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A B S T R A C T   

Parkinson’s disease (PD) is the second most common neurodegenerative disease, affecting more than 1% of aged 
people. PD, which was previously identified as movement disorder, now is recognized as a multi-factorial sys
temic disease with important pathogenetic and pathophysiological role of inflammation. Reproducing local and 
systemic inflammation, which is inherent in PD, in animal models is essential for maximizing the translation of 
their potential to the clinic, as well as for developing putative anti-inflammatory neuroprotective agents. This 
study was aimed to compare activation patterns of microglia/macrophage population and systemic inflammation 
indices in rats with 6-Hydroxydopamine (6-OHDA)- and Lipopolysaccharide (LPS)-induced PD. Metabolic and 
phenotypic characteristics of microglia/macrophage population were examined by flow cytometry, systemic 
inflammatory markers were calculated using hematological parameters in 6-OHDA- and LPS-lesioned Wistar rats 
29 days after the surgery. 

Microglia/macrophages from rats in both models exhibited pro-inflammatory metabolic shift. Nevertheless, in 
LPS-lesioned animals, highly increased proportion of CD80/86+ cells in microglia/macrophage population was 
registered alongside increased values of systemic inflammatory indices: neutrophil to lymphocyte ratio (NLR), 
derived neutrophil to lymphocyte ratio (dNLR), platelet to lymphocyte ratio and systemic immune inflammation 
index (SII). There was significant positive correlation between the count of CD80/86+ cells and systemic in
flammatory indices in these animals. Microglia/macrophages from 6-OHDA-lesioned rats were characterized by 
the increased fraction of CD206+ cells alongside decreased proportion of CD80/86+ cells. No signs of systemic 
inflammation were observed. Negative correlation between quantitation characteristics of CD80/86+ cells and 
values of systemic inflammatory indices was registered. Collectively, our data show that LPS-PD model unlike 6- 
OHDA-PD replicates crosstalk between local and systemic inflammatory responses, which is inherent in PD 
pathogenesis and pathophysiology.   

1. Introduction 

Parkinson’s disease (PD) is the second most common age-related 
neurodegenerative disorder. PD morbidity is predicted to rise progres
sively considering a rapid ageing of the population worldwide. More 
than 90% of PD cases have unknown causes and are idiopathic in nature 
(Tysnes and Storstein, 2017). The exact mechanisms underlying PD 
pathogenesis are yet to be established. However, PD, which was previ
ously identified as movement disorder, now is recognized as a 
multi-factorial systemic disease, and important role in disease 

pathogenesis is given to immune system (Öberg et al., 2021; Tansey 
et al., 2022). Moreover, recent studies in the PD immunogenetics 
allowed to reveal some immune-related genes involved in the patho
genesis of both familial and idiopathic disease forms (Chen et al., 2022; 
Magistrelli et al., 2022). Chronic microglia-mediated neuro
inflammation is one of the hallmarks of PD pathophysiology (Wang 
et al., 2015; Muzio et al., 2021). Lately, microgliosis has been considered 
as one of the probable pathogenetic mechanisms of PD (Tronco
so-Escudero et al., 2018; MacMahon Copas et al., 2021; Zhu et al., 2022). 
Microglia are the most abundant resident immunocytes in the central 
nervous system (CNS), where they closely interact with astrocytes and 
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neurons both physically and functionally, participating in tissue ho
meostasis and immune defense (Ho, 2019; Zhao et al., 2021). Resident 
microglial cells originate from the yolk sac and differ from resident 
macrophages in peripheral tissues in their unique phenotypic and 
metabolic features. Microglial cells have the ability of self-renewal and 
repopulation, and in such a way they maintain constant cell density in 
healthy adult brain (Lee E. et al., 2021; Zeng et al., 2022). In physio
logical conditions, these resident sentinel cells are supposed to be a 
slightly shifted toward an anti-inflammatory (M2) phenotype, which is 
valuable to brain homeostasis (Cherry et al., 2014; Jurga et al., 2020). In 
pathological conditions, such as neurodegeneration, polarized activa
tion of the microglia (pro-inflammatory shifted vs anti-inflammatory) 
can mediate neuroinflammation or its resolution exacerbating or 
relieving disease progression correspondingly (Abellanas et al., 2019; 
Lashgari et al., 2021; Lee J.W. et al., 2021). It should also be noted that 
microglia pro-inflammatory activation in these circumstances can be 
both the trigger of neuron loss and the consequence of the neuro
degeneration. On the one hand, numerous external stimuli including 
peripheral inflammatory mediators associated with systemic inflam
mation, gut dysbiosis etc. can trigger pro-inflammatory microglia acti
vation preceding neurodegeneration (Agirman et al., 2021). On the 
other hand, neuron degeneration, which is accompanied by the release 
of Damage-Associated Molecular Patterns (High Mobility Group Box 1 
proteins (HMGB1), mitochondrial transcription factor A (TFAM), car
diolipin, succinate, N-formyl peptides, mitochondrial DNA etc.), can 
urge pro-inflammatory microglia shift (Gelders et al., 2018). Neuro
inflammation is always associated with the impairment of the 
blood-brain barrier (BBB). Activated microglia produce matrix metal
loproteinases, reactive oxygen and nitrogen species, chemokines, in
flammatory cytokines such as tumor necrosis factor (TNF-α), 
interleukin-1β (IL-1β), IL-2, IL-6 etc., and can phagocytize astrocytic 
end-feet. These can cause impairment of the BBB function through the 
downregulation of tight junction molecules and disturbance of the 
trans-endothelial electrical resistance, as well as permeability parame
ters (Haruwaka et al., 2019; Huang et al., 2021; Hourfar et al., 2023). 
Microglia activation and BBB disruption followed by the recruitment of 
circulating monocytes into the CNS where these cells differentiate into 
blood-born derived macrophages (Takata et al., 2021; Gaviglio et al., 
2022). These blood-borne phagocytes in the complex micro
glia/macrophage population represent an additional crucial cellular 
component in mediating neuroinflammation. Metabolic profile of the 
complex population of phagocytes determines the course of chronic 
inflammatory disease of the CNS such as neurodegenerative disorders 
and is considered as an attractive therapeutic target for the treatment of 
these pathologies (Sevenich, 2018; Grassivaro et al., 2021; Miao et al., 
2022). 

Growing body of evidence suggests involving systemic inflammation 
(SI) in PD pathophysiology and pathogenesis. In addition, the crosstalk 
between the local neuroinflammation and SI, between the central and 

peripheral immune systems in PD has attracted attention in recent 
decade (Tansey et al., 2022; Zhu et al., 2022). Aforementioned periph
eral low-level chronic inflammation may stimulate neuroinflammation 
in the conditions of the increased BBB permeability, and thereby pro
mote PD initiation and/or aggravation (Dogra et al., 2022; Zeng et al., 
2022). Neuroinflammation, in turn, may initiate, maintain and exacer
bate SI. Chronically activated microglia release high levels of 
pro-inflammatory mediators which can be exported to the periphery 
initiating/provoking systemic immune responses, and in such a way 
creating self-sustained inflammatory vicious circle. Both central and 
systemic inflammation targeting may hold a promise in slowing-down or 
stop neurodegeneration in PD (Araújo et al., 2022; Gundersen, 2021). 

Reproducing this integrated network of central and peripheral 
inflammation in animal models is required for advancing the under
standing of the disease pathogenesis and is relevant to definition of 
possible therapeutic targets (Lama et al., 2021). Among different rodent 
PD models, immune-related model induced by intracerebral injection of 
bacterial lipopolysaccharide (LPS-PD) along with classic toxic model 
induced by 6-hydroxydopamine (6-OHDA-PD) are most widely used, 
since these models most faithfully recapitulate many aspects of PD 
clinical picture including motor impairment and non-motor symptoms. 
Although LPS is a direct pro-inflammogen, whereas 6-OHDA belongs to 
the toxins causing the specific death of dopaminergic neurons, neuro
inflammation in these two models also exhibits many common features 
and occurs as a common mechanism to different molecular triggers. 
Pro-inflammatory microglia activation in both these interventional 
models is TLR4-dependent, is associated with BBB impairment and brain 
infiltration with peripheral myeloid and lymphoid immune cells, and is 
accompanied by the release of neurotoxic inflammatory mediators by 
these immunocytes (García-Revilla et al., 2022). Nevertheless, although 
neuroinflammatory responses induced by LPS and 6-OHDA share many 
common features, their mechanisms vary considering involvement of 
different receptors and signaling pathways (Rosadini and Kagan, 2017; 
Gopinath et al., 2022). SI manifestation in these two models is virtually 
unexplored. We have shown previously that signs of systemic inflam
mation manifest in different ways in rats with LPS-PD and 6-OHDA-PD. 
In LPS-PD, decreased circulating lymphocyte fraction along with 
increased neutrophil count as well as pro-inflammatory functional shift 
of circulating monocytes and granulocytes were registered (Oliynyk 
et al., 2022). In 6-OHDA-PD, increased monocyte fraction along with 
anti-inflammatory polarization of these cells and circulating granulo
cytic neutrophils were observed. We hypothesized that these differences 
in systemic inflammation manifestation would be associated with dis
tinctions in microglia activation patterns. To address this, our study was 
aimed to compare activation patterns of microglia/macrophage popu
lation and systemic inflammation indices in rats with 6-OHDA- and 
LPS-induced PD. 

Abbreviations 

ALC Absolute lymphocyte count 
AMC Absolute monocyte count 
ANC Absolute neutrophil count 
APC Absolute platelet count 
BBB The blood-brain barrier 
CNS The central nervous system 
DN Dopaminergic neurons 
dNLR Derived neutrophil to lymphocyte ratio 
FITC Fluorescein isothiocyanate 
LMR Lymphocyte to monocyte ratio 
LPS-PD Lipopolysaccharide-induced PD 

MC The modulation coefficient 
NLR Neutrophil to lymphocyte ratio 
PD Parkinson’s disease 
PE Phycoerythrin 
PhI Phagocytosis index 
PLR platelet to lymphocyte ratio 
PMA Phorbol 12-myristate 13-acetate 
PP Phagocytosis percentage 
ROS Reactive oxygen species 
SII Systemic immune inflammation index 
SIRI Systemic inflammatory response index 
TH Tyrosine hydroxylase 
WBC White blood cell count  
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2. Materials and methods 

2.1. Animals and study design 

Experiments were conducted on adult male Wistar rats (220–250 g) 
bred in the vivarium of the Educational and Scientific Centre “Institute 
of Biology and Medicine” of Taras Shevchenko National University of 
Kyiv, Ukraine. The animals were kept in standard conditions with ad 
libitum access to water and food (standard diet). Animal protocols were 
approved by the University Ethics Committee (protocol No 4, October 
10, 2021) according to Animal Welfare Act guidelines. All procedures 
with animals were performed in accordance with the principles of hu
manity as it was written in “General principles of animal experimenta
tion” approved by the National Congress on bioethics (Kyiv, 2001–2007) 
and in concordance with Council directive of November 24, 1986 on the 
approximation of laws, regulations and administrative provisions of the 
Member States regarding the protection of animals used for experi
mental and other scientific purposes (86/609/EEC). PD development 
was ascertained by the results of behavioral testing and post-mortem 
assessment of nigrostriatal neurodegeneration using semi-quantitative 
tyrosine hydroxylase (TH) immunohistochemistry. Hematological 
indices and metabolic profile of microglia/macrophage population were 
evaluated at the time point of the experiment cessation (day 29 after the 
surgery). The time point of the experiment cessation was determined in 
keeping to time-course of nigrostriatal damage in 6-OHDA-PD model. 
According to the literature data, DA lesions in this model exhibit fast 
changes from week 2 to week 3 post-injection, peaked at the 28th day, 
and maintained kept a stable state with the tendency to spontaneous 
recovery from week 3 to week 6 (Blandini et al., 2007; Su et al., 2018). 

2.2. 6-OHDA-PD model 

Before the experiment, 30 adult male Wistar rats were randomly 
selected and arranged into 3 groups: group I - intact animals (n = 10); 
group II - sham-operated animals (n = 10); group III - 6-OHDA-PD (n =
10). In order to attain unilateral lesions of the nigrostriatal system in 
animals from group III, stereotaxic microinjections of 12 μg of selective 
neurotoxin 6-OHDA (Sigma, USA) in the medial forebrain bundle (MFB) 
were conducted (Talanov et al., 2006). For the injection, 6-OHDA was 
solved in 4.0 μL of sterile physiological saline (JSC “Infusion”, Ukraine) 
supplemented with 0.1% ascorbic acid for preventing 6-OHDA oxida
tion. Animals from group II (sham-operated) were injected with 4.0 μL of 
sterile physiological saline. Before the surgery, animals from groups II 
and III were anesthetized with nembutal (50 mg/kg, i.p., “Sigma”, USA), 
placed in a stereotaxic instrument (SEJ-4, Ukraine), and were then 
injected i.p. with 40 mg/kg pargyline (Sigma, USA), which inhibits the 
metabolic conversion of 6-OHDA by monoamine oxidase, and 25 mg/kg 
desipramine (Sigma, USA), which blocks the uptake of neurotoxin by 
noradrenergic neurons. In 30 min, animals were scalped and trepanned 
by using following coordinates (mm) from the bregma (AP = − 2.2; ML 
= 1.5; DV = 8.8) (Paxinos and Watson, 2007). After that, either 6-OHDA 
or sterile physiological saline were injected into the brain through the 
drilled burr hole at 8.8 mm depth. The injections were performed at a 
rate of 1 μl/min (every 15s). The injector was left in place for 5 min 
before being slowly withdrawn to allow for toxin diffusion and prevent 
the toxin reflux. 

2.3. LPS-PD model 

Before the experiment, 30 adult male Wistar rats were randomly 
selected and arranged into 3 groups: group I - intact animals (n = 10); 
group II - sham-operated animals (n = 10); group III - LPS-PD (n = 10). 
In order to attain unilateral lesions of the nigrostriatal system in animals 
from group III, stereotaxic microinjections of 10 μg of LPS 
(Lіpopolysaccharіdes from Escherichia coli O111:B4, Sigma) at the vol
ume of 2 μl of sterile physiological saline (JSC “Infusion”, Ukraine) were 

conducted. Animals from group II (sham-operated) were injected with 
2.0 μL of sterile physiological saline. Before the surgery, rats from groups 
II and III were anesthetized with a mixture of ketamine (75 mg/kg 
diluted in sterile water for injection, Sigma, USA) and 2% Xylazine (400 
μl/kg, Alfasan International BV, Netherlands) i.p, placed in a stereotaxic 
instrument (SEJ-4, Ukraine). After that, either LPS or sterile physio
logical saline were injected into the brain through the drilled burr hole 
directly into the substantia nigra (AP = − 5.3; ML = ± 2.0; DV = − 7.2) 
according to Hoban et al. (2013) at 8.8 mm depth. All microinjections 
were performed as described in 2.2. 

2.4. Behavioral testing 

Open field test was conducted 28 days after the surgery as described 
earlier (Leite-Almeida et al., 2009). To evaluate voluntary movement, 
anxiety, and exploratory behavior in the new environment, the rats were 
tested in the Open Field arena (a square field with sides of 100 cm and a 
wall height of 30 cm, which illuminated by two LED lamps (each with 
60W) placed at a height of 2 m) for 5 min. A grid of 36 squares was 
drawn on the bottom of the arena. During testing, each animal was 
individually placed in the center of the arena and its ambulatory activity 
was recorded using a digital camera (“Casio® EX-Z850”, China, which 
was located above the center of the arena at a height of 1 m) followed by 
the analysis using MATLAB. The following behavioral characteristics 
were assessed: locomotor activity (total distance traveled in the session 
represented as total number of crossed squares, number of rearing and 
grooming (vertical activity) in the session); anxiety-like behavior 
(decreased total locomotor activity, decreased entries to the inner zone, 
increased latency to start movement, increased frequency of defeca
tions) (Sestakova et al., 2013). After each animal was tested, the arena 
was cleansed and allowed to dry. 

Apomorphine test was conducted 7 and 14 days after the surgery. 
Apomorphine (Sigma, USA) was i.p. administered to the lesioned rats at 
a dose of 0.5 mg/kg. Five minutes after the injection, the rats were 
individually put into a 40 cm-diameter cylinder and the counterclock
wise (contralateral) rotations were monitored and registered for 30 min 
using a stopwatch (Smith et al., 2012). Animals scoring over 6 rpm were 
considered as lesioned with 86.6% DN loss. Rats scoring less than 6 rpm 
(0–2 rpm) were considered as lesioned with 44% DN loss (Talanov et al., 
2006). 

2.5. Immunohistochemistry 

For immunohistochemical staining of rat brain sections with anti
bodies to tyrosine hydroxylase (TH), rats were deeply anesthetized and 
transcardially perfused with heparinised (5000 U/L) sterile physiolog
ical saline (100 ml) followed by 4% paraformaldehyde (150 mL, pH 7.4). 
The brains were removed, post-fixed in 4% paraformaldehyde and then 
sectioned. The paraffin-embedded sections (5 μm) were processed for 
TH immunohistochemical detection using ABC–peroxidase method as 
described previously (Walsh et al., 2011). Briefly, tissue sections were 
first incubated with tyrosine hydroxylase (TH) primary antibodies 
(1:200, Millipore, AB152, USA) overnight (4 ◦C), and then with the 
secondary anti-rabbit biotinylated antibodies (1:200) for 60 min. After 
this, Diaminobenzidine (Dako, EnVision Flex, DM821, USA) immuno
reactivity detection system was applied for 5 min. Stained sections were 
assessed using a Primo Star microscope, Zeizz. Each sample was scored 
semi-quantitatively as to the intensity of immunostaining on a 
four-point scale, with 0 indicating absence of staining (<10% of positive 
cells), 1+ indicating the lowest level of detectable staining (10–25% of 
positive cells), 2+ indicating moderate homogeneous staining (25–50% 
of positive cells), 3+ indicating intense homogeneous staining (50–75% 
of positive cells), and 4+ (>75% of positive cells) (Pauletti et al., 2000). 
Results are then scored by multiplying the percentage of positive cells 
(P) by the intensity (I) and presented as Quick score (Q): Q = P x I. 
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2.6. Hemogram analysis 

Hematological indices were examined using an analyzer “Particle 
counter model PCE 210" (ERMA, Japan), adapted to the study of blood 
cells in rats and mice. Neutrophil to lymphocyte ratio (NLR), derived 
neutrophil to lymphocyte ratio (dNLR), lymphocyte to monocyte ratio 
(LMR), platelet to lymphocyte ratio (PLR), systemic inflammatory 
response index (SIRI), and systemic immune inflammation index (SII) 
were determined. NLR = absolute neutrophil count (ANC)/absolute 
lymphocyte count (ALC); dNLR = ANC/(white blood cell count (WBC) 
− ANC); LMR = (ALC)/absolute monocyte count (AMC); PLR = absolute 
platelet count (APC)/ALC; SII = (ANC × APC)/ALC; SIRI = (ANC ×
AMC)/ALC) (Hu et al., 2014). 

2.7. Microglia/macrophage cell isolation 

For microglia/macrophage cells isolation, brain was rapidly extrac
ted on ice. Hippocampus was dissected and perfused using a phosphate 
buffered saline (PBS). Isolated tissue was softly dissociated in ice cold 
PBS supplemented with 0.2% glucose for 15 min at room temperature 
using Potter homogenizer. Tissue homogenate was filtered through a 40 
nm cell strainer (BD Biosciences Discovery) for additional tissue 
grinding and then was carried to a 15 mL tube and centrifuged at 350 g 
for 10 min at room temperature. Cell sediment was then suspended in 1 
ml of 70% isotonic Percoll solution. 1 ml of 50% Percoll solution was 
gently layered on top of the 70% layer, and 1 ml of PBS solution was then 
layered on top of the 50% Percoll layer. Density gradient was centri
fuged for 40 min at 1200 g. After centrifugation, the layer at the inter
face between the 70% and 50% Percoll phases containing highly 
enriched microglia/macrophage was aspirated and cells were washed 
twice in PBS by centrifugation (Frank et al., 2006). Purity of isolated 
microglia/macrophage fraction was examined by flow cytometry using 
fluorescein isothiocyanate (FITC) mouse anti-rat CD11b (BD Pharmin
gen™) and phycoerythrin (PE) mouse anti-rat CD45 (BD Pharmin
gen™). The proportion of CD11b + CD45+ cells was 88.9 ± 3.7%. Cell 
viability was determined by Trypan blue exclusion test. The proportion 
of viable cells was ≥93%. 

2.8. Phagocyte metabolic profile assessment 

Phagocyte metabolic profile was characterized by their phagocytic 
activity, oxidative metabolism, and phenotypic marker expression, 
which were examined by flow cytometry. Phagocytic activity was 
detected as described earlier (Rudyk et al., 2018). FITC-labeled ther
mally inactivated cells of Staphylococcus aureus Cowan I (collection of 
the Department of Microbiology and Immunology, ESC “Institute of 
Biology and Medicine” of Taras Shevchenko National University of Kyiv) 
were used as a phagocytosis object. 2х105 microglia/macrophage cells 
were incubated at 37 ◦C for 30min with bacterial cells (5 μL of the stock 
suspension of FITC–labeled S. aureus at a concentration of 1 × 107 

cells/mL). Phagocytosis was stopped by adding a ‘stop’ solution (PBS 
with 0.02% EDTA and 0.04% paraformaldehyde). Data are presented as 
the phagocytosis index (PhI) that representing the mean fluorescence 
per one phagocytic cell (ingested bacteria by one cell), and as phago
cytosis percentage (PP) (percentage of cells emitting fluorescence). The 
phagocyte oxidative metabolism was examined using 
2′7′-dichlorodihydrofluorescein diacetate (H2DCFDA, Invitrogen) as 
described previously (Rudyk et al., 2018). Reactivity reserve of the 
oxidative metabolism was characterized by the modulation coefficient 
(MC). MC was determined after the treatment of cell samples with 
phorbol 12-myristate 13-acetate (PMA) (protein kinase C activator, 
which has the ability to augment phagocyte oxidative metabolism) (Jin 
et al., 2021) in vitro and was calculated by the formula: MC = ((S–B) ∕ B) 
× 100, where S − level of reactive oxygen species (ROS) generated after 
treatment with PMA in vitro; B − ROS value of untreated cells (basal 
value). 

For phagocyte phenotyping, FITC-labeled anti-CD86, PE-labeled 
anti-CD80, and Alexa Fluor 647-labeled anti-CD206 antibodies (Bec
ton Dickinson, Pharmingen, USA) were used. Results were assessed 
using FACSCalibur flow cytometer and CellQuest software (Becton 
Dickinson, USA). 

2.9. Statistical analysis 

All data are presented as mean ± SD. Data were tested using the 
Kolmogorov–Smirnov test for a normal distribution before other statis
tical tests. Statistical differences were calculated using ANOVA with 
Tukey’s post-hoc test for multiple comparisons, and a two tailed t-test 
and non-parametric Mann-Whitney U test for single comparisons. Dif
ferences were considered significant at p < 0.05. Spearman correlation 
test was used to determine the statistical relationships between the 
values of measured microglia/macrophage metabolic characteristics 
and systemic inflammation marker values. A 2-tailed p ≤ 0.05 was 
considered statistically significant. 

3. Results 

3.1. Behavioral features and DN loss in rats with 6-OHDA- and LPS- 
induced PD 

The administration of both 6-OHDA and LPS was effective to cause 
brain injury as ascertained by the results of behavioral testing. 
Apomorphine test was used for comparative assessing the extent of the 
DN lesion. In 6-OHDA-lesioned rats, contralateral rotational rate was 
7.6 rpm on day 8 after the surgery, indicating ≥80% DN damage and 
reflecting acute severe unilateral neurodegeneration (Fig. 1A). One 
week later, rotation rate in these animals came up 11.4 rpm, indicating 
progressive DN death. In LPS-lesioned group, contralateral rotation rate 
was 0.8 rpm 7 days, and 1.2 rpm 14 days after the endotoxin intro
duction, indicating moderate but progressive DN loss. Our results 
concord with the data of Eidson et al. (2017), which reported moderate 
progressive decrease in dopamine levels (≤50%) in rats after intra
striatal LPS injection. DN loss in lesioned rats was additionally 
confirmed by the TH immunostaining, which revealed ~60% decrease 
of TH-positive neurons in rats with LPS-PD and ~80% decrease in ani
mals with 6-OHDA-PD (Fig. 1B–F). 

The open-field test was used to assess physiological and psycho- 
social status of animals with both PD models. Ambulatory activity in 
6-OHDA-lesioned animals was quite similar to those in LPS-lesioned 
rats. Significant decreases in total distance traveled: by 36% in 6- 
OHDA-lesioned rats and by 38% - in LPS-lesioned ones (Fig. 1G), and 
the number of rearing: by 59% and by 31% correspondingly (Fig. 1H) 
were registered in both model groups as compared to their sham- 
operated counterparts. The number of grooming was more reduced in 
rats with 6-OHDA-PD: by 27% vs 1% in animals with LPS-PD (Fig. 1I). 
The number of defecations in the session was also decreased in lesioned 
rats: by 28,2% in animals with 6-OHDA-PD and by 19.2% in LPS- 
lesioned ones as compared to control groups (Fig. 1J), indicating 
gastrointestinal malfunction with reduced colonic contractions, which is 
inherent in PD patients and rodents with experimental hemi
parkinsonism (Minalyan et al., 2019). As for anxiety, the number of 
entries to the center of the arena was reduced in all lesioned animals on 
average by 1.3 times (Fig. 1K), latency to start the movement was 
increased in 6-OHDA lesioned rats by 4 times (Fig. 1L). This along with 
increased frequency of defecation (number of defecations per total dis
tance traveled, Fig. 1M) indicates anxiety-like behavior in rats from both 
PD groups. 

3.2. Metabolic characteristics of microglia/macrophages in rats with 6- 
OHDA- and LPS-induced PD: similarities and differences 

Motor impairment and anxiety-like behavior in 6-OHDA- and LPS- 
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lesioned rats were associated with slightly different metabolic profile of 
the microglia/macrophage population at the time point of the experi
ment cessation. 

Phagocytic activity. Numerous studies specify a dysregulation (either 
up or downregulation) of microglia phagocytic activity as a prominent 
event in the PD pathophysiology (Janda et al., 2018; Ho, 2019). In our 
experiments, fraction of phagocytizing microglia/macrophage cells (PP) 
in 6-OHDA-lesioned rats was 1.4 times lower as compared to 
sham-operated animals and almost 3 times lower than that in intact 
animals (Fig. 2A). Whereas, percentage of phagocytizing micro
glia/macrophage cells (PP values) in LPS-lesioned animals didn’t differ 
significantly from that in animals from control groups (Fig. 2A). The 
intensity of S. aureus phagocytosis (PhI) was reduced in both 6-OHDA- 
(by 1.2 times as compared to sham-operated animals and by 2.5 times 
in comparison with intact rats) and LPS-lesioned animals, but to the 
lesser extent: by 1.5 times as compared to intact rats (Fig. 2B). 

Oxidative metabolism. Constitutive ROS generation is inherent in 
many cells including phagocytes considering their essential roles in 
signal transduction, cell differentiation, and gene expression (Canton 
et al., 2021). In phagocyte polarized activation, increased ROS genera
tion is regarded as a metabolic marker of their pro-inflammatory func
tional skew (Jurga et al., 2020). In our experiments, baseline ROS 
generation by microglia/macrophage cells in lesioned rats from both 
models didn’t differ significantly from that in control animals (Fig. 2C). 
In addition to the assessment of baseline ROS generation, we also 
examined the reactivity reserve of this phagocyte function (the 
remaining capacity of a cell to fulfill given metabolic activity under 
stress) after the treatment with PMA in vitro. Reactivity reserve was 
characterized by MC. Positive value of MC (see Materials and Methods) 
means the presence of reactivity reserve in analyzed cell population, 
whereas zero and/or negative value can evidence the maximum degree 
of the activation of the given function and lack of reactivity reserve or 
exhaustion of oxygen metabolism (Kanyilmaz et al., 2013). In animals 
from control groups, microglia/macrophage cell treatment with PMA in 
vitro resulted in boosted ROS generation (by 1.9 times on average), 
whereas it failed to boost their oxidative metabolism in lesioned rats 
from both models. 

Phenotypic markers of the polarized activation. CD80 and CD86 are 
co-stimulatory molecules, which are necessary for antigen presentation 
and T cell activation. CD80 is expressed by both resting and activated 
resident microglial cells, whereas CD86 is expressed by only activated 
resident and recruited microglial cells (Böttcher et al., 2019). Upregu
lated expression of CD80/86 is considered as a marker of 
pro-inflammatory (M1) microglia/macrophage metabolic shift (Jurga 
et al., 2020). In our experiments, a fraction of CD80/86 positive cells in 
microglia/macrophage population from 6-OHDA-lesioned rats was 3.6 
times lower than that in animals from control groups (Fig. 2D), whereas 
in LPS-lesioned rats, percentage of these cells was significantly (by 1.85 
times) higher than that in intact animals and 4 times higher as compared 
with sham-operated rats (Fig. 2D). The levels of CD80/86 expression by 
microglia/macrophage cells from rats with both models were compa
rable to those in control animals (Fig. 2E). CD206 (mannose receptor 
C-type 1) is constitutively expressed by all macrophages, including 
resident microglial cells. It is a scavenger receptor binding both 
endogenous glycans (associated with tissue damage or apoptotic cell 
death) and microorganism sugars (Feinberg et al., 2021). CD206 ligation 
mostly produces anti-inflammatory responses, and therefore upregula
tion of CD206 expression is considered as a marker of anti-inflammatory 

phagocyte polarized activation (Jurga et al., 2020). In addition, micro
glia/macrophage population from 6-OHDA-lesioned rats was charac
terized by the increased fraction of CD206 positive cells (by 1.92 times 
as compared to intact animals and by 1.56 in comparison with values of 
sham-operated rats), the levels of CD206 surface expression didn’t differ 
in lesioned and control animals (Fig. 2E). In LPS-lesioned rats, neither 
the percentage of CD206 positive microglia/macrophage cells, nor the 
level of CD206 surface expression differed in lesioned and control ani
mals (Fig. 2D and E). 

3.3. Systemic inflammatory markers in rats with 6-OHDA- and LPS- 
induced PD, and their association with microglia activation 

As mentioned above, activated microglia contributes to the blood- 
brain barrier (BBB) impairment and promotes spread of inflammatory 
events to the periphery (Huang et al., 2021). We hypothesized that 
different features of microglia activation would correlate with dissimilar 
peripheral inflammatory changes. For testing the assumption, six most 
commonly used systemic inflammatory indices were exploited: NLR, 
dNLR, LMR, PLR, SIRI and SII (Table 1). NLR is a very sensitive and most 
commonly used indicator of systemic inflammation, which mirrors 
coupling and antagonism between innate and adaptive immunity in the 
course of various pathological states including neurodegenerative dis
eases (Zahorec, 2021). In 6-OHDA-lesioned rats, NLR values were 1.7 
times lower than in intact animals, and moderately lower as compared to 
sham-operated animals. By contrast, NLR values in LPS-lesioned rats 
were almost twice as high as in control animals. dNLR is considered as 
more sensitive biomarker for systemic inflammation as compared to 
NLR, since it reflects the release of undifferentiated neutrophils and 
monocytes in a proinflammatory environment (Citu et al., 2022). Values 
of this marker were also increased in rats with LPS-PD as compared with 
their control counterparts (by 2.2 times on average), whereas dNLR 
values of 6-OHDA-lesioned animals didn’t differ from those in control 
animals. LMR reflects involvement of mononuclear inflammatory cells 
(monocytes) in systemic inflammation (Nissen et al., 2019). In our ex
periments, LMR values in rats with 6-OHDA-PD were almost twice as 
low as in control animals, whereas in rats with LPS-PD - didn’t differ 
significantly from those in control animals. PLR is a marker indicating 
changes in platelet and lymphocyte counts caused by SI with pro
thrombotic state (Madetko et al., 2022). PLR values in the group LPS-PD 
were 1.7 times higher as compared to those in intact animals, and 1.5 
times higher than in their sham-operated counterparts. In 6-OHDA-PD 
model, PLR values didn’t differ in lesioned and control animals. SIRI 
combines neutrophil, monocyte and lymphocyte count, mirrors the host 
immune and inflammation balance, thereby reflecting the state of im
munodeficiency or immune exhausting. SII combines neutrophil, 
platelet and lymphocyte count and represents more integral index of 
systemic inflammation with prothrombotic component as compared to 
PLR. In our experiments, there were no significant differences between 
the values of SIRI in lesioned and control animals in both models. SII 
values in 6-OHDA-lesioned rats were moderately lower than those in 
control animals, whereas in LPS-lesioned rats these indices were more 
than 2 times higher as compared with control animals. Correlation 
analysis revealed associations between the proportion of CD80/86 cells 
in microglia/macrophage population and several SI indices in lesioned 
animals of both models. Surprisingly, these associations were opposite 
in 6-OHDA-PD and LPS-PD (Fig. 3A–H). In animals with 6-OHDA-PD 
moderate negative correlations were found between the proportion of 

Fig. 1. Behavioral characteristics and dopaminergic neuron loss in rats with 6-OHDA- and LPS-induced Parkinson’s disease. A – apomorphine test; B–F – repre
sentative immunohistochemical images of the TH-positive neurons (brown) in the midbrain of the 6-OHDA-PD (C, D) and LPS-PD (E, F) experimental groups (Quick 
scores (Q) under the images, calculated by multiplying the percentage of positive cells (P) by the intensity (I) and presented as: Q = P x I, are shown), magnification 
x50; G - total distance traveled; H - number of rearing; I - number of grooming; J – number of defecations in the session; K – number of entries to the center of the 
arena; L – latency to start the movement; M - frequency of defecation (number of defecations per total distance traveled). Data are presented as mean ± SD. Data from 
intact, sham-operated and lesioned animals were compared using ANOVA with Tukey post-hoc test. * - differences were considered to be significant when P < 0.05. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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CD80/86 cells and NLR and SII (rs = − 0.61 and − 0.65 correspondingly) 
(Fig. 3A and G). Whereas in rats with LPS-PD, strong positive correlation 
was detected between the proportion of CD80/86 cells and NLR, PLR 
and SII (rs = 0.71, 0.78 and 0.74 correspondingly) (Fig. 3B, F and H). 

4. Discussion 

In the current study, we conducted comparative evaluation of 
behavioral features, DN loss, and, most importantly, activation patterns 
of microglia/macrophage population and their association with SI 
manifestation in rats with 6-OHDA- and LPS-induced PD. We found 
comparable impairment of ambulatory activity, gastrointestinal 
dysfunction, and anxiety-like behavior in both models. At the same time, 
DN loss was significantly more pronounced in 6-OHDA-lesioned rats as 
compared to LPS-lesioned animals. In doing so, we observed more 
explicit pro-inflammatory metabolic shift in microglia/macrophage 
cells in rats with LPS-PD (as evidenced by significantly increase of 
CD80/86 positive cell fraction). It suggests that behavioral abnormal
ities in 6-OHDA-lesioned rats may be primarily stipulated by DN damage 
as a result of selective toxic effect of 6-OHDA (García-Revilla et al., 
2022), whereas motor and non-motor symptoms in LPS-lesioned animals 
may be foremost associated with more pronounced pro-inflammatory 
activation of the microglia/macrophage cell population. Our data are 
in agreement with findings of Parra et al. (2020), which revealed that 
6-OHDA causes a high degree of DN loss, and a lower degree of microglia 
activation compared to LPS, as was evident by the analysis of microglia 
morphology. Nevertheless, animal treated with both toxins were char
acterized by comparable motor impairment in these experiments. In 
addition, our data support the allegation that PD can’t be considered as a 
disease of DN exclusively, since multiple populations of neurons in 
multiple regions of the central and peripheral nervous system are 
affected in this disease (Giguère et al., 2018; Matschke et al., 2022). 

Metabolic characteristics of microglia/macrophage population in 6- 
OHDA- and LPS-lesioned animals at the time of the experiment cessation 
(day 29 after the surgery) were identical in many respects: down regu
lated phagocytic activity alongside the prolonged activation of oxidative 
metabolism as ascertained by the absence of the reactivity reserve of this 
function, indicates pro-inflammatory functional skew in cells from rats 
with both PD models (Jurga et al., 2020). It is well documented that M1 
polarized activation of phagocytes is accompanied by the continuous 
ROS generation and acquiring antigen-presenting ability, both of these 
functions followed by delayed phagosome maturation and progressive 
decrease in phagocytic activity (Tan et al., 2016; Yanuck, 2019). 
Nevertheless, we registered some important distinctions in the activa
tion patterns of microglia/macrophage population in 6-OHDA- and 
LPS-induced PD. At the time of experiment cessation, the fraction of 
phagocytizing cells, as well as fraction of CD80/86-positive cells in 
microglia/macrophage population remained quite high in animals with 
LPS-PD. It can indicate ongoing neuroinflammation in animals with this 
model even 28 days after the disease initiation. This assumption is in line 
with data presenting by Janda et al. (2018), according to which 
pro-inflammatory and phagocytic TREM2-positive microglia with 

(caption on next column) 

Fig. 2. Metabolic characteristics of microglia/macrophages in rats with 6- 
OHDA-induced and LPS-induced Parkinson’s disease. A – phagocytosis per
centage (see Materials and Methods); B – phagocytosis index; C – basal and 
PMA-stimulated ROS generation; D – phenotypic marker expression, the per
centage of positive cells; E − phenotypic marker expression, expression level 
(mean fluorescence intensity). Data are presented as mean ± SD. Data from 
intact, sham-operated and lesioned animals were compared using ANOVA with 
Tukey post-hoc test. * - differences were considered to be significant when P <
0.05. Measurements in samples after the treatment with PMA in vitro were 
compared with untreated samples using a two tailed T-test, # - P < 0.05 versus 
corresponding untreated control. 
PD, Parkinson’s disease; PP, phagocytosis percentage; PhI, phagocytosis index; 
ROS, reactive oxygen species. 
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increased Major Histocompatibility Complex (MHC) II and cos
timulatory molecules expression are prevalent in PD patients, especially 
in late stages of the disease. In our microglia phagocytosis assay we used 
bacterial cells. TREM2 (Triggering Receptor Expressed on Myeloid cells) 
participates in both phagocytosis of apoptotic neurons and a wide va
riety of bacteria by microglia (Tremblay et al., 2019). By contrast, the 
fraction of phagocytizing cells in the microglia/macrophage population 
from 6-OHDA-lesioned rats was significantly decreased as compared 
with LPS-lesioned animals. Substantial decrease in the percentage of 
CD80/86-positive cells alongside the high proportion of CD206-positive 
cells were also registered in animals with 6-OHDA-PD. Altogether these 
data can evidence spontaneous resolution of the neuroinflammation in 
lesioned rats. Our assumption concord with numerous literature data, in 
which acute nature of 6-OHDA-induced PD with the potential for 
spontaneous neuroreparation and resolution of neuroinflammation are 
considered as one of the drawbacks of this model (Bezard et al., 2013; 
Jagmag et al., 2016; Okyere et al., 2021). 

A further distinction between 6-OHDA- and LPS-PD models was in 
the manifestation of SI. Neuroinflammation with the involvement of 
microglia, as is known, creates vicious circle with SI, which gives PD 
chronic scope. Inflammatory mediators, produced by activated micro
glia enter the periphery and activate peripheral immunocytes followed 
by the appearance of systemic inflammation markers in blood (Lerche 
et al., 2022). Inflammatory mediators from peripheral immune cells in 
turn can enter the brain, either through neural or humoral pathways. 
Humoral pathway presupposes transporting these mediators with blood 
through the disturbed BBB. Neural pathway is associated with the 
transfer of peripheral pro-inflammatory signals through the autonomic 
nervous system (Ferrari and Tarelli, 2011). These inflammatory medi
ators, being transported to the brain, maintain and exacerbate neuro
inflammation and neurodegeneration. Moreover, systemic 
inflammatory changes correlate with disease severity (Roy et al., 2021). 
CD80/86 positive microglial cells are considered as the main source of 
pro-inflammatory mediators including Th1 cytokines, which are 
responsible for spreading neuroinflammation to the periphery (Jurga 
et al., 2020). In our experiments, the values of systemic inflammatory 
indices, which reflect most precisely persistent SI (NLR, dNLR, PLR and 
SII) (Citu et al., 2022) were increased as compared to the control only in 
LPS-lesioned rats, indicating that systemic spread of neuroinflammation 
as a sign of crosstalk between central and peripheral immune system is 
characteristic of this model, in contrast to 6-OHDA-PD. Systemic in
flammatory indices correlated with proportions of CD80/86+ cells in 
microglia/macrophage populations in both models but in different way. 
The proportion of CD80/86+ microglial cells was found to be positively 
correlated with the NLR, PLR and SII values in rats with LPS-PD. One can 
suppose that these M1-polarized phagocytes with properties of 
antigen-presenting cells are associated with spreading of the inflam
mation to the periphery in this model. In rats with 6-OHDA-PD, pro
portion of CD80/86+ microglial cells correlated negatively with values 
of SI indices. This phenomenon may be explained by dual role of B7 
family members in the immune response regulation. Namely, 

CD80/86+ cells may belong to both M1-polarized immunostimulatory 
myeloid cells and myeloid-derived suppressor cells (MDSC) involved in 
the resolution of inflammation (Collins et al., 2005). One can suppose, 
that in case of 6-OHDA-PD, CD80/86+ microglial cells, the number of 
which correlated negatively with SI manifestation, belong to MDSC. 

Several limitations of this study must be noted. Differences in the 
patterns of microglia/macrophage activation in 6-OHDA and LPS PD 
models must be examined over time after the toxins introduction to 
achieve a deeper comprehension of the phenomenon. We used limited 
number of metabolic characteristics to assess activation pattern of 
microglia/macrophage population, and additional features including 
arginine metabolism and cytokine profile must be evaluated to 
strengthen our findings. Deep insight into reasons for the distinctions in 
the activation patterns of complex microglia/macrophage population 
requires separate evaluation of resident microglial cells and recruited 
monocyte-derived macrophages. E.g., macrophages from the periphery 
can be differentiated from the resident microglial cells by their expres
sion of Tmem119, CD44 (Segal and Giger, 2016; Jurga et al., 2020) and 
CD169 (Jurga et al., 2020). 

5. Conclusions 

In summary, our results indicate that comparable neuro
inflammation is induced in both LPS- and 6-OHDA-PD models. However, 
the mechanisms seem to be different considering that these disease- 
initiating substances induce polarized activation of complex micro
glia/macrophages population using different receptors and pathways, 
thereby affecting PD modeling, including local and systemic inflam
mation development, in different way. Phenomenon of strong correla
tion between neuroinflammation and SI features in LPS-PD deserves 
further scientific analysis in terms of using this model for studying 
crosstalk between local and systemic inflammatory responses in the 
disease pathogenesis and for searching new therapeutic targets. Future 
experiments aiming to study the correlation between indices of SI and 
tissue-resident and recruited CD80/86 positive cell number separately 
will contribute to more precise finding of aforementioned therapeutic 
targets for anti-inflammatory agents in the complex PD treatment. 
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Table 1 
Systemic inflammation markers in rats with 6-OHDA-induced and LPS-induced Parkinson’s disease. Data are presented as mean ± SD. * - P < 0.05 as compared to 
intact animals; # - P < 0.05 as compared to sham-operated animals (ANOVA with Tukey post-hoc test). dNLR, Derived neutrophil to lymphocyte ratio; LMR, 
Lymphocyte to monocyte ratio; NLR, Neutrophil to lymphocyte ratio; PD, Parkinson’s disease; PLR, platelet to lymphocyte ratio; SII, Systemic immune inflammation 
index; SIRI, Systemic inflammatory response index.  

Systemic inflammation 
marker 

6 –OHDA-induced PD LPS-induced PD 

Intact animals, n 
= 10 

sham-operated animals, 
n = 10 

6 –OHDA-lesioned 
animals, n = 10 

Intact animals, n 
= 10 

sham-operated animals, 
n = 10 

LPS-lesioned animals, 
n = 10 

NLR 0.35 ± 0.07 0.27 ± 0.12 0.21 ± 0.06* 0.25 ± 0.09 0.29 ± 0.09 0.54 ± 0.12*# 
dNLR 0.41 ± 0.05 0.34 ± 0.12 0.32 ± 0.18 0.23 ± 0.07 0.25 ± 0.07 0.53 ± 0.14*# 
LMR 7.61 ± 2.66 8,45 ± 2.28 4.39 ± 0.82*# 8.39 ± 1.78 6.78 ± 2.28 8.27 ± 2.45 
PLR 25.53 ± 6.57 28.64 ± 9.25 27.72 ± 15.25 29.54 ± 6.91 34.58 ± 7.52 51.81 ± 7.84*# 
SIRI 0.20 ± 0.08 0.13 ± 0.05 0.19 ± 0.11 0.11 ± 0.04 0.12 ± 0.09 0.21 ± 0.09 
SII 33.73 ± 9.09 32.852 ± 8.04 23.52 ± 2.04* 37.24 ± 8.97 41.91 ± 7.83 77.58 ± 4.53*#  
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