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Parkinson’s disease (PD) is one of the most common neurodegenerative movement disorders which is charac-
terised neuropathologically by progressive loss of dopaminergic neurons in the substantia nigra pars compacta
(SNpc) and the presence of Lewy bodies (made predominately of a-synuclein) in the surviving neurons. Animal
models of PD have improved our understanding of the disease and have played a critical role in the development
of neuroprotective agents. Neuroinflammation has been strongly implicated in the pathogenesis of PD, and recent
studies have used lipopolysaccharide (LPS), a component of gram-negative bacteria and a potent activator of
microglia cells, to mimic the inflammatory events in clinical PD. Modulating the inflammatory response could
ameliorate PD associated complications and thus, it is essential to understand the extent to which LPS models
reflect human PD. This review will outline the routes of administration of LPS such as stereotaxic, systemic and
intranasal, their ability to recapitulate neuropathological markers of PD, and mechanisms of LPS induced toxicity.
We will also discuss the ability of the models to replicate motor symptoms and non-motor symptoms of PD such as

gastrointestinal dysfunction, olfactory dysfunction, anxiety, depression and cognitive dysfunction.

1. Introduction

Parkinson’s disease (PD) is the most common neurodegenerative
movement disorder, highly prevalent in the elderly population 65 years
old and over (de Lau and Breteler, 2006; Obeso et al., 2010; Stoker and
Greenland, 2018). The diagnosis of PD in patients is based on the core
motor symptoms such as resting tremor, rigidity, slow movement and
postural instability. In addition, PD is associated with non-motor symp-
toms such as olfactory deficits, gastrointestinal dysfunction, impaired
regulation of sleep-wake cycle, anxiety, depression and cognitive decline,
and it is evident that non-motor symptoms precede the onset of motor
symptoms (Obeso et al., 2010; Poewe, 2008). Pathologically, PD is
characterised by progressive degeneration of dopaminergic neurons in
substantia nigra pars compacta (SNpc) and loss of these neurons is pre-
dominately associated with the core motor symptoms (Dawson and
Dawson, 2003; Sulzer and Surmeier, 2013). The other neuronal systems
that are affected in PD include dopaminergic neurons in the ventral

tegmental area (VTA), dopaminergic neurons in the enteric nervous
system (ENS), noradrenergic neurons in the locus coeruleus (LC), sero-
tonergic neurons in the raphe nuclei, the dorsal motor nucleus of the
vagus nerve (DMV), olfactory system, pedunculopontine nuclei, the nu-
cleus basalis of Meynert and various cortical areas (Obeso et al., 2010;
Sulzer and Surmeier, 2013). Dysfunction of these neuronal systems could
contribute to non-motor symptoms of PD. Another pathological hallmark
of PD is the formation of Lewy bodies and Lewy neurites (Lewy pathol-
ogy) in the surviving neurons, which are inclusions made predominately
of aggregated a-synuclein protein (Dawson and Dawson, 2003). The
function of normal a-synuclein protein is not entirely understood but it is
mostly a presynaptic protein implicated in neuronal differentiation,
dopamine biosynthesis and vesicle trafficking (Dawson and Dawson,
2003; Emamzadeh, 2016).

Genetic factors account for 5-10% of PD cases and the rest of the cases
have no known cause. It is evident both clinically and in animal models of
PD that neuroinflammation, oxidative stress, mitochondrial dysfunction
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and defects in protein clearance are fundamental in the aetiology of the
disease (Halliday and McCann, 2010; Hauser and Hastings, 2013; Obeso
et al., 2010; Stoker and Greenland, 2018). Animal models of PD broadly
encompass genetic based models, neurotoxin based models, inflamma-
tory models and pharmacological models which are beyond the scope of
this review; please see (Duty and Jenner, 2011) for more details. Briefly,
the genetic models of PD are based on the genes associated with mono-
genic PD such as a-synuclein (a-syn), leucine rich repeat kinase 2
(LRRK2), parkin, PTEN-induced putative kinase 1 (PINK1), ubiquitin
carboxyl terminal hydroxylase isozyme L1 (UCH-L1) and protein degly-
case DJ-1, and most of these genetic models do not display clear
degeneration of dopaminergic neurons in the SN or motor deficits (Duty
and Jenner, 2011; Stoker and Greenland, 2018). Neurotoxin-based
models include exposing rodents and non-human primates to toxins
including 6-hydroxydopamine (6-OHDA) which is a dopamine and
norepinephrine analogue; 1-methyl — 4 phenyl —1, 2, 3, 6 tetrahy-
dropyridine (MPTP) a prodrug to MPP+ which is toxic to dopaminergic
neurons; a pesticide known as rotenone or a herbicide known as para-
quat. 6-OHDA, MPTP and rotenone inhibit mitochondrial complex I,
resulting in reduced energy metabolism, and leakage of electrons that can
form reactive oxygen species (ROS) and consequently, resulting in
oxidative stress. Moreover, paraquat induced neurotoxicity is mediated
by ROS generated from redox cycling of this herbicide (He et al., 2013).
The ability of these neurotoxins to recapitulate the features of PD in
animal models is dependent on the route of administration, dosage and
species. It should also be emphasized that none of the neurotoxin models
can replicate all the core features of PD namely: (1) progressive degen-
eration of dopaminergic neurons in the SN and striatum, (2) a-synuclein
aggregation and (3) motor deficits.

Apart from genetic and neurotoxin models, there is strong evidence to
suggest that neuroinflammation is critical in clinical PD (Tansey and
Goldberg, 2010). Positron emission tomography indicates increased
activation of microglia cells in the basal ganglia, brainstem and frontal
and temporal cortices in patients with PD compared to healthy patients
(Stoker and Greenland, 2018). Consistent with these findings,
pro-inflammatory cytokines are elevated in the serum and cerebrospinal
fluid of PD patients (Hirsch and Hunot, 2009; Stoker and Greenland,
2018), with post-mortem analysis finding microglia and complement
activation, T-lymphocyte infiltration and elevated pro-inflammatory cy-
tokines in the SN and striatum (Hirsch and Hunot, 2009; McGeer et al.,
1988; Stoker and Greenland, 2018). Polymorphisms in neuro-
inflammation associated genes increase the risk of PD and these reports
are consistent with epidemiological studies indicating reduced risk of PD
in regular users of non-steroidal anti-inflammatory drugs compared to
non-users (Hirsch and Hunot, 2009). The two most common inflamma-
tory models of PD are those using polyinosinic polycytidylic acid (poly
(I:C)) and lipopolysaccharide (LPS), which activate toll-like receptors 3
and 4 respectively. Toll-like receptors (TLR) recognise
pathogen-associated molecular patterns, initiating an immune response
and promoting production of pro-inflammatory cytokines, chemokines
and oxidative factors. TLR3 recognizes RNA and viruses, whereas TLR4
mediates the response to bacterial endotoxins. Injection of poly (I:C) into
the SN leads to a sustained inflammatory reaction in the SN and dorsal
striatum (Bobyn et al., 2012; Deleidi et al., 2010; Olsen et al., 2019), with
intrastriatal injection producing profound contralateral motor deficits at
28 days post-injection accompanied by striatal neuroinflammation
(Concannon et al., 2016). LPS as a model of PD has been more thoroughly
characterised and thus is the focus of this review, given its ability to
recapitulate some pathological features of human PD such as degenera-
tion of dopaminergic neurons in the SN and motor deficits (Badshah
etal., 2016; Beier et al., 2017; Bodea et al., 2014; Khan et al., 2018; Wang
et al., 2015a). Indeed, some PD patients have elevated serum LPS levels,
which may reflect increased intestinal permeability evident in the early
stage of the diseases. Consistent with these findings, it has been shown
that the gut in PD patients is colonized by LPS producing bacteria such as
Helicobacter Pylori, and eradication of these bacteria improves PD
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symptoms (Brown, 2019). Thus, not only do LPS models allow further
understanding of PD related pathologies but also provide the platform to
understand LPS as a risk factor for PD. Previous reviews on LPS models of
PD have outlined the most common routes of administration of LPS
including stereotaxic, systemic and intranasal depending on the review,
inflammation induced consequences (e.g. microglia activation, produc-
tion of inflammatory cytokines and free radicals) and the ability to pro-
duce neuropathological markers of PD (e.g. degeneration of
dopaminergic neurons and a-synuclein pathology) (Batista et al., 2019;
Liu and Bing, 2011; Stojkovska et al., 2015). Our review provides a
comprehensive update and critical analysis of these routes of adminis-
tration and their ability to reproduce PD related pathologies, motor
symptoms and non-motor symptoms such as gastrointestinal dysfunction,
olfactory dysfunction, anxiety, depression and cognitive dysfunction. We
also provide a latest update on the possible mechanisms of toxicity of
LPS, and their relevance to clinical PD.

2. LPS models of PD: an overview

LPS as an initiator for PD was first reported when a laboratory worker,
accidently exposed to 10 pg of LPS from Salmonella minnesota through
an open wound, developed a PD-like phenotype characterised by tremor,
rigidity and bradykinesia three weeks after the incident, with positron
emission tomography demonstrating damage to the SN and cerebral
cortex a few years later (Niehaus and Lange, 2003). In pre-clinical
research, Castano and colleagues first used stereotaxic surgery, a form
of surgical intervention which utilises a three-dimensional coordinate
system to locate a small target in the brain, to administer LPS into the SN
in rats (Castano et al., 1998). Post-mortem evidence from this study
showed that intranigral LPS induced microglia activation and degener-
ation of dopaminergic neurons in the SN, and these findings are consis-
tent with later studies (Arimoto et al., 2007; Bing et al.,, 1998;
Hernandez-Romero et al., 2008) using the same route of administration.
These early studies set the foundation for stereotaxic LPS models of PD,
with extension to intrastriatal, intrapallidal and intracerebroventricular
(ICV) models. ICV and intrapallidal administration of LPS can be used to
model PD, with the ability to induce microglial activation in the SN and
subsequently, degeneration of dopaminergic neurons. However, uti-
lisation of these routes of administration is limited as the effects are not
specific to PD, with ICV administration of LPS also used to model Alz-
heimer’s disease (AD) (Bardou et al., 2014). Following the establishment
of intracranial LPS injections to model PD, Qin et al. (2007) demon-
strated for the first time that systemic administration of a single dose of
LPS via an intraperitoneal (i.p) injection induced self-sustained neuro-
inflammation and specific degeneration of dopaminergic neurons in the
SN, and these findings were confirmed by later studies (Chen et al., 2017;
Jiang et al., 2017; Liu et al., 2008; Qin et al., 2013). Subsequently, He
et al. (2013) established that administration of LPS via the nasal cavity
can induce PD-like pathology. The ability of LPS models to reproduce
specific features of PD based on the routes of administration (e.g. ste-
reotaxic, systemic and intranasal) and dosage regimens will be discussed
in this review.

2.1. Stereotaxic LPS models

2.1.1. Degeneration of nigrostriatal dopaminergic pathway, motor
dysfunction and a-synuclein pathology in stereotaxic LPS models

Unilateral administration of a single dose of LPS into the SN or
striatum which are the most common regions for stereotaxic adminis-
tration of LPS, induces degeneration of dopaminergic neurons in the SN
and their neuronal projections to the striatum. Intranigral administration
of 10 pg of LPS in rats induces a 50-80% reduction in the number of
tyrosine hydroxylase (TH) positive cells in the SN compared to shams at 4
weeks post-treatment (Bao et al., 2018; Chen et al., 2017; Fu et al., 2015;
He et al., 2016a; Wang et al., 2015a). This lesion to the nigrostriatal
pathway was illustrated by increased rotational behaviour in the
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apomorphine and amphetamine induced rotational test which was not
evident in the sham group. Moreover, striatal dopamine was reduced by
34-50%, along with motor function which was assessed with the rotarod
test, commonly used to evaluate motor skills based on the ability of the
animals to maintain themselves on a rotating rod (Bao et al., 2018; Chen
et al.,, 2017; Fu et al.,, 2015; He et al., 2016a; Wang et al., 2015a).
Furthermore, according to Choi et al. (2009), intrastriatal administration
of 30 pg of LPS in rats induces a significant reduction in the number of TH
positive cells in SN by 21%, 38% and by 41% at 1, 2 and 4 weeks
respectively post-treatment compared to the non-injected side. Studies
performed by Hunter and colleagues using the same dose in rats further
illustrated that LPS induced 21% reduction in TH positive cells in the SN
at 1 week post-treatment, indicating reproducibility of the model in the
same species (Hunter et al., 2007, 2017). Similar findings are reported in
mouse models of stereotaxic PD, with intrastriatal administration of 20
pg of LPS in C57BL/6 mice inducing degeneration in SN with a 26%, 72%
and 81% reduction in TH positive cells at weeks 1, 4 and 12 respectively
(Hunter et al., 2009). Moreover, Hunter et al. (2009) performed the
rotarod test weekly for four weeks after intrastriatal LPS administration
in mice and showed that LPS administration progressively reduced the
time spent on the rotarod starting at 2 weeks post-treatment and that
latency time correlated with depletion of striatal dopamine, which was
alleviated through the administration of levodopa. Stereotaxic injections
of LPS in mice to model PD are not as common as stereotaxic LPS in rat
models and to our best knowledge, there are only 3 studies as illustrated
in Table 1. Therefore, further characterisation of stereotaxic mouse
models of LPS is required. Stereotaxic LPS in rats also increases accu-
mulation of cytoplasmic a-synuclein protein in nigral TH positive neu-
rons, which has a pathological significance (Choi et al., 2009). Choi and
co-authors showed using double immunostaining that there was
increased accumulation of cytoplasmic a-synuclein protein in nigral
TH-positive neurons following intrastriatal administration of LPS (30 pg)
in rats (Choi et al., 2009). This finding is resemblant of a-synuclein pa-
thology in PD; however, a-synuclein protein is not widely explored in
stereotaxic models of LPS and further investigation is needed to solidify
this finding. The mechanisms responsible for o-synuclein hyper-
phosphorylation and aggregation are not clearly understood in human
PD, but free radicals such as nitric oxide (NO), superoxide and perox-
ynitrite could modify a-synuclein through nitrosylation/oxidization and
decrease its solubility, forming aggregates (Gao et al., 2011; Gao et al.,
2008Gao et al., 2002). Neuronal a-synuclein can be excreted into the
surrounding medium and it can activate microglia through nicotinamide
adenosine dinucleotide phosphate (NADPH) oxidase and TLR4, leading
to further production of ROS and pro-inflammatory cytokines (Zhang
et al., 2017). Microglia cells are essential in the clearance of a-synuclein;
however, exacerbated production of a-synuclein could overwhelm the
clearance pathway and consequently, can increase extracellular a-synu-
clein (Zhang et al., 2017).

2.1.2. Possible mechanisms of neurotoxicity and their relevance to clinical
PD

Microglia constantly monitor the microenvironment of the brain and
they respond rapidly to immunological stimuli or neuronal injury by
becoming activated whereby they transform from a ramified state to an
amoeboid morphology (circular in shape, lacking processes and con-
taining phagocytic vacuoles) (Arimoto et al., 2007; Boche et al., 2013).
Chronic infusion or single stereotaxic administration of LPS (e.g. into the
SN or striatum) activates resident microglia resulting in the release of
molecules such as tumour necrosis factor o (TNF-a), interleukin-6 (IL-6),
interleukin-1p (IL-1f), NO and superoxide (O3-) in the brain, and such
molecules are toxic to neurons (Arimoto et al., 2007; Block et al., 2007;
Castano et al., 1998; Gao et al., 2002; Wang et al., 2015a). It has been
identified in post-mortem brain samples of PD patients that there are
increased levels of TNF-a, IL-1p, IL-6, inducible nitric oxidase synthase
(iNOS) and cyclooxygenase 2 (COX2) which is consistent with the find-
ings in stereotaxic LPS models (Hirsch and Hunot, 2009; Stoker and
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Greenland, 2018; Wang et al., 2015b). Moreover, it has been reported
that SN is one of the brain regions highly populated by microglia and this
is consistent with pre-clinical animal experiments in rodents (Kim et al.,
2000; Saijo et al., 2009). Thus, the abundance of microglia as well as
other innate properties, could underlie the vulnerability of dopaminergic
neurons in PD (Kim et al., 2000; Saijo et al., 2009). Following their
activation, microglia facilitate activation of astrocytes, and activated
astrocytes augment the inflammatory response and degeneration of
dopaminergic neurons through further production of inflammatory cy-
tokines (Hoban et al., 2013; Kuter et al., 2018; Liu and Bing, 2011).

Neuroinflammation may also drive oxidative stress through micro-
glial activation and release of NO, with iNOS the enzyme essential for its
production increased. NO can cause neuronal mitochondrial dysfunction
(Chitnis and Weiner, 2017; Qin et al., 2013) and mitochondrial defects
lead to impaired energy metabolism and excessive production of ROS,
which is problematic especially for dopaminergic neurons due to their
high energy demands and reduced antioxidant capacity (Park et al.,
2018; Villacé et al., 2017). Stereotaxic administration of LPS reduces the
activity of mitochondrial complex I of the electron transport chain (ETC)
in both the SN and striatum, consistent with reports on reduced activity
of mitochondrial complex I in the SN of PD patients (Choi et al., 2009;
Hauser and Hastings, 2013; Hunter et al., 2017; Reeve et al., 2018).
Abnormal function of mitochondrial complex I leads to excessive pro-
duction of superoxide, which is toxic for neurons (Puspita et al., 2017).
Indeed, stereotaxic administration of LPS upregulates the expression of
microglial NADPH oxidase in the SN and striatum in mice and rats, the
enzyme essential to produce superoxide (Choi et al., 2009; Chung et al.,
2010, 2012; Wang et al., 2015a). Superoxide (Oy-) and hydrogen
peroxide (H202) can participate in the Fenton reaction catalysed by iron
to yield hydroxyl radicals (OH ™) which are highly reactive. Such events
could have detrimental effects on neurons considering the evidence that
iron is increased, and glutathione peroxidase, a major antioxidant which
limits the harmful effects of hydrogen peroxide, and superoxide dis-
mutase, an antioxidant essential for cellular defence against superoxide,
are reduced in the SN of stereotaxic LPS models (Ferreira Mello et al.,
2013; Hauser and Hastings, 2013; Oakley et al., 2007; Zhang et al.,
2014). These studies are consistent with the findings that iron is
increased and glutathione peroxide is reduced in PD patients (Wang
et al., 2015a; Zhang et al., 2014). Reducing ROS by blockage of NADPH
oxidase and iNOS in stereotaxic LPS models attenuates degeneration of
dopaminergic neurons, thereby validating the importance of these en-
zymes in neurodegeneration (Chung et al., 2010, 2012; Hunter et al.,
2009). The possible mechanisms of stereotaxic LPS induced toxicity are
summarised in Fig. 1.

2.2. Systemic LPS models

2.2.1. Degeneration of nigrostriatal dopaminergic pathway, motor
dysfunction and a-synuclein pathology in systemic LPS models

Systemic administration of LPS via the intraperitoneal cavity in
C57BL/6 mice induces degeneration of dopaminergic neurons, a-synu-
clein pathology and motor deficits; however, the onset of the disease in
these animal models depends on the nature of the dose. It has been
identified by multiple studies in mice that systemic administration of a
single high dosage (5 mg/kg) of LPS induces a delayed progressive
degeneration of TH positive neurons in the SN in male mice with the
onset around 7 months post-treatment (Liu et al., 2008; Qin et al., 2007,
2013; Zheng et al., 2013a). According to Liu et al. (2008), this dose does
not cause neurodegeneration in female C57BL/6 mice, potentially due to
anti-inflammatory actions of oestrogen, and this phenomenon is consis-
tent with clinical PD considering that male patients outnumber the fe-
male patients (Jankovic, 2008). Nonetheless in male mice, Liu and
colleagues found progressive loss of dopaminergic neurons (18%, 37%
and 55% at 6, 9 and 20 months consecutively) which correlated with
worsening performance in the rotarod test and could be alleviated by
systemic administration of levodopa (Liu et al., 2008). Increased



Table 1

Degeneration of nigrostriatal dopaminergic pathway, a-synuclein pathology, motor deficits, extranigral pathology and non-motor deficits in stereotaxic, systemic and intranasal LPS models.

Route of Species Dose of LPS Duration of experiment ~ TH positive neurons in  Striatal Alpha-synuclein Motor deficits Extranigral pathology Non-motor deficits
administration Day (d), week (w) SN dopamine protein/aggregates
month (m) or TH protein in SN
Stereotaxic Rats 0.6-16 pg 1w®7, 3w*8, 4wh25 TH neurons 50-80% 34-50% Not assessed 1 rotational Not assessed Impaired memory®,
(single dose) (intranigral) and 6w® 112345 134 behaviour’>%>*%7 and Anxiety and
| time on the rotarod®® depressive-like
behaviour’, and
Gastric dysmotility®
Rats 30-32 pg 1w>101 2w and 4w® TH neurons 21% | in 40-42% 1 a-syn protein® 1 rotational behaviour® Not assessed Not assessed
(intra-striatal) w1011 1210
38 and 41% | in 2w
and 4w®
C57BL/6 Mice 20 g 1w, 4w and 12w'? TH neurons 26% | in 42% | in Not assessed | time on the rotarod'?  Not assessed Not assessed
(intrastriatal) 1w, 72% | in 4w and 4w1?
81% | in 12w'?
B6.129S6-Cybbt™ 1Pin 5ug 2w, 4w TH neurons 44% |34, Not a-syn aggregates in Not assessed Not assessed Not assessed
mice, non-transgenic (intranigral) TH neurons 35% | assessed TH neurons>®
mice (nTg) (C57BL and nTg, 48% | M7KO and
129/Sv) and transgenic MB83KO 65% |>°
mice expressing human
WT (M7KO) and A53T
mutant o-syn (M83KO)
(No studies for C57BL/6 mice 250 pg/kg 7d'5, 13d3, 144" TH protein 87% ' Not 3.8-fold 1 a-syn Not assessed 4.2-fold 1 in a-syn protein'®  Impaired
repeated LPS daily for 7 assessed protein'® and 8-fold | in TH protein memory'>!*
injections in days in hippocampus'3.
rats) C57BL/6 mice 1 mg/kg daily ~ 19d'%17 TH neurons 36%'®and ~ 73% | at Not assessed Not assessed Not assessed Not assessed
Systemic (i.p) for 4 days 40% |17 day 19'®
C57BL/6 mice 2.5-5 mg/kg 2m?®, (1-5m)?*, TH neurons 18-22% Not 2.2 and 1.7-fold 1 | voluntary movement 1 a-syn expression in 1 gut permeability®
(once) 718:19:20,21,22,24,26,27, J18:19:2021.22 34 5004 assessed a-syn protein in in the open field” and |  myenteric plexus®. 42%
and 10m?® 126 and 46% ¥’ young and aged time in the rotarod and 54% | NE neurons in LC
mice compared to test?1:2427 (7m, 10m), 28% | Neun" in
age matched motor cortex (7m) and 30%
controls at 7 m?°, 4- | in hippocampus (10m)2°
fold 1 a-syn
protein?”
Rats 5 mg/kg 15d%® TH protein 50% |2 Not Not assessed Not assessed Not assessed Not assessed
(once) assessed
Intranasal (no C57BL/6 mice 1 mg/ml 21d%2 1m?®3%3! 5m3  TH neurons ~40% |33 2.2%° and 2.4-fold1%° | voluntary movement 44% | in TH protein and Not assessed

studies for
rats)

(every other
day)

38-55%293%:31 7994
l33

in a-syn protein

in the open field2>3%-33

and bradykinesia (pole
test)30:31

2.75-fold 1 in a-syn protein
in OB*, 31.9% | in TH
neurons in OB%2, 1.75-fold 1
in a-syn protein in OB%®

Abbreviations: TH, tyrosine hydroxylase; SN, substantia nigra; OB, olfactory bulb; LC, locus coeruleus; NE, noradrenaline; a-syn, a-synuclein.

References: ! (Chen et al., 2017); 2 (Wang et al., 2015a,b,c); 3 (Heetal, 2016a,b); 4 (Fuetal, 2015); 5 (Bao et al., 2018); 6 (Hritcu and Ciobica, 2013); 7 (Hritcu and Gorgan, 2014); 8 (Zheng et al. , 2013a,b); 9 (Choi et al.,
2009); 1° (Hunter et al., 2007); ! (Hunter et al., 2017); 2 (Hunter et al., 2009); 12 (Zhang and Xu, 2018); 14 (Khan et al., 2018); ' (Badshah et al., 2016); 1 (Beier et al., 2017), }7 (Bodea et al., 2014), 18 (Qin et al., 2007); 19
(Qin et al., 2013); 2° (Zheng et al., 2013a,b); 21 (Liu et al., 2008); 22 (Reinert et al., 2014); 23Kelly etal., 2014; 24 (Jiang et al., 2017); 25 (Goncalves et al., 2018), 26 (Song et al., 2018); 27 (Chen et al., 2018; 28 (Gasparotto
et al., 2018):2% (Li et al., 2015); 3° (He et al., 2016a,b); 3! (Zhao et al., 2018a,b); 32 (Hasegawa-Ishii et al., 2017); 33 (He et al., 2013),3* (Qin et al., 2004); 3° (Gao et al., 2008).
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a-synuclein protein levels in the midbrain [91, 92] were also noted (Liu
et al., 2008; Zheng et al., 2013a), mirroring the clinical situation. This
study was not replicated by Gasparotto et al. (2018), where a single in-
jection of 5 mg/kg of LPS in Wistar rats only significantly reduced TH
protein levels in the SN at 15 days with recovery to sham level at 30 and
60 days post-injury, with further investigation of species specific effects
needed. In contrast to acute single injection models, repeated daily sys-
temic injections of 250 pg/kg LPS for 7 days in mice significantly reduced
TH protein level (87%) and increased a-synuclein protein levels
(3.8-fold) in the SN compared to the sham group at one week after the
last LPS injection (Zhang and Xu, 2018). Moreover, it was shown by Beier
et al. (2017) and Bodea et al. (2014) that repeated systemic adminis-
tration of LPS (1 mg/kg, daily for 4 days), significantly reduced TH
positive neurons in SN by 36% and 40% respectively at 19 days
post-treatment, with no further significant reduction at 36 days. Ac-
cording to these studies, there was increased production of
pro-inflammatory  cytokines and insignificant changes in
anti-inflammatory cytokines at day 5 and day 19 following systemic
administration of LPS. However, at day 36 post-treatment, there was a
shift in cytokine production with an increased production of
anti-inflammatory cytokines and reduced pro-inflammatory cytokines
indicating that at later time the animals would recover. These findings
were consistent with reports that repeated systemic administration of LPS
induces tolerance by causing a switch from a neurotoxic
pro-inflammatory profile to a beneficial anti-inflammatory profile (Beier
et al., 2017). Thus, the value of such model may be limited due to the
inability to cause progressive degeneration of dopaminergic neurons but
it can be used to investigate the effects of systemic inflammation on
driving inflammation within the nigrostriatal pathway.

2.2.2. Possible mechanisms of toxicity and their relevance to clinical PD

It has been proposed that PD could begin in the gastrointestinal (GI)
tract, with GI complications such as delayed gastric emptying and con-
stipation being early symptoms of PD (Fasano et al., 2015; Hawkes et al.,
2007). The GI tract is directly connected to the CNS through the vagus
nerve, which originates in medulla oblongata (Forsyth et al., 2011).
Based on Braak hypothesis, the dorsal motor nucleus of the vagus nerve
(DMV) is one of the first regions that exhibits Lewy bodies in clinical PD
(Halliday and McCann, 2010). In addition, it has been shown that
a-synuclein lysates from PD patients can travel in a time dependent
manner from the vagal nerve to other regions of the DMV connected to
the brainstem when injected into the intestinal wall of rats; thus, sup-
porting the involvement of this nerve in propagation of peripheral pa-
thology to the brain (Holmgqvist et al., 2014). Systemic LPS models are
suitable to understand the propagation of systemic inflammation and
how it can induce neuroinflammation and neurodegeneration in PD. It is
known that the immune system communicates with the CNS; however, a
thorough investigation is needed to understand the underlying mecha-
nisms (Elmquist et al., 1997). In systemic LPS models (chronic and
acute), the passage of LPS into the brain is limited by the blood brain
barrier (BBB), and it is likely that systemic LPS causes neuroinflammation
indirectly (Qin et al., 2007). Systemic administration of LPS can lead to
activation of TLR4 on the surface of peritoneal macrophages/dendritic
cells at the site of injection resulting in production of pro-inflammatory
cytokines such as TNF-a, IL-6 and IL-1 (Block et al., 2007). These
pro-inflammatory cytokines are significantly elevated in the serum of PD
patients as well as in the brain (Arimoto et al., 2007; Dobbs et al., 1999;
Reale et al., 2009). TNF-a, IL-6 and IL-1 are essential in mediation of
systemic inflammation and for the immune system to communicate with
the brain (Perry et al., 2007; Perry, 2010). Firstly, it has been demon-
strated that IL-1 produced by peritoneal macrophages/dendritic cells in
response to systemic LPS can activate the IL-1 receptor on the vagal nerve
that innervates the abdominal cavity, which stimulates the CNS (Block
et al., 2007; Konsman et al., 1999; Lane, 2009). The vagal nerve termi-
nates in the nucleus of solitary tract (NTS) located in the brainstem,
which projects to other brain regions that mediate the acute sickness
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response (Konsman et al., 1999; Vitkovic et al., 2000). Secondly, in
neurological diseases including PD, the BBB could lose its integrity, and
peripheral immune cells such as CD4"/CD8" T-lymphocytes and
pro-inflammatory cytokines in the bloodstream could enter the brain and
promote inflammation (Dantzer et al., 2008; Flores-Martinez et al., 2018;
Hoban et al., 2013). Consistent with this concept, it has been shown using
positron emission tomography that PD patients have an impaired BBB,
and the regions shown to have impaired BBB overlapped with the regions
evident to have neuronal damage in post-mortem brains of PD patients
such as SN, VTA, locus coeruleus and raphe nucleus (Gongcalves et al.,
2018; Kortekaas et al., 2005). Moreover, Goncalves et al. (2018)
demonstrated that the concentration of a tracing dye known as sodium
fluorescein was increased in the striatum following systemic adminis-
tration of LPS, indicating impaired BBB permeability. Lastly, inflamma-
tory cytokines in the bloodstream can communicate with
circumventricular organs (CVOs) in the CNS, which are a group of
structures located around the third and fourth ventricles that lack the
BBB, leading to activation of microglia and astrocytes in these regions
(Perry, 2010). CVOs such as the median eminence and area postrema lack
a tight barrier between the blood and cerebrospinal fluid (CSF); there-
fore, inflammatory molecules produced in these regions could access
ventricular CSF and propagate to other regions of the brain via volume
transmission (Vitkovic et al., 2000). Systemic administration of LPS leads
to activation of microglia and astrocytes in the SN and striatum, and
exacerbated inflammation in these brain regions can cause degeneration
of dopaminergic neurons as proposed in Fig. 1 and Fig. 2 (Beier et al.,
2017; Bodea et al., 2014; Liu et al., 2008; Qin et al., 2013; Reinert et al.,
2014; Song et al., 2018).

2.3. Intranasal LPS models

2.3.1. Degeneration of nigrostriatal dopaminergic pathway, motor
dysfunction and a-synuclein pathology in intranasal LPS models

According to He et al. (2016a,b), unilateral intranasal administration
of LPS (1 mg/ml, 10 xl) in C57BL/6 mice for a period of one month
resulted in a 55% and 50% reduction in TH positive neurons in the SN
and striatum respectively on the affected side. These authors also re-
ported that a-synuclein protein expression in the SN was increased by
2.4-fold in the LPS group compared to saline controls. Similarly, a study
by Li et al. (2015) with a similar regimen indicated that LPS instillation
for one month reduced TH positive neurons by 38% and increased
a-synuclein protein expression by 2.2-fold in the SN compared to saline
controls. Both studies showed by using the open field test that LPS
instillation impairs voluntary movement. In addition, Li et al. (2015)
demonstrated by using the pole and adhesive removal tests, that LPS
induces bradykinesia and sensorimotor impairment, respectively. More-
over, Zhao et al. (2018), used a bilateral instillation of LPS (1 mg/ml)
which resulted in a 41.4% reduction in TH positive neurons in the SN of
young mice, and was further exacerbated in aged mice (60% reduction).
Like the other studies, Zhao and colleagues used the pole and adhesive
removal tests to investigate impaired motor function in the LPS group,
which was worse in aged mice (Zhao et al., 2018). These results
demonstrated that aging is a risk factor for the development of PD and
these results are consistent with the fact that PD is most prevalent in the
aged population.

2.3.2. Possible mechanisms of toxicity and their relevance to clinical PD
The olfactory vector hypothesis postulates that PD could be caused or
catalysed by agents that use the olfactory system to gain access to the
brain (He et al., 2013). Consistent with this hypothesis, the earliest signs
of a-synuclein pathology in PD patients are seen in the olfactory bulb
(OB), anterior olfactory nucleus and secondary olfactory structures
(Doty, 2012; Hawkes et al., 2007). Also, olfactory dysfunction is one of
the earliest non-motor symptoms of PD (Kranick and Duda, 2008; Masala
et al., 2018). Therefore, understanding the relationship between the ol-
factory system and PD could be helpful in predicting the future
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Fig. 1. Stereotaxic administration of LPS —
the proposed mechanisms leading to dopa-
minergic neuron degeneration.

Stereotaxic administration of LPS (delivered
directly into the local brain environment) can
activate Toll-like receptor 4 (TLR4) on micro-
glia cells resulting in the production of in-
flammatory cytokines (e.g.TNF-a, IL-1p, IL-6,
IFN-y) and free radicals (e.g. NO and O,-) in
the brain (Liu and Bing, 2011). Activated
microglia facilitate the activation of astrocytes
which augment the inflammatory response
through additional production of inflammatory
cytokines, and reactive oxygen and nitrogen
species. Excessive production of these neuro-
toxic molecules could impair mitochondrial
function, resulting in impaired energy meta-
bolism and additional production of reactive
oxygen species (ROS), and can reduce antiox-
idants such as glutathione peroxidase and su-
peroxide dismutase in the brain (Hauser and
Hastings, 2013; Park et al., 2018; Villacé et al.,
2017). Stereotaxic LPS also increases iron
levels in the substantia nigra (SN), which could
catalyse the Fenton reaction of superoxide
(02-) and hydrogen peroxide (H205) to yield
hydroxyl radicals (OH™) which are toxic to the
neurons (Hauser and Hastings, 2013).
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Fig. 2. Systemic administration of LPS via intraperitoneal cavity - the proposed pathways of propagation of systemic inflammation to the brain.

Systemic administration of LPS via intraperitoneal (i.p) cavity activates Toll-like receptor 4 (TLR4) on peritoneal macrophages/dendritic cells which results in local
secretion of inflammatory cytokines such as IL-1, TNF-a and IL-6 (Block et al., 2007; Konsman et al., 1999). Systemic inflammation could be communicated to the
brain through several mechanisms. Firstly, IL-1 produced by peritoneal macrophages/dendritic cells at the site of injection in response to systemic LPS, can activate
IL-1 receptor on the vagus nerve that innervates the abdominal cavity. This nerve terminates in the nucleus of solitary tract located in the brainstem, which projects to
other brain regions that mediate acute sickness response (Konsman et al., 2002; Vitkovic et al., 2000). Secondly, the blood brain barrier (BBB) could lose its integrity
under pathological conditions, resulting in the entry of peripheral immune cells such as CD4+/CD8+ T-lymphocytes and inflammatory cytokines into the brain, and
these molecules can mediate neuroinflammation through activation of microglia and astrocytes (Hoban et al., 2013). Furthermore, systemic cytokines can commu-
nicate with circumventricular organs (CVOs) in the CNS, which are a group of structures located around the third and fourth ventricles that lack BBB, which can also
bring about the activation of microglia and astrocytes in these regions. Inflammatory molecules produced in the CVOs could access ventricular cerebrospinal fluid and
propagate to other regions of the brain via volume transmission (Perry, 2010; Vitkovic et al., 2000). Exacerbated neuroinflammation in the substantia nigra (SN) could

cause degeneration of dopaminergic neurons as outlined in Fig. 1. LV, lateral ventricle; 3V, third ventricle; 4V, fourth ventricle; ROS, reactive oxygen species.
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development of PD which can aid in early diagnosis and treatment.
Intranasal LPS models are suitable to understand the pathways to which
environmental pathogens via the nasal cavity, could cause neuro-
degeneration. Intranasal models developed by chronic administration of
LPS were only recently adopted, and our understanding of the patho-
logical events is still limited. The olfactory epithelial cells express pattern
recognition receptors, like TLR4, and these cells secrete inflammatory
mediators in response to immune stimuli in the airway lumen. In addi-
tion, olfactory epithelial cells mediate recruitment of resident immune
cells such as macrophages, dendritic cells and mucosal lymphocytes to
the inflammatory site (Lane, 2009). It has been shown that intranasal LPS
activates neutrophils, macrophages and T-lymphocytes in the olfactory
mucosa (olfactory epithelium and lamina propria) resulting in the pro-
duction of inflammatory cytokines (e.g. IL-1f) (Hasegawa-Ishii et al.,
2017). The inflammatory response propagates to the OB which is part of
the CNS, whereby microglia and astrocytes are activated (Hasegawa-Ishii
et al., 2017; He et al., 2016b). Activated microglia and astrocytes in the
OB could induce neurodegeneration as outlined in Fig. 1 and Fig. 3. The
olfactory sensory neurons are located in the olfactory epithelium and
they project directly to the neurons in the OB. The olfactory mucosa and
OB pathway could act as a brain-immune interface possibly through cell
to cell interaction between olfactory sensory neurons and neuronal
dendrites in the OB or other inflammatory mediators. The neurons in the
OB project to various regions of the brain (e.g. the olfactory cortex) and
thus could propagate the inflammatory response (Doty, 2012). Intranasal
administration of LPS (every second day for 1 month or more) induces
inflammation and neurodegeneration in the SN, indicating propagation
of intranasal inflammation to this region (He et al., 2013, 2016b; Li et al.,
2015).

3. Extranigral neuropathology and non-motor deficits in LPS
models of PD

Beside motor symptoms that define its diagnosis, PD is also associated
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with a plethora of non-motor symptoms such as olfactory dysfunction,
gastrointestinal dysfunction, cardiovascular dysfunction, sleep distur-
bances and neuropsychiatric disturbances (Jankovic, 2008; Stoker and
Greenland, 2018). Currently, it is difficult to treat non-motor symptoms
of PD because the majority of the symptoms are resistant to dopamine
replacement therapy and deep brain stimulation, which are the only
treatments available for the management of PD (Obeso et al., 2010).
Throughout the course of PD, a-synuclein pathology propagates to
different regions of the CNS, peripheral nervous system and the ENS, and
these changes could underlie some non-motor symptoms of PD (Halliday
and McCann, 2010; Sulzer and Surmeier, 2013). Administration of LPS in
animal models can induce some extranigral neuropathology and
non-motor symptoms of PD and these will be discussed in further detail.

3.1. Gastrointestinal (GI) dysfunction

The entire GI tract is affected in patients with PD resulting in a
plethora of complications such as drooling, dysphagia, delayed gastric
emptying and constipation, which is the most common GI complication
(Fasano et al., 2015). The mechanisms responsible for GI complications
are not well understood; however, abnormal accumulation of a-synuclein
is evident throughout the GI tract in patients with PD and could be
involved in the pathogenesis (Fasano et al., 2015). Currently, there is a
limited understanding of GI complications in LPS models of PD. A study
by Zheng et al. (2013) indicated that a bilateral intranigral administra-
tion of LPS (16 pg) induced gastric dysmotility, measured with a strain
gauge force transducer and this finding was consistent with human PD.
Gastric dysmotility was related to an imbalance of neurotransmitters
within the DMV with an increase in dopamine, which has inhibitory ef-
fects on muscle relaxation, and a decrease in acetylcholine, an excitatory
neurotransmitter essential for smooth muscle contraction and peristalsis
in the GI tract (Zheng et al., 2013b). Kelly and colleagues administered
systemically a single dose of 2.5 mg/kg of LPS, which was below the
threshold for neurodegeneration in the brain, to investigate the effects of

Olfactory epithelial cells
secrete cytokines

Activation of microglia and astrocytes in the OB

Fig. 3. Intranasal administration of LPS - the proposed pathways of propagation of intranasal inflammation to the brain.

LPS administered via the nasal cavity can activate Toll-like receptor 4 (TLR4) expressed on olfactory epithelial cells, stimulating these cells to produce inflammatory
cytokines. Olfactory epithelial cells can also recruit resident immune cells such as macrophages, dendritic cells and mucosal lymphocytes to the inflammatory site
(Lane, 2009). Intranasal LPS can activate microglia and astrocytes in the olfactory bulb (OB) located in the CNS and the inflammatory response initiated by olfactory
epithelial cells could propagate to the OB through cell to cell interaction between olfactory sensory neurons embedded in olfactory epithelium and neuronal dendrites
in the OB (Hasegawa-Ishii et al., 2017; He et al., 2016b). The neurons in the OB project to various regions in the brain such as olfactory cortex (OC) which can
propagate inflammation to the substantia nigra (SN) (Doty, 2012). Exacerbated neuroinflammation in the SN could cause degeneration of dopaminergic neurons as

outlined in Fig. 1.
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LPS on the GI tract and they indicated that this dose induced hyper-
permeability, especially in the large intestine at 4 months post-treatment,
consistent with clinical findings that patients with PD have increased gut
permeability (Forsyth et al., 2011; Kelly et al., 2014). In addition, Kelly
et al. (2014) found increased phosphorylated serine 129 a-synuclein in
colonic myentric neurons, which is the form that makes up the bulk of
phosphorylated a-synuclein in Lewy bodies. It is yet to be investigated in
LPS models and clinical PD whether the presence of abnormal a-synu-
clein is associated with neuronal loss in the ENS (Kelly et al., 2014).
Future studies using LPS models of PD should examine a-synuclein pa-
thology, inflammatory markers, oxidative stress markers and neuro-
degeneration in the ENS compared to nigrostriatal pathway, and
correlate these pathological events with GI complications.

3.2. Olfactory dysfunction

Olfactory dysfunction is evident in approximately 90% of PD cases
and it occurs prior to motor dysfunction (Doty, 2012). It has been shown
that PD patients have impairments in odour threshold, odour identifi-
cation and odour detection (Kranick and Duda, 2008; Masala et al.,
2018). The cause of olfactory dysfunction is not clearly understood;
however, Lewy bodies are detected in the OB and olfactory tract in
almost all PD subjects and could have a role in the pathogenesis (Rey
et al,, 2018). According to Hasegawa-Ishii et al. (2017) unilateral
administration of LPS (1 mg/ml, 3 times per a week) into the nasal cavity
in C57BL/6 mice for 21 days induced inflammation in olfactory mucosa.
A follow- up study by this group noted that although a subpopulation of
neurons in the OB can regenerate in adulthood (Hasegawa-Ishii et al.,
2018), as seen by recovery of the OB atrophy following cessation of LPS
treatment, olfactory sensory neurons did not regenerate completely and
could underlie progression of pathology. Studies by He and colleagues
demonstrated that intranasal LPS can also increase the expression of
a-synuclein protein (1.75 and 2.75-fold) and decrease expression of TH
protein (44%) in the OB (He et al., 2013, 2016b). Collectively, intranasal
LPS models of PD showed neuropathology in the OB; however, these
studies did not perform any olfactory tests like the buried food test or
olfactory habituation/cross habituation test, and it is yet to be deter-
mined whether these changes are associated with defects in olfaction that
precede motor deficits. Future studies could use intranasal LPS models to
thoroughly understand the relationship between direct damage to the
olfactory system and PD. In addition, stereotaxic and systemic models of
PD that do not directly damage the components of the olfactory systems
could be helpful to elucidate the indirect mechanisms that could
contribute to olfactory dysfunction.

3.3. Anxiety and depression

Anxiety and depression are highly prevalent in PD patients compared
to the general population, with a rate of 20-49% and 40-50% respec-
tively (Gallagher and Schrag, 2012; Jankovic, 2008; Stoker and
Greenland, 2018). It is difficult to distinguish anxiety and depression but
unlike depression, the major feature of anxiety is excessive fear, usually
associated with particular situations or threats (Djamshidian and Fried-
man, 2014). In contrast, depression in PD is characterised by irritability,
pessimism, sadness, dysphoria and suicidal ideation (Fontoura et al.,
2017). The pathophysiology of anxiety and depression in PD is not
thoroughly understood; however, cumulative evidence indicates that
these disorders could be associated with lesions in dopaminergic, sero-
tonergic and noradrenergic systems (Gallagher and Schrag, 2012; Tho-
bois et al., 2017). Indeed, according to Braak hypothesis, deposition of
Lewy bodies occurs in key brainstem structures like the serotonergic
raphe nuclei and noradrenergic locus coeruleus, which have been
implicated in mood and emotional behaviour, before the SN of PD pa-
tients (Gratwicke et al., 2015; Halliday and McCann, 2010). Indeed, Song
et al. (2018) found that a single systemic administration of LPS (5 mg/kg)
in mice induced progressive degeneration in noradrenergic neurons in
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the locus coeruleus as early as at 4 months (27% reduction) prior to loss
of dopaminergic neurons in SN at 7 months (34% reduction). Some LPS
PD studies have directly examined anxiety and depressive-like behaviour
with intranigral administration of LPS (3 pg/kg and 10 pg/kg) and were
associated with increased anxiety-like behaviour as signified by a sig-
nificant reduction in the time spent in the open arm in the elevated plus
maze test and increased depressive-like behaviour with increased
immobility time in the forced swim test (Hritcu and Ciobica, 2013).
Anxiety and depressive-like behaviour were linked to a reduction in the
brain derived neurotrophic factor (BDNF) which is crucial for neuronal
growth, survival and maintenance as well as synaptic plasticity and
memory processes (Hritcu and Ciobica, 2013; Obeso et al., 2010).

3.4. Cognitive dysfunction

Subtle disturbances in planning, working memory and attention are
observed in the early stages of PD; however, in the later stages of the
disease, cognitive impairments become more severe and can progress to
dementia, which affects up to 90% of PD patients in the long-term
(Gratwicke et al., 2015; Pagonabarraga and Kulisevsky, 2012). The
cause of dementia in PD is not well understood; however, it could be
associated with dysfunction in the dopaminergic, noradrenergic and
cholinergic systems (Gratwicke et al., 2015; Pagonabarraga and Kuli-
sevsky, 2012). Degeneration of nigrostriatal pathway induced by uni-
lateral intranigral administration of LPS (3pg/kg and 10 pg/kg) impaired
working memory as seen by decreased percentage alternation in the
Y-Maze test and increased errors in the radial arm maze test, as well as
long-term memory indicated by an increased number of reference
memory errors in the radial arm maze test. This may occur becuase the
dentate gyrus of the hippocampus, a region essential for memory for-
mation, storage and retrieval, receives neuronal projects from the SN.
Indeed, intranigral LPS decreased the levels of superoxide dismutase and
glutathione peroxidase and increased the levels of malondialdehyde, a
marker of lipid peroxidation in the hippocampus. These findings indi-
cated that reduced antioxidant capacity and increased ROS in the hip-
pocampus could lead to cognitive dysfunction (Hritcu and Ciobica,
2013). Similar findings have been reported with systemic administration
of LPS (250 pg/kg daily for 7 days) which reduced TH positive cells in the
SN (Badshah et al., 2016; Khan et al., 2018; Zhang and Xu, 2018) and
caused cognitive impairment indicated by increased latency time and
reduced time in the target quadrant in the Morris water maze test. This
was related to a decrease in synaptic proteins such as synaptophysin,
postsynaptic density protein 95 (PSD-95) and synaptosomal associated
protein of 25 kDA (SNAP-25). A single, systemic administration of LPS (5
mg/kg) could also induce neuronal loss in the hippocampus (30%
reduction) at 10 months post-treatment and this finding coincided with
cognitive impairment (Song et al., 2018). Future studies could focus on
understanding the neuropathology in the hippocampus and specific
cortical regions that are essential for cognition.

4. Discussion

LPS models of PD allow modelling of specific aspects of clinical PD
pathogenesis; however, each route of administration of LPS has specific
advantages and disadvantages.

Firstly, stereotaxic LPS which is commonly delivered into the SN and
striatum, is useful to study the specific effects of inflammation on
dopaminergic neurons in the SN and their neuronal projections to the
striatum, with these models showing selective degeneration of dopami-
nergic neurons in the SN and their neuronal projections to the striatum.
This is accompanied by an increase in cytoplasmic a-synuclein in the SN,
and motor abnormalities which improve with levodopa administration
which are evident in clinical PD. It should be noted however, that due to
the small size of the SN and dense distribution of dopaminergic neurons,
intranigral injection of LPS itself can cause mechanical injury to the
neurons; thus, this site of administration may not be optimal. On the
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other hand, the striatum is larger when compared to the SN which limits
the effects of mechanical injury and in clinical PD, degeneration of
dopaminergic neurons starts with these neuronal terminals (Hunter et al.,
2007). Therefore, intrastriatal injection of LPS could be a more suitable
model compared to intranigral injection. The advantage of stereotaxic
models is that neurodegeneration occurs in a progressive manner causing
21% loss of TH positive neurons at one week, 38% loss at two weeks, and
41% at four weeks in rats (Choi et al., 2009) and from 26% at one week,
72% at four weeks, and 81% at twelve weeks in mice (Hunter et al.,
2009). However, the progression of changes in these models appears to
be relatively rapid, which can be considered both advantageous (for
screening novel therapeutics) and disadvantageous (for investigating PD
pathogenesis); thus, researchers should consider carefully if this model is
suitable to answer their research question. The major setback of stereo-
taxic injections is that the complexity of the required surgery could be a
deterrent for many laboratories. Also, this route is not representative of
environmental exposure because it bypasses the physical defence system
of the animal.

Secondly, the systemic LPS model of PD could be a better represen-
tation of clinical disease because systemic LPS does not bypass the
physical defence of the brain and could mimic environmental exposure to
toxic agents. Unlike stereotaxic injection, systemic administration of LPS
via i.p injection is not complex and thus easy to implement for re-
searchers, with no specialised equipment required. It is important to note
that many effects of the LPS when injected systemically may not be PD
specific acutely, with the acute phase response including sickness
behaviour such as depression, disturbed olfaction, and reduced loco-
motion which resemble PD symptoms. However, the most frequently
used systemic LPS models investigate PD pathology and symptoms long
after the acute phase response subsided and can reproduce PD specific
pathology and behavioural abnormalities. For example, a single high
dose of LPS (5 mg/kg) in mice causes progressive degeneration of
dopaminergic neurons in the SN 7 months post-treatment, and it does not
induce a significant reduction in GABAergic neurons in the SN and
dopaminergic neurons in VTA, indicating selectivity for neurons in the
SN (Beier et al., 2017; Liu et al., 2008; Qin et al., 2007). The major
disadvantage with single systemic injection in mice is that it takes a long
time to induce degeneration of dopaminergic neurons in the SN
(approximately 7 months) (Liu et al., 2008; Qin et al., 2007, 2013).
Furthermore this pathology could not be replicated in Wistar rats (Gas-
parotto et al., 2018). Daily systemic injections (for 4 days) in mice were
able to reduce the time taken to induce degeneration of dopaminergic
neurons in the SN, but this model did not cause progressive neuro-
degeneration and the animals tended to recover (Beier et al., 2017; Bodea
et al., 2014). Further investigation is needed to determine an optimal LPS
regimen, and this may also be species specific. Other limitations of the
systemic LPS models are that systemic LPS can cause severe toxicity and
death (high dose LPS from E. coli 0111: B4, 1 mg/kg for 4 consecutive
days) based on own observations. In contrast, repeated administration of
a lower dose (LPS from E. coli 0111: B4, 0.3 mg/kg for 4 consecutive
days) caused less toxicity but did not cause significant degeneration of
dopaminergic neurons in the midbrain or any motor deficits (unpub-
lished observations). Moreover, different batches and manufacturers of
LPS can produce significantly different results, which makes it difficult to
compare published results. Therefore, for any new study we recommend
that researchers should conduct a small pilot study to establish the
sub-lethal dose of the LPS stock.

Thirdly, environmental toxins capable of inducing degeneration in
the SN can enter the brain through the nose, bypassing the BBB. Thus,
intranasal LPS models are useful to understand the pathways by which
these substances can initiate neurodegeneration. It is important to note
that inflammation induced via intranasal LPS is not localised only to the
SN, but this model resembles certain aspects specific to PD such as
degeneration of dopaminergic neurons and increased expression of
a-synuclein protein in the SN and motor dysfunction which need to be
elucidated further. There has been limited attention towards
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characterisation of intranasal models of LPS and it is yet to be clarified
whether this route of administration can induce progressive degenera-
tion of dopaminergic neurons in the SN.

It is also fundamental that the neuropathology observed in LPS
models of PD is congruent with the behaviour. It has been shown in
stereotaxic and systemic LPS models that the lesion to the nigrostriatal
pathway is reflected in the performance in the drug induced rotational
test and rotarod test which are common motor tests used for such pur-
pose. In these models, the severity of the nigrostriatal lesion correlated
with poor performance in rotarod test, which improved upon adminis-
tration of levodopa (Choi et al., 2009; Hunter et al., 2009; Liu et al.,
2008). These results are consistent with clinical PD; thus, solidifying the
relevance of pre-clinical behavioural data to clinical PD. In addition, it
has been demonstrated using the elevated plus maze, forced swim test
and Morris water maze test that specific LPS regimens in both the ste-
reotaxic and systemic LPS models can induce anxiety, depression and
cognitive decline (Badshah et al., 2016; Hritcu and Gorgan, 2014; Khan
et al., 2018; Zhang and Xu, 2018). Moreover, these models can replicate
the gastric dysmotility and gut hyperpermeability which are seen in
clinical PD (Forsyth et al., 2011; Kelly et al., 2014; Zheng et al., 2013b).
There is less attention towards non-motor symptoms in LPS and other
animal models of PD and considering that the onset of non-motor
symptoms precedes the onset of motor symptoms, it is important to un-
derstand non-motor aspects of PD which could aid in early diagnosis.

One of the useful applications of the LPS PD models is to assess the
potential beneficial effects of anti-inflammatory agents, and this has been
carried out particularly in stereotaxic LPS models. For example, treat-
ment with minocycline inhibits the activation of microglia reducing the
expression of cytokines including IL-1 and TNF-a within the SN leading to
a reduction in dopaminergic neuronal loss (Tomds-Camardiel et al.,
2004). Similarly, chronic simvastatin treatment reduces astroglial and
microglial activation, decreasing pro-inflammatory cytokine release and
hence dopaminergic degeneration (Hernandez-Romero et al., 2008;
Wang et al., 2015c). Evaluation of the TRPV1 agonist, capsaicin found
that injection simultaneously with LPS led to a shift in the
pro-inflammatory M1 microglia/macrophage population to an
anti-inflammatory M2 state as demonstrated by decreased expression of
M1 markers (i.e., iNOS and IL-6) and elevated expression of M2 markers
(i.e., arginase 1 and CD206) in the SN (Bok et al., 2018). Given that
TRPV1 activation promotes the neurogenic inflammatory response via
release of substance P and calcitonin gene related peptide (Bok et al.,
2018), it suggests that activation of this pathway can modify the classical
inflammation initiated by LPS and potentially provide a novel treatment.
The efficacy of a number of nutraceuticals with anti-inflammatory
properties has also been studied in the intranigral LPS PD model. These
include the flavonoids farrerol (obtained from rhododendron) (Li et al.,
2019), curcumin (from turmeric) (Sharma and Nehru, 2018), licochal-
cone A (from licorice) (Huang et al., 2017) and polydatin (from Polyg-
onum cuspidatum) (Huang et al., 2018), which were all able to reduce
LPS-induced inflammation within the SN and prevent dopaminergic cell
loss. This corresponded to improved motor performance in tasks
including locomotion in the open field (Huang et al., 2018) and
apomorphine induced turns (Huang et al., 2017). It should be noted that
the aforementioned studies all included a pre-treatment phase prior to
LPS injection and hence the efficacy once neuroinflammation has already
been initiated is not yet known.

In conclusion, stereotaxic, systemic and intranasal LPS models can
replicate degeneration of dopaminergic neurons and increased expres-
sion of a-synuclein protein in the SN with accompanying motor
dysfunction which are the classical features of human PD. Although LPS
models can recapitulate some of the classical features of PD, the models
are still new and require further examination of the neuropathology.
Also, future studies using LPS models should focus on assessing motor
symptoms and non-motor symptoms of PD such as olfactory dysfunction,
gastrointestinal dysfunction, anxiety, depression and cognitive dysfunc-
tion. These symptoms should be correlated with degeneration of



L. Deng et al.

dopaminergic neurons, abnormal a-synuclein expression and inflamma-
tory mediators in the SN as well as in other regions implicated in PD.
Understanding the pathological changes in the central and peripheral
nervous system associated with specific symptoms of PD, could aid in
developing specific treatments. We hope that this review will encourage
further characterisation of the LPS models and positively contribute to
PD research.
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