-
ing (see Fig. 7A). The observed results did not correlate
with microglia activation, which was counteracted by PQ.
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Change in a-synuclein expression was not responsive to PQ
treatment, but only to repeated LPS.

We also observed decreased expression of synphilin-1 in
the SN but only in animals treated with LPS and PQ together.
Synphilin-1 is another cytoplasmic protein involved in PD
and is found in the core of Lewy bodies. Previous studies
have suggested that synphilin-1 is involved in energy home-
ostasis, binds and regulates the cellular energy molecule,
ATP [68, 69]. Synphilin-1 interacts with a-synuclein and
promotes its aggregation and formation of cytosolic inclu-
sions. It specifically inhibits degradation of a-synuclein by
the 20S proteasome [23, 24]. Very little information is avail-
able about the influence of inflammation on the expression
of synphilin-1. Smith et al. reported that A5S3T a-synuclein-
induced neuronal degeneration and astroglia reaction were
decreased in the brains of mice with co-overexpression of
synphilin-1 and also promoted the formation of aggresome-
like structures [70].

Most studies so far have been performed in models over-
expressing those two proteins or reported increased levels
of a-synuclein and synphilin-1 due to different treatments,
but not decreases such as observed here. Interestingly, in
the repeated LPS and PQ group, which seemed to be par-
tially protected from degeneration of dopaminergic neurons,
both a-synuclein and synphilin-1 densities were decreased.
This means that the concomitantly changed expression of
a-synuclein and synphilin-1 corresponded with the pro-
tective processes. Whether it was causative remains to be
explored. Each of those proteins is more susceptible to the
other type of stress.

Conclusions

Our results indicate that both oxidative insults triggered by
PQ, as well as inflammation caused by repeated small doses
of LPS, can individually induce toxicity. A single small dose
of peripheral LPS pretreatment aggravated the toxicity of
four PQ doses. However, when LPS was administered before
each of the 4 PQ injections, it improved dopaminergic neu-
ron survival in the SN and VTA. It shows that LPS and PQ
toxicity acts through different mechanisms and they induced
counteracting effects on body temperature and microglia
activation. The observed effects were small in magnitude
but long-term. The timing of small oxidative and inflamma-
tory repetitive insults play a crucial role in triggering their
toxic or protective paradigm. This study shows that small
insults can act protectively due to the preconditioning effect.

Small, repetitive insults of different nature should be fur-
ther studied to search for possible ‘multiple hits’ causes of
slowly progressing PD.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43440-021-00340-1.


https://doi.org/10.1007/s43440-021-00340-1

The influence of preconditioning with low dose of LPS on paraquat-induced neurotoxicity,... 81

Acknowledgements This study was supported by the Scientific Net-
work of MS&HE 28/E-32/BWSN-0053/2008 and statutory funds of
Dept. of Neuropsychopharmacology, Maj Institute of Pharmacology
Polish Academy of Sciences. We thank M. Zapata and W. Kolasiewicz
for the technical assistance.

Author contributions KZK: prepared the study plan, executed experi-
ments, interpreted data and wrote manuscript; KO: consulted on study
plan, interpreted data, corrected manuscript; MS: supplied reagents,
suggested analyses, discussed results, corrected manuscript.

Declarations

Conflict of interest The authors declare that there are no conflicts of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Kuter K, Nowak P, Golembiowska K, Ossowska K. Increased
reactive oxygen species production in the brain after repeated
low-dose pesticide paraquat exposure in rats. A comparison with
peripheral tissues. Neurochem Res. 2010;35:1121-30.

2. Kuter K, Smialowska M, Wieronska J, Zieba B, Wardas J,
Pietraszek M, et al. Toxic influence of subchronic paraquat
administration on dopaminergic neurons in rats. Brain Res.
2007;1155:196-207.

3. Ossowska K, Smialowska M, Kuter K, Wieronska J, Zieba B,
Wardas J, et al. Degeneration of dopaminergic mesocortical neu-
rons and activation of compensatory processes induced by a long-
term paraquat administration in rats: implications for Parkinson’s
disease. Neuroscience. 2006;141:2155-65.

4. Ossowska K, Wardas J, Kuter K, Nowak P, Dabrowska J, Bortel
A, et al. Influence of paraquat on dopaminergic transporter in the
rat brain. Pharmacol Rep. 2005;57:330-5.

5. Ossowska K, Wardas J, Smialowska M, Kuter K, Lenda T, Wiero-
nska J, et al. A slowly developing dysfunction of dopaminergic
nigrostriatal neurons induced by long-term paraquat administra-
tion in rats: an animal model of preclinical stages of Parkinson’s
disease? Eur J Neurosci. 2005;22:1294-304.

6. Cicchetti F, Lapointe N, Roberge-Tremblay A, Saint-Pierre M,
Jimenez L, Ficke BW, et al. Systemic exposure to paraquat and
maneb models early Parkinson’s disease in young adult rats. Neu-
robiol Dis. 2005;20:360-71.

7. Hertzman C, Wiens M, Bowering D, Snow B, Calne D. Parkin-
son’s disease: a case-control study of occupational and environ-
mental risk factors. Am J Ind Med. 1990;17:349-55.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Semchuk KM, Love EJ, Lee RG. Parkinson’s disease and expo-
sure to agricultural work and pesticide chemicals. Neurology.
1992;42:1328-35.

Liou HH, Tsai MC, Chen CJ, Jeng JS, Chang YC, Chen SY, et al.
Environmental risk factors and Parkinson’s disease: a case-control
study in Taiwan. Neurology. 1997;48:1583-8.

Di Monte DA, Lavasani M, Manning-Bog AB. Environmental fac-
tors in Parkinson’s disease. Neurotoxicology. 2002;23:487-502.
Costello S, Cockburn M, Bronstein J, Zhang X, Ritz B. Parkin-
son’s disease and residential exposure to maneb and paraquat from
agricultural applications in the central valley of California. AmJ
Epidemiol. 2009;169:919-26.

Hornykiewicz O. Biochemical aspects of Parkinson’s disease.
Neurology. 1998;51:52-9.

Carvey PM, Punati A, Newman MB. Progressive dopamine neu-
ron loss in Parkinson’s disease: the multiple hit hypothesis. Cell
Transplant. 2006;15:239-50.

Ling Z, Zhu Y, Tong C, Snyder JA, Lipton JW, Carvey PM. Pro-
gressive dopamine neuron loss following supra-nigral lipopolysac-
charide (LPS) infusion into rats exposed to LPS prenatally. Exp
Neurol. 2006;199:499-512.

Tansey MG, McCoy MK, Frank-Cannon TC. Neuroinflamma-
tory mechanisms in Parkinson’s disease: potential environmen-
tal triggers, pathways, and targets for early therapeutic interven-
tion. Exp Neurol. 2007;208:1-25.

Collins LM, Toulouse A, Connor TJ, Nolan YM. Contributions
of central and systemic inflammation to the pathophysiology of
Parkinson’s disease. Neuropharmacology. 2012;62:2154-68.
Fang F, Wirdefeldt K, Jacks A, Kamel F, Ye W, Chen H. CNS
infections, sepsis and risk of Parkinson’s disease. Int J Epide-
miol. 2012;41:1042-9.

Qin L, Wu X, Block ML, Liu Y, Breese GR, Hong JS, et al.
Systemic LPS causes chronic neuroinflammation and progres-
sive neurodegeneration. Glia. 2007;55:453-62.

Ji KA, Eu MY, Kang SH, Gwag BJ, Jou I, Joe EH. Differen-
tial neutrophil infiltration contributes to regional differences in
brain inflammation in the substantia nigra pars compacta and
cortex. Glia. 2008;56:1039-47.

Villaran RF, Espinosa-Oliva AM, Sarmiento M, De Pablos RM,
Arguelles S, Delgado-Cortes MJ, et al. Ulcerative colitis exac-
erbates lipopolysaccharide-induced damage to the nigral dopa-
minergic system: potential risk factor in Parkinson's disease. J
Neurochem. 2010;114:1687-700.

Kim WG, Mohney RP, Wilson B, Jeohn GH, Liu B, Hong JS.
Regional difference in susceptibility to lipopolysaccharide-
induced neurotoxicity in the rat brain: role of microglia. J Neu-
rosci. 2000;20:6309-16.

Esposito E, Di Matteo V, Benigno A, Pierucci M, Crescimanno
G, Di Giovanni G. Non-steroidal anti-inflammatory drugs in
Parkinson’s disease. Exp Neurol. 2007;205:295-312.
Alvarez-Castelao B, Castano JG. Synphilin-1 inhibits alpha-
synuclein degradation by the proteasome. Cell Mol Life Sci.
2011;68:2643-54.

Engelender S, Kaminsky Z, Guo X, Sharp AH, Amaravi RK,
Kleiderlein JJ, et al. Synphilin-1 associates with alpha-synu-
clein and promotes the formation of cytosolic inclusions. Nat
Genet. 1999;22:110-4.

Buttner S, Delay C, Franssens V, Bammens T, Ruli D, Zaun-
schirm S, et al. Synphilin-1 enhances alpha-synuclein aggrega-
tion in yeast and contributes to cellular stress and cell death in
a Sir2-dependent manner. PLoS ONE. 2010;5:e13700.

Zhang W, Wang T, Pei Z, Miller DS, Wu X, Block ML, et al.
Aggregated alpha-synuclein activates microglia: a process lead-
ing to disease progression in Parkinson’s disease. FASEB J.
2005;19:533-42.

@ Springer


http://creativecommons.org/licenses/by/4.0/

82

K.Z. Kuter et al.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kolasiewicz W, Kuter K, Berghauzen K, Nowak P, Schulze
G, Ossowska K. 6-OHDA injections into A8—A9 dopamin-
ergic neurons modelling early stages of Parkinson’s disease
increase the harmaline-induced tremor in rats. Brain Res.
2012;1477:59-73.

Kuter K, Kolasiewicz W, Gotembiowska K, Dziubina A,
Schulze G, Berghauzen K, et al. Partial lesion of the dopamin-
ergic innervation of the ventral striatum induces “depressive-
like” behavior of rats. Pharmacol Rep. 2011;63:1383-92.
Gundersen HJ, Jensen EB. Stereological estimation of the vol-
ume-weighted mean volume of arbitrary particles observed on
random sections. ] Microsc. 1985;138:127—-42.

Goncalves C, Dos Santos DB, Portilho SS, Lopes MW, Ghi-
zoni H, de Souza V, et al. Lipopolysaccharide-induced striatal
nitrosative stress and impaired social recognition memory
are not magnified by paraquat coexposure. Neurochem Res.
2018;43:745-59.

Seo JW, Kim JH, Kim JH, Seo M, Han HS, Park J, et al. Time-
dependent effects of hypothermia on microglial activation and
migration. J Neuroinflammation. 2012;9:164.

Lin MT, Ho MT, Young MS. Stimulation of the nigrostriatal
dopamine system inhibits both heat production and heat loss
mechanisms in rats. Naunyn Schmiedebergs Arch Pharmacol.
1992;346:504-10.

Grant RJ, Clarke PB. Susceptibility of ascending dopamine pro-
jections to 6-hydroxydopamine in rats: effect of hypothermia.
Neuroscience. 2002;115:1281-94.

Jiao Y, Dou Y, Lockwood G, Pani A, Jay SR. Acute effects of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) or para-
quat on core temperature in C57BL/6J mice. J Parkinsons Dis.
2015;5:389-401.

Satoh N, Yonezawa A, Tadano T, Kisara K, Arai Y, Kine-
muchi H. Acute effects of a parkinsonism-inducing neurotoxin,
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on
mouse body temperature. Life Sci. 1987;41:1415-24.

Satoh N, Yonezawa A, Tadano T, Kisara K, Arai Y, Kine-
muchi H. Central hypothermic effects of some analogues of
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and
1-methyl-4-phenylpyridinium ion (MPP+). Neurosci Lett.
1987;80:100-5.

Klintworth H, Garden G, Xia Z. Rotenone and paraquat do not
directly activate microglia or induce inflammatory cytokine
release. Neurosci Lett. 2009;462:1-5.

Sun HN, Kim SU, Huang SM, Kim JM, Park YH, Kim SH, et al.
Microglial peroxiredoxin V acts as an inducible anti-inflam-
matory antioxidant through cooperation with redox signaling
cascades. J Neurochem. 2010;114:39-50.

McCormack AL, Thiruchelvam M, Manning-Bog AB, Thif-
fault C, Langston JW, Cory-Slechta DA, et al. Environmental
risk factors and Parkinson’s disease: selective degeneration of
nigral dopaminergic neurons caused by the herbicide paraquat.
Neurobiol Dis. 2002;10:119-27.

Peng J, Stevenson FF, Oo ML, Andersen JK. Iron-enhanced
paraquat-mediated dopaminergic cell death due to increased
oxidative stress as a consequence of microglial activation. Free
Radic Biol Med. 2009;46:312-20.

Cristovao AC, Choi D-H, Baltazar G, Beal FM, Kim Y-S. The
role of NADPH oxidase 1-derived reactive oxygen species in
paraquat-mediated dopaminergic cell death. Antioxid redox.
2010;11:2105.

Purisai MG, McCormack AL, Cumine S, Li J, Isla MZ, Di
Monte DA. Microglial activation as a priming event leading
to paraquat-induced dopaminergic cell degeneration. Neurobiol
Dis. 2007;25:392-400.

Saint-Pierre M, Tremblay ME, Sik A, Gross RE, Cic-
chetti F. Temporal effects of paraquat/maneb on microglial

@ Springer

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

activation and dopamine neuronal loss in older rats. J Neuro-
chem. 2006;98:760-72.

Dauer W, Przedborski S. Parkinson’s disease: mechanisms and
models. Neuron. 2003;39:889-909.

Qian L, Flood PM, Hong JS. Neuroinflammation is a key player
in Parkinson’s disease and a prime target for therapy. J Neural
Transm (Vienna). 2010;117:971-9.

Miller RL, Sun GY, Sun AY. Cytotoxicity of paraquat in micro-
glial cells: Involvement of PKCdelta- and ERK1/2-dependent
NADPH oxidase. Brain Res. 2007;1167:129-39.

Wu XF, Block ML, Zhang W, Qin L, Wilson B, Zhang WQ,
et al. The role of microglia in paraquat-induced dopaminergic
neurotoxicity. Antioxid Redox Signal. 2005;7:654-61.
Butovsky O, Ziv Y, Schwartz A, Landa G, Talpalar AE, Pluchino
S, et al. Microglia activated by IL-4 or IFN-gamma differen-
tially induce neurogenesis and oligodendrogenesis from adult
stem/progenitor cells. Mol Cell Neurosci. 2006;31:149-60.
L’Episcopo F, Tirolo C, Testa N, Caniglia S, Morale MC,
Impagnatiello F, et al. Switching the microglial harmful phe-
notype promotes lifelong restoration of substantia nigra dopa-
minergic neurons from inflammatory neurodegeneration in aged
mice. Rejuvenation Res. 2011;14:411-24.

Ekdahl CT, Kokaia Z, Lindvall O. Brain inflammation and
adult neurogenesis: the dual role of microglia. Neuroscience.
2009;158:1021-9.

Schwartz M, London A, Shechter R. Boosting T-cell immunity
as a therapeutic approach for neurodegenerative conditions: the
role of innate immunity. Neuroscience. 2009;158:1133-42.
Kostuk EW, Cai J, Iacovitti L. Subregional differences in astro-
cytes underlie selective neurodegeneration or protection in Par-
kinson’s disease models in culture. Glia. 2019;67:1542-57.
Semmler A, Okulla T, Sastre M, Dumitrescu-Ozimek L, Heneka
MT. Systemic inflammation induces apoptosis with variable
vulnerability of different brain regions. J Chem Neuroanat.
2005;30:144-57.

Weller C, Oxlade N, Dobbs SM, Dobbs RJ, Charlett A, Bjarna-
son IT. Role of inflammation in gastrointestinal tract in aetiol-
ogy and pathogenesis of idiopathic parkinsonism. FEMS Immu-
nol Med Microbiol. 2005;44:129-35.

Prasad K, Tarasewicz E, Mathew J, Strickland PA, Buckley
B, Richardson JR, et al. Toxicokinetics and toxicodynam-
ics of paraquat accumulation in mouse brain. Exp Neurol.
2009;215:358-67.

Prasad K, Winnik B, Thiruchelvam MJ, Buckley B, Miroch-
nitchenko O, Richfield EK. Prolonged toxicokinetics and toxico-
dynamics of paraquat in mouse brain. Environ Health Perspect.
2007;115:1448-53.

Bartlett RM, Holden JE, Nickles RJ, Murali D, Barbee DL,
Barnhart TE, et al. Paraquat is excluded by the blood brain
barrier in rhesus macaque: an in vivo pet study. Brain Res.
2009;1259:74-9.

Mangano EN, Hayley S. Inflammatory priming of the substantia
nigra influences the impact of later paraquat exposure: neuro-
immune sensitization of neurodegeneration. Neurobiol Aging.
2009;30:1361-78.

Ossowska K, Wardas J, Smiatowska M, Kuter K, Lenda T,
Wieroriska JM, et al. A slowly developing dysfunction of dopa-
minergic nigrostriatal neurons induced by long-term paraquat
administration in rats: an animal model of preclinical stages of
Parkinson’s disease? Eur J Neurosci. 2005;22:1294-304.
Ossowska K, Smiatowska M, Kuter K, Wieroriska J, Zieba B,
Wardas J, et al. Degeneration of dopaminergic mesocortical
neurons and activation of compensatory processes induced by
a long-term paraquat administration in rats: implications for
Parkinson’s disease. Neuroscience. 2006;141:2155-65.



The influence of preconditioning with low dose of LPS on paraquat-induced neurotoxicity,... 83

61.

62.

63.

64.

65.

66.

Wyss-Coray T, Mucke L. Inflammation in neurodegenerative
disease—a double-edged sword. Neuron. 2002;35:419-32.
Huang CY, Yang HI, Chen SD, Shaw FZ, Yang DI. Protec-
tive effects of lipopolysaccharide preconditioning against nitric
oxide neurotoxicity. J Neurosci Res. 2008;86:1277-89.

Ding Y, Li L. Lipopolysaccharide preconditioning induces
protection against lipopolysaccharide-induced neurotoxic-
ity in organotypic midbrain slice culture. Neurosci Bull.
2008;24:209-18.

Nomura F, Akashi S, Sakao Y, Sato S, Kawai T, Matsumoto
M, et al. Cutting edge: endotoxin tolerance in mouse peritoneal
macrophages correlates with down-regulation of surface toll-
like receptor 4 expression. J Immunol. 2000;164:3476-9.

Li XZ, Bai LM, Yang YP, Luo WF, Hu WD, Chen JP, et al.
Eftects of IL-6 secreted from astrocytes on the survival of dopa-
minergic neurons in lipopolysaccharide-induced inflammation.
Neurosci Res. 2009;65:252-8.

Mangano EN, Peters S, Litteljohn D, So R, Bethune C, Bobyn
J, et al. Granulocyte macrophage-colony stimulating factor
protects against substantia nigra dopaminergic cell loss in an
environmental toxin model of Parkinson’s disease. Neurobiol
Dis. 2011;43:99-112.

67.

68.

69.

70.

Park JY, Paik SR, Jou I, Park SM. Microglial phagocytosis
is enhanced by monomeric alpha-synuclein, not aggregated
alpha-synuclein: implications for Parkinson’s disease. Glia.
2008;56:1215-23.

Li T, Liu J, Smith WW. Synphilin-1 binds ATP and regulates
intracellular energy status. PLoS ONE. 2014;9:e115233.

Li T, LiuJ, Guo G, Ning B, Li X, Zhu G, et al. Synphilin-1 inter-
acts with AMPK and increases AMPK phosphorylation. Int ] Mol
Sci. 2020;21:4352.

Smith WW, Liu Z, Liang Y, Masuda N, Swing DA, Jenkins NA,
et al. Synphilin-1 attenuates neuronal degeneration in the A53T
alpha-synuclein transgenic mouse model. Hum Mol Genet.
2010;19:2087-98.

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	The influence of preconditioning with low dose of LPS on paraquat-induced neurotoxicity, microglia activation and expression of α-synuclein and synphilin-1 in the dopaminergic system
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Materials and methods
	Animals
	Drugs and treatment
	Body temperature measurements
	HPLC determination of catecholamines in brain homogenates
	Immunohistochemistry and histology
	Stereology
	Densitometric analysis of immunostaining
	Statistical analysis

	Results
	The effect of single or repeated LPS and PQ administration on body temperature
	The effect of single or repeated LPS and PQ treatment on microglia activation
	The effect of LPS and PQ administration on neurodegeneration in the SNc and VTA
	The influence of acute and repeated LPS and PQ administration on the levels of neurotransmitters and their metabolism in the striatum
	The influence of LPS and PQ administration on the expression of α-synuclein and synphilin-1 in the SN

	Discussion
	LPS and PQ induce opposite inflammatory reactions
	Microglia activation
	Neurotoxicity of LPS and PQ
	Preconditioning—effect depending on the time line
	Decreased expression of α-synuclein and synphilin-1 in the SN
	Conclusions

	Acknowledgements 
	References




