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Microglia cells are the macrophage population within the central nervous
system, which acts as the first line of the immune defense. These cells
present a high level of heterogeneity among different brain regions regarding
morphology, cell density, transcriptomes, and expression of different
inflammatory mediators. This region-specific heterogeneity may lead to
different neuroinflammatory responses, influencing the regional involvement
in several neurodegenerative diseases. In this study, we aimed to evaluate
microglial response in 16 brain regions. We compared different aspects
of the microglial response, such as the extension of their morphological
changes, sensitivity, and ability to convert an acute inflammatory response
to a chronic one. Then, we investigated the synaptic alterations followed
by acute and chronic inflammation in substantia nigra. Moreover, we
estimated the effect of partial ablation of fractalkine CX3C receptor 1
(CX3CR1) on microglial response. In the end, we briefly investigated astrocytic
heterogeneity and activation. To evaluate microglial response in different brain
regions and under the same stimulus, we induced a systemic inflammatory
reaction through a single intraperitoneal (i.p.) injection of lipopolysaccharides
(LPS). We performed our study using C57BL6 and CX3CR11t/GFP mice to
investigate microglial response in different regions and the impact of CX3CR1
partial ablation. We conducted a topographic study quantifying microglia
alterations in 16 brain regions through immunohistochemical examination and
computational image analysis. Assessing Ibal-immunopositive profiles and
the density of the microglia cells, we have observed significant differences
in region-specific responses of microglia populations in all parameters
considered. Our results underline the peculiar microglial inflammation in
the substantia nigra pars reticulata (SNpr). Here and in concomitance with
the acute inflammatory response, we observed a transient decrease of
dopaminergic dendrites and an alteration of the striato-nigral projections.
Additionally, we found a significant decrease in microglia response and the
absence of chronic inflammation in CX3CR1t/GFP mice compared to the
wild-type ones, suggesting the CX3C axis as a possible pharmacological
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target against neuroinflammation induced by an increase of systemic
tumor necrosis factor-alpha (TNFa) or/and LPS. Finally, we investigated
astrocytic heterogeneity in this model. We observed different distribution and
morphology of GFAP-positive astrocytes, a heterogeneous response under
inflammatory conditions, and a decrease in their activation in CX3CR1 partially
ablated mice compared with C57BL6 mice. Altogether, our data confirm that
microglia and astrocytes heterogeneity lead to a region-specific inflammatory
response in presence of a systemic TNFa or/and LPS treatment.

KEYWORDS

microglia, neuroinflammation, lipopolysaccharide (LPS), CX3CR1, substantia nigra
(SN), astrocyte, dopaminergic (DA) neuron

Introduction

Microglia cells represent the first line of the immune defense
within the central nervous system (CNS), and they are widely
present in the brain. Despite their ubiquitous distribution,
these cells differ among different brain regions. Lawson et al.
(1990) showed that microglia populations appeared of high
heterogeneity in their morphology and cell density. Other
studies reported differential expression of crucial inflammatory
mediators, such as tumor necrosis factor-alpha (TNFw),
interleukin 1-beta (IL1p), and fractalkine chemokine axis CX3C,
among microglia cells of different brain regions (de Haas et al,,
2008; Grabert et al.,, 2016; De Biase et al., 2017; Ayata et al,,
2018; Abellanas et al., 2019; Masuda et al., 2020). Interestingly,
the marked difference in cell density and morphology that
occurs between microglia cells in the substantia nigra pars
reticulata (SNpr) compared to the ones in SN pars compacta
(SNpc) and ventral tegmental area (VTA). These neighboring
regions contain the highest and lowest microglia densities in
the whole CNS and evident morphological differences in their
branches and lysosomal system (De Biase et al, 2017). De
Biase et al. (2017) performed a whole transcriptome RNA-
sequencing data analysis, showing that microglia populations
in SN, VTA, Nucleus Accumbens (NAc), and cortex share only
48% of their gene expression profile in a steady-state condition.
Abellanas et al. (2019) examined microglia in the midbrain,

Abbreviations: AD, Alzheimer's disease; BBB, blood-brain barrier;
CD68, cluster of differentiation 68; CNS, central nervous system; CVO,
circumventricular organ; EFI, extended focus imaging; GABA, gamma-
aminobutyric acid; GFAP, glial fibrillary acid protein; IL, interleukin; i.p.,
intraperitoneal; LPS, lipopolysaccharide; MHC, major histocompatibility
complex; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; NAc,
nucleus accumbens; NLPR3, Nucleotide-binding domain and leucine-
rich repeat receptor containing a pyrin domain 3; PD, Parkinson’s
disease; PFA, paraformaldehyde; PPA cortex, posterior parietal
association areas; PSM cortex, primary motor and somatosensory
cortex; ROS, reactive oxygen species; SNpr, substantia nigra pars
reticulate; SNpc, substantia nigra part compacta; TGF, transforming
growth factor; TH, tyrosine hydroxylase; TLR, toll-like receptors;
TNF, tumor necrosis factor; VTA, ventral tegmental area; 6-OHDA,
6-hydroxydopamine.
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striatum, cortex, and hippocampus, observing variation in the
distribution of critical inflammatory components such as toll-
like receptor 4 (TLR4) and major histocompatibility complex
I or IT (MHC I-II). They showed that microglial cells in the
midbrain contained higher levels of these components.

A useful model to study neuroinflammation is represented
by the one obtained through lipopolysaccharide (LPS)
administration. This compound is a component of the
extracellular membrane of gram-negative bacteria that can
induce a systemic inflammatory response when administered
intraperitoneally (i.p.). In turn, this systemic inflammation
can affect the brain mainly via TNFa signaling, inducing the
activation of microglia cells (Rietschel et al,, 1994; Qin et al,
2007). In some regions, such as circumventricular organs
(CVO) in the hypothalamus, the lack of blood-brain barrier
(BBB) exposes the tissue to the direct stimulation from LPS,
mediated by TLR4 (Furube et al., 2018; Vargas-Caraveo et al,,
2020). Studies also showed that LPS could pass the BBB
through lipoprotein-mediated transport but in low amounts
(Vargas-Caraveo et al,, 2017). In TNFa -depleted mice, the
general neuroinflammatory response was abolished, indicating
that TNFa is crucial for the inflammation observed in the
brain after systemic LPS administration (Qin et al, 2007).
Studies have further described that the inflammatory response
within the brain could be converted from an acute reaction
to a chronic response, which induces subsequent progressive
dopaminergic neurodegeneration in SNpc (Qin et al, 2007;
Liu et al, 2008; Zheng et al., 2013). However, other studies
failed to show such chronic inflammation in the cerebral cortex
2 weeks after LPS administration (Benusa et al., 2017). Whether
these discrepancies depend on a distinct inflammatory response
between several brain regions, differences in the treatments
or various forms of LPS used in several studies is still unclear.
Most of the works that investigated chronic inflammation
have been focused on a limited number of brain regions. The
lack of comparisons about the uniformity of inflammatory
response in the whole brain leaves this question open. Recently,
Zhao et al. (2020) showed that chronic inflammation could be
driven by an IL1B-dependent mechanism, while other studies
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have shown that IL1B expression differs between brain regions
after systemic LPS administration (Silverman et al, 2014;
Abellanas et al.,, 2019). Consequently, these data suggest that
chronic inflammation may differ among several brain regions.
Moreover, it was shown that caspase-1, responsible for IL1f
maturation, is also able to induce truncation of a-synuclein
protein, increasing its ability to get aggregated (Ulusoy et al,
2010; Games et al., 2014; Tran et al., 2014; Wang et al., 2016;
Rai et al,, 2021). Consequently, the different expression level of
IL1B, reflecting the activity of caspase-1, could also influence
the spatial-distribution of Lewy bodies, one of the main
characteristic of synucleinopathies.

In the present study, we have investigated whether microglia
heterogeneity leads to different inflammatory responses among
16 brain regions after exposure to the same pro-inflammatory
stimulus. Using an LPS model obtained with a single ip.
injection in C57BL6 mice, we observed brain regional-specific
responses regarding several microglia activation parameters,
including (1) alterations in morphology and changes in
lysosomal system, reflecting the extent of microglia activation,
(2) their sensitivity to systemic TNFa/LPS, and (3) their
ability to preserve the activated state chronically 1 month
after treatment. Interestingly, microglia cells in SNpr exhibited
the most robust inflammatory response, were particularly
sensitive to systemic TNFa/LPS, and maintained an activated
status chronically. This inflammatory condition transiently
decreased tyrosine hydroxylase (TH) positive profiles in SNpr.
Moreover, we compared microglia activation in CX3CR17/GFP
and C57BL6 mice after systemic LPS administration. We
observed lower microglia activation in CX3CR1+/GFP 24 h
after treatment, and the absence of chronic microglia activation
1-month post-LPS administration.

Lastly, we explored whether astrocytes present a regional-
specific distribution and phenotypes. Our data revealed a
high heterogeneity of this cell population and a region-
specific inflammatory response under inflammatory conditions.
Moreover, we observed a lower astrocytic activation in
CX3CR11/CSFP mice compared to C57BL6 mice, confirming
that CX3CR axis could represent an important pharmacological
target to decrease the inflammatory reaction within the brain.

Materials and methods

Animals

Adult male 6-month-old C57BL6 were purchased from
Janvier Labs (Saint Berthevin Cedex, France), and they were
acclimatized for 19 days before the experiments. Adult male 6-
months-old CX3CR1+/CFF were bred in loco. Mice were housed
in a controlled environment with the temperature at 21°C,
controlled humidity, 12 h light/dark cycle, cages enriched by
stimuli, fed ad libitum with rodent pellet diet, and free access
to water. All animals included in this work and the procedures
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performed are approved by the Malm6/Lund Animal Ethical
Committee (Dnr 5.8.18-09454/2021).

Lipopolysaccharides treatments and
samples collection

Mice received a single i.p. injection of LPS (clone O55:B5,
Sigma-Aldrich, St. Louis, MO, United States) or vehicle alone
and were sacrificed 1- or 30-days post-treatment. 5 mg/kg
concentration of LPS was used to induce the acute and chronic
response and 5, 0.5, 0.05, and 0.005 mg/kg doses were used
for the dose-dependent response experiments. All experiments
involved three animals in each group and were performed
simultaneously. At the end of the experiments, mice were deeply
anesthetized using pentobarbital and perfused with saline,
followed by 4% paraformaldehyde (PFA). Brains were post-fixed
in the same fixative for one overnight and then immersed in PBS
with 30% sucrose until use.

Immunostaining and microscopy

Brains were cut into 25 um thick sections using a
microtome (Leica SM2010R, Microtome and Microscope, Leica
Microsystems, Wetzlar, Germany) and stored at —20°C in
an anti-freeze solution. Brain slices were stained for IIbal
antibody (1:1000, Nordic Biolabs, Wako Chemicals, Taby,
Sweden, Cat. #019-19741), CD68 antibody (1:500, Bio-Rad,
Hercules, CA, United States, Cat. #MCA1957), TH antibody
(1:2000, Chemicon-Millipore, Burlington, MA, United States,
Cat. #AB152 and #MAB358), Gephyrin antibody (1:250,
Synaptic Systems, Gottingen, Germany, Cat. #147011C3), GFAP
antibody (1:500, Dako, Santa Clara, CA, United States, Cat.
#70334), in PBS with the serum (5-10%) from the animal
species of the secondary antibodies and Triton-X 100. The
images were acquired using Olympus Virtual Stage 120
with extended focus imaging setting (EFI) for scan images
(20x and 10x magnifications), Olympus BX53 microscopes,
Shinjuku, Tokyo, Japan (20x and 60x magnification), and
LEICA Stellaris 8 Dive for confocal images (40x and 63x
magnification). EFI setting consists of five optical sections
with a 5 um increment between two consecutive optical
sections. Z-stack confocal images consist of 30 optical
sections, with 0.5 um increment between two consecutive
optical sections, and their 3-dimensional projection was
used for analyses.

Quantitative image analyses

We examined 16 different brain regions: (1) Different
representative nuclei, such as NAc, striatum, thalamus,
VTA, SNpc, and SNpr; (2)

hypothalamus, amygdala,
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Different regions of the cerebral cortex: primary motor
and somatosensory cortex (PSM cortex), posterior parietal
association areas (PPA cortex), primary visual area (visual
PC),
piriform cortex, and the simple lobule of cerebellum;

cortex, hippocampus, entorhinal cortex, posterior
(3) anterior corpus callosum was the only white matter
structure considered. Regions of interest (ROIs) followed
coordinates from Allen Brain Atlas, as shown in few examples
in Supplementary Figure 1A.

We evaluate microglia activation considering changes in the
percentage of the marked area and cell density. We performed
image analyses using Image] software and different homemade
macros adapted to our purpose. Iba 1 marked areas were
detected using a set threshold able to distinguish cell soma
and main branches (Supplementary Figure 1B). Cell density
was measured using a threshold able to identify the soma
of microglia cells. We applied several transformations and
size filters to detect the cell soma specifically, as shown in
Supplementary Figure 1C.

To quantify TH and Gephyrin, we used confocal images
and Image]J software with homemade macros and set thresholds.
To assess GFAP and CD68 alterations in response to the
exposure of LPS, we randomly selected 4-7 frames of 20x
images per animal and analyzed them using Image]J software and
homemade macros. We quantified GFAP using a set threshold
while we performed a semi-quantitative analysis of CD68 with
variable thresholding.

Statistical analysis

Statistical analyses were performed using Graph Pad Prism
9 as software. All graphed values are shown as means with
standard deviations, and statistical details are described in the
results and figure legends. Generally, statistical significance
was assessed using a one-way ANOVA with Tukey or Sidak
correction, two-way ANOVA with Tukey correction, and
unpaired student ¢-test. Significances are partially summarized
in the graphs, and more detailed information is provided in
Supplementary Tables 1-6.

Results

Microglia heterogeneity in C57BL6
mice in naive condition

To study microglia heterogeneity in C57BL6 mice, we first
characterized microglia cells across the different brain regions
in control mice without LPS exposure. SNpr represented the
brain region with the highest percentage of the marked area
by Ibal (Figures 1A,D). Comparatively, microglia coverage in
the cerebellum, VTA, and corpus callosum was the lowest,
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followed by the hypothalamus, thalamus, and SNpc. The
remaining nine regions showed similar microglia marked area.
We observed a similar situation when we analyzed the cell
density (Figures 1B,D). Then, we examined microglia size
and morphology, considering their branch structures. For
this purpose, we performed confocal microscopy imaging in
Ibal immuno-labeled sections. We conducted cell size analysis
creating ROIs around single cells. This analysis (Figure 1C)
showed that microglia cells in 12 regions present no significant
difference in cell size. Interestingly, the size of microglia cells
in the cerebellum, corpus callosum, VTA, and SNpc was
significantly smaller than in other brain regions. After that,
we performed a qualitative morphological analysis, considering
the complexity of branch structure. We distinguished the
branches between “simple” and “complex” based on the
number of branches that derived from cell soma and by
the presence of further ramifications on each branch. From
this analysis, we observed the simplest branch structure
in VTA, cerebellum, corpus callosum, SNpc, thalamus, and
hypothalamus, while all other regions showed a complex
structure (Supplementary Figure 2).

To further
performed a qualitative analysis of the cluster of differentiation

investigate microglial heterogeneity, we
68 (CD68), a microglial-specific transmembrane glycoprotein
localized primarily on lysosomal and endosomal vesicles. From
this analysis, we generally observed the same pattern as for Ibal.
The heterogeneity between the different brain regions seems to
depend mainly on differences in microglia density. However,
CD68 positive profiles were more robust in SNpr compared
with other regions, while the hypothalamus and VTA showed
lower amounts. Interestingly, the CD68 positive profile seems
more intense in the PSM cortex and cerebellum concerning all
other regions (Supplementary Figure 3). These data showed
that nine of the examined regions present a similar percentage
of Ibal marked area and cell density in physiological conditions,
while the other seven appeared to be more heterogeneous.
Nuclei exhibited higher variability than cortical regions.
Morphologically, microglia cells were heterogeneous, and their
size depended primarily on the complexity of their branch
structure. Moreover, further differences could be present
considering other microglial features such as the lysosomal or
endosomal system.

Brain region-specific microglia
responses to intraperitoneal
administration of lipopolysaccharides
5 mg/kg

To evaluate whether microglia heterogeneity could
contribute to different inflammatory responses among different
brain regions, we compared microglia activation in mice
treated systematically with either 5 mg/kg LPS or vehicle
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Microglial heterogeneity in C57BL6N mice. (A) Percentage of the marked area by Ibal in vehicles C57BL6N mice. One-way ANOVA Fgrainregions
(15, 32) = 12.06, p < 0.0001, and n = 3 mice per region. Significance: (*) respect SNpr; (#) respect VTA. Other significances are summarized in
Supplementary Table 1. (B) Iba 1 positive cell density per mm?. One-way ANOVA FgyainRegions (15, 32) = 29.35, p < 0.0001, and n = 3 mice per
region. Significance: (*) respect SNpr; (#) respect VTA. Other significances are summarized in Supplementary Table 2. (C) Average size of Ibal
positive cells. One-way ANOVA Fgainregions (15, 32) = 12.65, p < 0.0001, and n = 5 cells per region, and n = 3 mice per region. Significance: (*)
respect Entorhinal cortex; (#) respect VTA and SNpc. Other significances are summarized in Supplementary Table 3. (D) Representative images

of Iba 1 staining in SNpr, SNpc, VTA, entorhinal cortex, hippocampus (CA1), and cerebellum. Scale bar (D) = 50 um.
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(PBS). We detected a significant increase of the marked area
by the Ibal-positive profile (Figures 2A,E) and cell density
(Figures 2B,E) in all brain regions upon LPS exposure. SNpr
and the entorhinal cortex presented the most robust microglia
activation. Comparatively, the activation of microglia cells in
the VTA, cerebellum, and corpus callosum was the lowest,
although the response was still statistically significant upon LPS
treatment compared to the control mice. Although the extent of
activation depends on the baseline level of the examined brain
regions, these data still suggest a difference in inflammatory
responses between various brain regions.

When we examined the fold changes between LPS-treated
and control groups, we observed a 2-3-fold increase in
microglia marked area (Figure 2C) and similar changes in
microglia density (Figure 2D). The most significant increase
in the microglia marked area appeared in the VTA. In
contrast, the lowest changes were detected in the PSM cortex
(Figure 2C). Concerning the relative changes in cell density
(Figure 2D), the entorhinal cortex, VTA, and SNpc showed
the highest differences, while the PSM and SNpr were the
lowest. These differences in microglial activation were evident
when comparing PSM and entorhinal cortices (Figure 2E).
These regions present similar microglia marked area and
density in control conditions. However, in LPS treated mice,
microglia activation was more robust in the entorhinal cortex
than PSM cortex.

In the end, we performed a semi-quantitative analysis of
CD68 changes under LPS exposure to confirm a differential
microglial response among different brain regions. We observed
a general increase in all regions, which appeared dependent
both on cell density increase and on intensity of CD68
immunoreactivity. The most evident change occurred in the
SNpr, where the signal increased stronger than that in all
other regions (Supplementary Figure 4). These data indicate
differential microglial responses to LPS exposure among
different brain regions.

Brain region-specific microglia
activation in response to different
doses of lipopolysaccharides

To examine whether microglia heterogeneity also affects the
sensitivity of inflammatory responses, we performed a dose-
dependent i.p. injection of LPS (from 0.005, 0.05, 0.5 to 5 mg/kg)
together with the control group. Microglia morphological
changes were examined 24 h after LPS administration, and
we observed significant differences in several brain regions.
Ibal-positive microglia marked area (Figure 3A) and cell
density (Figure 3B) increased from low doses of LPS
(0.05 mg/kg), particularly in the SNpr, entorhinal cortex, NAc,
and hypothalamus. In most other brain regions (such as the
striatum, thalamus, PSM cortex, PPA cortex, VTA, corpus
callosum, and hippocampus), only 5 mg/kg LPS induced a
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significant increase in the marked area and the density of
microglia. In the fold change analyses, we detected significant
changes in the marked area at low doses in the hypothalamus,
entorhinal cortex, VTA, and cerebellum, followed by SNpc,
SNpr, and NAc (Figure 3C). A similar pattern was observed
for the fold increase in the density of microglia cells, although
the changes of this parameter were less extent and significant
(Figure 3D). Similar pattern changes in cell density and marked
area were observed in most other regions, which became
significant at the highest dose of LPS (Figures 3C,D). This
data confirms the differential sensitivity of microglia cells
to LPS exposure. We next characterized the morphological
features of microglia following LPS treatment (Figure 3E;
Supplementary Figures 5, 6). We observed that microglia
cells in the hypothalamus, SNpr, entorhinal cortex, VTA,
and cerebellum exhibited activated features, e.g., enlarged
cell body with thickened processes, in the mice injected
with 0.05 and 0.5 mg/kg LPS dose. However, the activation
did not look uniform even in the regions with activated
microglia. For example, the highest microglia activation in the
hypothalamus was in proximity to the CVO, while it became
gradually less extensive away from this hypothalamic sub-
region (Supplementary Figure 5). Then, we semi-quantitatively
compared the CD68 changes in the hypothalamus, SNpr, and
entorhinal cortex in mice treated with different LPS doses and
the vehicle. Interestingly, we observed evident changes already
in the SNpr at the dose 0of 0.05 mg/kg (Supplementary Figure 7).
Moreover, considering relative changes, SNpr represents the
only region where CD68 showed significant changes already at
0.05 mg/kg, while the hypothalamus at 0.5 mg/kg.

To confirm that the different sensitivity observed was
not dependent by a different TNFo/LPS diffusion within the
brain, we examined the vessel distribution using podocalyxin
as a marker. We found a higher amount of vessels in the
thalamus, cerebellum, and PSM, PPA, and visual cortices
(Supplementary Figures 8A,B). This pattern does not correlate
with the microglial sensitivity observed in several brain
regions, confirming that our data were independent of TNFa
and/or LPS diftusion.

This data shows that microglia cells present innate regional
differences in sensitivity to systemic inflammation induced by
i.p. LPS administration.

Brain region-specific chronic
inflammation 30 days after
lipopolysaccharides treatment

An interesting neuroinflammatory feature induced by
systemic LPS administration is the ability to convert an acute
inflammatory response to a chronic one (Qin et al., 2007; Liu
et al., 2008; Zheng et al.,, 2013). However, whether this chronic
inflammation is present uniformly in different brain regions
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Heterogeneous microglial alterations 24 h after 5 mg/kg LPS administration. (A) Percentage of the marked area by Ibal in vehicles (white
columns) and LPS treated mice (black columns). Two-way ANOVA Fgrainregions (15, 64) = 46.13, p < 0.0001. Frieatment (L 64) = 1127,

(Continued)
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FIGURE 2 (Continued)

p < 0.0001. Finteraction (15, 64) = 6.081, p < 0.0001, and n = 3 mice per region. Significance: (*) respect relative vehicles. (B) Iba 1 positive cell
density per mm? in vehicles (white columns) and LPS treated mice (black columns). Two-way ANOVA FBrainRegions (15, 64) = 56.84, p < 0.0001.
Frreatment (15, 64) = 786.7, p < 0.0001. Finteraction (15, 64) = 5.138, p < 0.0001, and n = 3 mice per region. Significance: (*) respect relative
vehicles. (C) Relative changes in the percentage of marked area by Ibal between LPS and vehicle-treated mice. One-way ANOVA FgiginRegions
(15, 32) = 7453, p < 0.0001, and n = 3 mice per region. Significance: (#) respect VTA; (°) respect PSM cortex. Other significances are
summarized in Supplementary Table 4A. (D) Relative changes in density of Ibal positive cells between LPS and vehicle-treated mice. One-way
ANOVA Fgrainregions (15, 32) = 4,890 p < 0.0001, and n = 3 mice per region. Significance: (*) respect the Entorhinal cortex; (°) respect the PSM
cortex. Other significances are summarized in Supplementary Table 4B. (E) Representative images of Iba 1 staining in SNpr, VTA, NAc, PSM
cortex, entorhinal cortex, hippocampus (CA1), and cerebellum. Scale bar = 50 um.

is still not well-understood. To clarify this aspect, we treated
mice with 5 mg/kg LPS and vehicle (PBS) ip. injection and
sacrificed them 30 days post-treatment. We observed a slight
increase in the marked area and density of microglia cells in a
few brain regions, such as the amygdala, SNpr, PSM cortex, and
the piriform cortex (Figure 4; Supplementary Figures 9, 10).
These data indicate sustainable microglia activation in selected
brain regions in the extended period (1 month) after LPS
injection. Moreover, 1 month post-LPS treatment, microglia
cells lost their morphology shown 24 h after the treatment.
Although a higher Ibal intensity was still present, they adopted
a more ramified morphology. This data indicates differences
in microglia ability to maintain the inflammatory condition in

several regions 1 month after treatment.

Synaptic alterations due to acute and
chronic neuroinflammation in SNpr

We observed that microglia cells appeared in the SNpr with
the highest density in the naive mice condition and responded
most severely to the acute and chronic stimulation by LPS
exposure. Then, we examined the consequences on neuronal
profiles in this specific region. SNpr represents an important
output nucleus in basal ganglia circuitry, therefore, we examined
the subsequent neuronal loss profiles in this region. SNpr
consists mainly of gamma-aminobutyric acid (GABAergic) -
positive neurons with a spontaneous high-frequency activity
that projects to the motor thalamus (Zhou and Lee, 2011;
Lanciego et al, 2012). SNpr mainly receives GABAergic
projections from the striatal-nigral bundle and glutamatergic
projections from the subthalamus (Lanciego et al, 2012).
Moreover, this region is enriched with dopaminergic dendrites
from the neighboring SNpc region, making synapses with
striatal-nigral GABAergic projections (Bjorklund and Lindvall,
1975; Geffen et al., 1976; Mercer et al., 1979; Cheramy et al.,
1981; Lanciego et al., 2012).

We performed a double immune-labeling with antibodies
against TH, the key enzyme for dopamine synthesis, and Ibal.
We observed dopaminergic, TH-positive, dendritic profiles
extending from the SNpc to the SNpr (Figure 5A), intermingled
with Ibal microglia cells branches (Figure 5B). Quantitative
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analyses with a series of confocal images showed that the
density of dopaminergic dendrites significantly decreased in
the medial part of the SNpr (Figures 5C,E) in mice exposed
to 5 mg/kg LPS compared to the vehicle-treated mice 24 h
after the injection. Surprisingly, this decrease was no longer
evident 30 days post-LPS injection (Supplementary Figure 8C).
Quantitative analyses of GABAergic synapse marker gephyrin
presented no alterations in the SNpr of mice exposed to 5 mg/kg
LPS (Figure 5D; Supplementary Figures 8D,E). These data
suggest that the acute inflammatory response induced by LPS
leads to transient and specific alterations of dopaminergic
dendrites in SNpr.

Partial ablation of CX3CR1 decreased
microglia activation and prevented
chronic inflammation induced by
systemic lipopolysaccharides
administration

CX3CRI is a chemokine receptor localized in microglia
and other immune cells, such as dendritic cells. Its ligand,
CX3CL1 (fractalkine), is constitutively expressed in neurons
(Pawelec et al,, 2020). CX3CR1*/GFP mice have been widely
used in studying microglia dynamics and activation in various
models of neurodegenerative diseases (Marker et al, 2010;
Avignone et al,, 2015). We, therefore, investigated microglia
alterations in CX3CR1 partially ablated mice (CX3CR17/SEP),
We first examined C57BL6 and CX3CR11/SP age-matched
mice in the naive condition (without LPS exposure). Comparing
the percentage of the marked area by Ibal, we found no
significant differences between wild type and CX3CR1*/GFP
mice (Figure 6A), indicating that microglia seem to be similar
between these two mice in the resting condition, at least from
a morphological point of view. Subsequently, we analyzed
CX3CR1*/GFP mice treated with 5 mg/kg LPS and vehicle 24 h
post-injection (Figure 6B). Significant microglia activation was
present in SNpr, SNpc, NAc, amygdala, visual cortex, entorhinal
cortex, and hippocampus, while not appearing in the rest of the
brain regions. Comparing relative changes between LPS- and
vehicle-treated groups in C57BL6 and CX3CR11/GFP mice, we
observed a general and significant decrease in relative changes
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FIGURE 3

Regional specific microglia activation to different doses of LPS in C57BL6 mice. (A) Percentage of marked area by Ibal in vehicles (white
columns), LPS treated mice with 0.005 mg/kg (clear gray columns), 0.05 mg/kg (medium gray columns), 0,5 mg/kg (dark gray columns),

5 mg/kg (black columns). Two-way ANOVA. Fgainregions (15, 160) = 57.94, p < 0.0001. Freatment (4. 160) = 188,3, p < 0.0001. Finteraction (60,
160) = 1.599, p < 0.0110, and n = 3 mice per region. Significance: respect relative vehicles. (B) Ibal positive cell density mm?2. Same column
color as graph (A). Two-way ANOVA. FgiainRegions (15, 160) = 112.7, p < 0.0001. Frreatment (4, 160) = 222.1, p < 0.0001. Finteraction (60,

160) = 2.039, p < 0.0002, and n = 3 mice per region. Significance: (*) Significance: respect relative vehicles. (C) Relative changes in percentage
of area marked by Ibal. Same column color as graph (A). Two-way. Fgrainregions (15, 160) = 4.169, p < 0.0001. Freatment (4, 160) = 2024,

p < 0.0001. Finteraction (60, 160) = 1.259, p < 0.1304, and n = 3 mice per region. Significance: (*) respect relative vehicles. (D) Relative changes in
Ibal positive cell density. Same column color as graph (A). Two-way ANOVA. Fgyainregions (15, 160) = 5.660, p < 0.0001. Frieatment (4.

160) = 247.6, p < 0.0001. Finteraction (60, 160) = 1.848, p < 0.0013, and n = 3 mice per region. Significance: (*) respect relative vehicles. (E)
Representative images of Iba 1 staining in Veh, 0.05 and 5 mg/kg LPS doses in NAc, striatum, PSM cortex and cerebellum. Scale bars = 50 um in
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FIGURE 4

Brain regional chronic microglial activation 1 month after 5 mg/kg i.p LPS administration. (A) Percentage of the marked area by Ibal in vehicles
(white columns) and LPS treated mice (black columns) 30 days post administration. Two-way ANOVA. FgyainRegions (15, 64) = 25.33, p < 0.0001;
Frreatment (1, 64) = 44.38, p < 0.0001. Finteraction (15, 64) = 2.069, p < 0.0233, and n = 3 mice per region. Significance: (*) respect relative
vehicles. (B) Ibal positive cell density per mm? in vehicles (white columns) and LPS treated mice 30 days post administration (black columns).
Two way ANOVA. FgyainRegions (15, 64) = 37.93, p < 0.0001; Frieatment (1, 64) = 32.59, p < 0.0001; Finteraction (15, 64) = 1.517, p < 0.1259, andn =3
mice per region. Significance: (*) respect relative vehicles. (C) Representative images of Ibal staining in piriform cortex, amygdala and thalamus.

Scale bar =100 um.

in all regions examined in mice partially ablated by CX3CR1
(Figures 6C,D; Supplementary Figures 11, 12). These data
suggest that partial ablation of this receptor made the microglia
cell less sensitive or responsive to the LPS treatment.

To further confirm this observation, we qualitatively
compared CD68 changes. No differences were observed between
C57BL6 and CX3CRI*/GFP mice in the control condition.
Comparing CX3CR17/S*P mice treated with 5 mg/kg of
LPS and relative controls, we observed a slight or no
increase in CD68 signal. Comparing CD68 between C57BL6
and CX3CR11/GFP mice treated with 5 mg/kg LPS, we
observed a clear lower CD68 expression in CX3CR11/CFP mice
(Supplementary Figure 13).

We then examined the effect of partial ablation of CX3CR1
on the dose-dependent pattern observed in C57BL6 mice

Frontiers in Aging Neuroscience 10

(Figure 7A). We treated C57BL6 and CX3CR11/GFP mice
with 5, 0.5, 0.05, and 0.005 mg/kg i.p. LPS and relative
vehicle. We observed that the partial ablation of CX3CR1 led
to a general decrease in microglia activation upon systemic
LPS administration. Despite a general decreased response at
lower doses, microglia in CX3CR1*+/GFP
to the high dose (5 mg/kg) LPS treatment in most brain

mice were responsive

regions tested, except for the thalamus, piriform cortex, and
cerebellum. SNpr represented the brain region with the highest
microglia sensitivity, which became significant at 0.05 mg/kg.
A recent study compared the effects of LPS in SNpr of C57BL6
mice between the doses of 1 and 5 mg/kg ip. injections. It
appeared that only the higher dose could sustain the chronic
microglia activation (Zhao et al., 2020). Here, we examined
whether microglia activation observed in CX3CR17/GFP 24 h

frontiersin.org


https://doi.org/10.3389/fnagi.2022.910988
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Brandi et al. 10.3389/fnagi.2022.910988

Lateral SNpr

Medial SNpr

c Marked Area by TH positive dendrites Medial SNpr 24h post treatment
- Medial SNpr Lateral SNpr TH - Vehicle
- 101 e ¥ N
8- .
K — g 8
- 2
2] 2o
;m g
< Z o
B 2+ B 2
0 T 0 :
Vehicles LPS 5 mg/kg Vehicles LPS 5 mglkg
Marked Area by Gephyrin
D Medial SNpr Lateral SNpr
5 5+
- 4 - 47
Q Q
£ £
S 34 o 3
= =
= = 1
2 2+ @ 24
< <
N 14 & 14
o- 0 T
Vehicles LPS 5 mg/kg Vehicles LPS 5 mg/kg

FIGURE 5

Synaptic alteration in SNpr 24 h post LPS administration. (A) Qualitative images of TH™ neurons in SNpc and their dendrites in SNpr. Scale

bar = 100 um. (B) Qualitative confocal images of THT dendrites (red) and microglial cells in SNpr (green). (C) Percentage of the marked area by
TH™ dendrites in medial and lateral SNpr 24 h after 5 mg/kg LPS or vehicle administration. Medial SNpr: Unpaired t-test Frreatment 2.250,

p < 0.0007. Lateral SNpr: Unpaired t-test Freatment 2.842, p < 0.7245. Significance: (***) respect relative vehicles. (D) Percentage of the marked
area by Gephyrin in medial and lateral SNpr 24 h after 5 mg/kg LPS or vehicle administration. Medial SNpr: Unpaired t-test Frieatment 1469,

p < 0.7793. Lateral SNpr: Unpaired t-test Frieatment 4.027, p < 0.4810. (E) Confocal images of TH™ dendrites in medial SNpr 24 h after treatment
vehicle and LPS treated mice

after the LPS treatment can be sustained for the long term. LPS-treated and vehicle-treated mice ( ). This data
Thirty days after LPS injection, microglia activation was not implied that CX3CRI partial ablation decreased sensitivity to
observed in CX3CRI partially ablated mice. No differences

microglia activation and sustainability in response to systemic
could be observed in all the brain regions tested between LPS administration.

Frontiers in 11


https://doi.org/10.3389/fnagi.2022.910988
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

10.3389/fnagi.2022.910988

Brandi et al.
A Percentage of Marked Area by Iba 1 D
in C57BL6 and CX3CR1*/ G control mice
PSM C
10 WM C57BL6 == CX3CRi+- Veh C57BL6
. S
>
<
o
Q
x
S
]
=
X T
PR R R TV
o 4 4+ 4 LPS C57BL6 [ ki, e e Moo SbiB Lt ¥ 0
F & & & AN A A O S e,\’& e Kpinke DT fﬁ%m‘?
R ) P P PP S P et 45 et i B e )
QT & N & & Q°° & P : 8
) qq,@‘{‘o&\.\qooe
3 RIS Q
Q}\
B Changes in Percentage of Marked Area by Ibal
F +/ GFP i
in CX3CR1 mice LPS CX3CR1*/6FP
15+ == CX3CR1+-Vehicles ~ mmmm CX3CR1+-LPS 5 mg/kg e b
©
@ .
S
< 104
- . . -
Q ok
-
E 5_ X
S
X
o NAc
O & @ @ A& L et S
T E T F &S Veh C578L6
& @& S x> LR
S v I FFTEL e
N\ R\ \
,23 B\ Q\‘ &o B (JO‘Q
c Relative Changes in Marked Area by Iba 1
in C57BL6 and CX3CR1*/SF" mice
W Ratio between == Ratio between -
4 Coraio venderean CXA0RT - Venarean e :
8 oA
& O R
8 T ST B
g e LPS CX3CR1*/6F? [
2 -
[]
o
© P B FF S e A )
¥ & &\z“s \o“& $ o <,°(@ & od&+o°<& o°(@ & e)‘o&\o“'o&
& o8 & S &S & oq,@" eo"}
o & Q.\(& & X O‘Qo
FIGURE 6
Microglia heterogeneity in CX3CR1%/GFP mice. (A) Percentage of the marked area by Ibal between C57BL6 (black column) and CX3CR1+/GFP
mice (gray columns) in control conditions. Two-way ANOVA. Fgainregions (15, 64) = 32.50, p < 0.0001. Fgenotype (1, 64) = 36.68, p < 0.0001.
Finteraction (15, 64) = 0.7510, p < 0.7241, and n = 3 mice per region. Significance: (*) respect same regions between two genotypes. (B)
Percentage of the marked area by Ibal positive cells in CX3CR1/GP mice. Vehicles (white columns) and LPS treated mice (black columns).
Two-way ANOVA. Fgpainregions (15, 64) = 34.78, p < 0.000L. Frreatment (L 64) = 164.9, p < 0.0001. Finteraction (15, 64) = 1.327, p < 0.2129, and
n = 3 mice per region. Significance: (*) respect relative vehicles. (C) Relative changes in percentage of the marked area by Ibal between LPS
5 mg/kg and vehicles mice 24 h after treatment in C57BL6 mice (black columns) and CX3CR1*/GFP mice (gray columns). Two-way ANOVA
FarainRegions (15, 64) = 10.13, p < 0.0001. Freatment (1, 64) = 687.5, p < 0.0001. Finteraction (15, 64) = 2.862, p < 0.0018, and n = 3 mice per region.
Significance: (*) respect relative vehicles. (D) Representative images of Ibal staining in PSM cortex and NAc in C57BL6 and CX3CR1+/GFP mice
treated with 5 mg/kg LPS or vehicles. Scale bar = 100 um.
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Dose and time-dependent microglia response in CX3CR1+/GFP

mice. (A) Percentage of marked area by Ibal in vehicles (white columns), LPS

treated mice with 0.005 mg/kg (clear gray columns), 0.05 mg/kg (medium gray columns), 0.5 mg/kg (dark gray columns), 5 mg/kg (black
columns) 24 h after treatment. Two-way ANOVA. Fgainregions (15, 160) = 97.53, p < 0.0001. Freatment (4. 160) = 77.01, p < 0.0001. Fipteraction (60,
160) = 1.219, p < 0,1668, and n = 3 mice per region. Significance: (*) respect relative vehicles. (B) Percentage of marked area by Ibal in vehicles
(white columns) and 5 mg/kg LPS (black columns) 30 days after treatment. Two-way ANOVA. Fgainregions (15, 160) = 50.73, p < 0.0001. Frreatment
(1, 64) = 4453, p < 0.0388. Finteraction (15, 64) = 0.7369, p < 0.7385, and n = 3 mice per region. Significance: (*) respect relative vehicles.

Brain region-specific astrocytic
activation in response to systemic
lipopolysaccharides administration

We have also investigated astrocytic heterogeneity, which
represents another essential cell type in neuroinflammation.
These cooperate the
neuroinflammatory event. Astrocytes could also have a pro-
inflammatory toxic phenotype and harm the surrounding tissue
(Miller, 2018; Linnerbauer et al., 2020).

cells in

cells with  microglial
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Firstly, we examined the distribution of astrocytes using
the glial fibrillary acid protein (GFAP) as a marker. Although
these cells are distributed in all brain parenchyma, they express
different levels of GFAP among the different regions. For
this reason, it is not possible to equally mark these cells
within all regions, and their heterogeneity could be highly
influenced by the different expression of this marker between
the different astrocytic populations. We analyzed the marked
area by GFAP positive signal in C57BL6 mice in the vehicle
condition. SNpr, hippocampus, and corpus callosum presented
a significantly higher density of GFAP positive cells (Figure 8A).
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FIGURE 8

Brain region-specific astrocyte distribution and activation induced by systemic LPS. (A) Percentage of the marked area by GFAP positive

0.0001, and n = 3 mice per region. Significance: (*)

astrocytes in vehicles C57BL6N mice. One-way ANOVA Fgrainregions (15, 32) = 206.8, p <
respect SNpr; (#) respect hippocampus and corpus callosum. Other significances are summarized in

. (B) Percentage of

the marked area by GFAP positive cells in vehicles (white columns) and LPS treated mice (black columns). Two-way ANOVA FgyainRegions (15,

64) = 100.6, p < 0.0001. Frieatment (1, 64) = 39.24, p <

0.0001. Finteraction (15, 64) = 3.406, p < 0.0003, and n = 3 mice per region. Significance:

(*) respect relative vehicles. (C) Representative images of GFAP positive astrocytes in hippocampus and SNpr in vehicles and LPS treated mice

Moreover, the morphology of these cells appeared different
amonyg different brain regions.

Then, we compared C57BL6 mice treated with 5 mg/kg
LPS and the vehicle control.
heterogeneous increase in GFAP signal between several

This analysis showed a

brain regions. We observed a significant astrocyte increase

in the hippocampus, SNpc, SNpr ( ), and
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but intraregional differences mitigate this increase. An
increase in GFAP signal was also observed in other regions
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However, the GFAP intensity was below
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the threshold used in the analyses, and the increase
was not detected.

Comparing GFAP-positive cells between C57BL6 and
CX3CR11/GFP mice, we observed a similar GFAP pattern in the
naive (non-LPS treated) mice (Figure 9A). The only exception
was a significant increase in GFAP marked area in SNpr in
CX3CR11/CFP mice. Further qualitative observations revealed
that this increase appeared to involve mainly in the medial part
of SNpr and it seems to be due to a higher astrocytes density
(Figure 9C). In the end, we investigated astrocytic activation in
CX3CRI1/CGFP mice treated with 5 mg/kg of LPS compared to
the vehicle treated mice. This analysis detected an increase in
GFAP signal only in the hippocampus (Figures 9B,D) but not
in SNpr (Supplementary Figure 14C).

Our data reveal that astrocytes also present a brain
region-specific activation and confirmed a lower inflammatory
response in CXRCRI1 partially ablated mice compared to the
mice that express a physiological amount of this receptor.

Discussion

Microglia cells represent the immune resident cell
population of the CNS, which constantly survey the brain
parenchyma and actively participate in tissue homeostasis
(Nimmerjahn et al, 2005; Paolicelli et al,, 2011; Parkhurst
et al, 2013). Several studies have shown that variations
in morphology, density, and transcriptomes of microglia
cells are dependent on their location in the brain (Lawson
et al., 1990; de Haas et al., 2008; Grabert et al., 2016; De
Biase et al, 2017; Ayata et al, 2018; Abellanas et al., 2019;
Masuda et al, 2020). In the present study, we aimed: (1) to
understand whether microglia heterogeneity could lead to
differential inflammatory responses within the brain; (2) to
explore astrocyte heterogeneity; (3) to examine the impact of
inflammation in SN; (4) to investigate the effect of CX3CRI
partial ablation in a model of systemic inflammation. Our
study reports an extensive analysis of microglial and astrocytes
cells and their inflammatory activation in 16 brain regions:
eight nuclei, seven different cortices, and one area of white
matter. Using a holistic approach, we have revealed brain
regions with peculiar inflammatory characteristics that could
be important for the pathological progression of several
neurodegenerative diseases.

Brain region-specific microglia
inflammation

We first investigated microglia heterogeneity in terms of the

marked area, cell density, and morphology in control conditions
between the 16 different brain regions analyzed. Our data
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showed that nine areas were similar, while the other seven
appeared different.

To explore microglia activation under systemic
inflammation, we used a mouse model treated with a single i.p.
injection of 5 mg/kg LPS. This model showed differences in
microglia activation in several brain regions and the strongest
increase of Ibal expression was observed in SNpr and entorhinal
cortex. Further qualitative analyses about the alterations on the
lysosomal system in several microglial populations showed the
most evident changes in SNpr.

However, investigating Ibal relative changes we observed
that SNpr is less subject to an increase of microglia density
compared to the entorhinal cortex and other brain regions.
This finding agrees with the data obtained by Abellanas and
colleagues. They showed that the midbrain is the only area
compared with the striatum, cortex, and hippocampus where it
is possible to detect an increase of anti-inflammatory cytokines
transforming growth factor-beta (TGFP) and IL10 expression
48 h after LPS administration (Lynch et al, 2004; Arimoto
et al., 2007; Tesseur et al., 2017; Abellanas et al., 2019).
Abellanas, in his work, suggested the presence of negative
feedback that can down-regulate the neuroinflammatory
response in this area. This feedback could have a crucial
role in containing the inflammatory response under a certain
limit to preserve the surrounding tissue. Comparing 5 mg/kg
LPS and vehicles groups, we found higher microglia relative
changes in regions characterized by low microglia density in
control conditions. Whether these different responses represent
compensatory mechanisms it is not clear, but it confirms the
presence of heterogeneous inflammatory responses between
different brain regions.

Using a dose-dependent paradigm, we detected different
levels of microglia sensitivity to systemic TNFa/LPS. The
mechanisms behind the different microglia sensitivity observed
are unknown, and further studies are needed to investigate
these aspects. Moreover, these mechanisms may differ between
several regions. According to our data regarding the relative
changes in Ibal, the most sensitive microglia population
was in the hypothalamus. In this region, in proximity to
the CVOs, we observed activated microglia cells at the
lowest LPS concentrations. Here, the lack of BBB exposes
this cell population to the systemic bloodstream and pro-
inflammatory agents more effectively than in other brain
regions. The effects observed in this region could derive
from higher exposure to TNFa and LPS and the synergic
activations of their receptors (Vargas-Caraveo et al., 2017, 2020;
Furube et al,, 2018). Interestingly, different works described that
microglia cells in this region could modulate hypothalamic
functions, such as regulating the body metabolism (Rosin and
Kurrasch, 2019; Valdearcos et al., 2019).

Our data on the dose-dependent microglia response
indicates that also the microglia population in the SNpr
is particularly sensitive compared to most of other regions.
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FIGURE 9

Astrocytes heterogeneity in CX3CR11/GFP mice. (A) Percentage of marked area by GFAP positive astrocytes in vehicles C57BL6N and
CX3CR1+/SFP mice. Two-way ANOVA Fgrainregions (15, 64) = 136.9, p < 0.0001. Fenotype (L, 64) = 0.00128, p < 0.9715. Finteraction (15,

64) = 3.575, p < 0.0002, and n = 3 mice per region. Significance: (*) respect relative regions in C57BL6 mice. (B) Changes in percentage of
marked area by GFAP positive astrocytes in CX3CR1T/GFP mice cells in vehicles (white columns) and LPS treated (black columns). Two-way
ANOVA. Fgrainregions (15, 64) = 39.36, p < 0.0001. Frieatment (1, 64) = 5.526, p < 0.0218. Finteraction (15, 64) = 0.9605, p < 0.5055, and n = 3 mice
per region. Significance: (*) respect relative vehicles. (C) Confocal images of GFAP positive astrocytes in SNpr in C57BL6 and CX3CR1t/GFP mice.
(D) Representative images of GFAP positive astrocytes in hippocampus of CX3CR1+/CFP mice treated with 5 mg/kg LPS and relative control

Abellanas’s study showed that a higher portion of microglia cells Biase summarized their findings arguing that microglia cells in
in the SNpr express pro-inflammatory receptors such as TLR4 SNpr have an “injury-responsive phenotype” ( ,
with respect to the other regions analyzed. Furthermore, De ; > ).
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Our results indicate microglial ability to perceive and react
to a systemic pro-inflammatory stimulus. More studies are
needed to understand whether the pattern observed could
also reflect microglial cells’ sensitivity when pro-inflammatory
agents are within the brain parenchyma. An example could be
represented by microglial sensitivity observed in the entorhinal
cortex. Our findings agree with previous observations in
Alzheimer’s disease (AD) models, where microglia activation in
this cortex precedes all other regions as well as amyloid plaques
deposition (Janelsins et al., 2005).

Interestingly, we observed evident CD68 changes at
0.05 mg/kg LPS only in SNpr compared with the hypothalamus
and entorhinal cortex, which showed an increase at the
higher doses. This observation confirmed different sensitivity in
microglial activation among different brain regions. However,
it also pointed out that several patterns could be found using
different markers. These differences could be due to different
microglia pro-inflammatory phenotypes and a specific protein’s
role in a particular brain region. Recently, Zhao showed that
chronic inflammation depends on IL1PB expression, which
is prevented in the nucleotide-binding domain and leucine-
rich repeat receptor containing a pyrin domain 3 (NLRP3)
and IL1B deficient mice (Zhao et al, 2020). Other authors
showed different IL1P expression patterns under systemic
inflammatory conditions in several brain areas (Silverman et al.,
2014; Abellanas et al, 2019), suggesting that also chronic
inflammation could differ throughout the brain. Our data shows
that this is indeed the case. We compared 5 mg/kg LPS and
relative control mice 30 days after treatments, and we found a
slight increase in the microglia marked area only in some regions
such as the amygdala, SNpr, PSM cortex, and piriform cortex.
However, microglia cells partially lost the pro-inflammatory
morphology shown 24 h after LPS injection, assuming an
intermediate state. Altogether, our data showed that microglia
heterogeneity leads to different inflammatory responses when
systematically stimulated with TNFa/LPS. Recently, systemic
inflammation has been under the spotlight concerning the
COVID-19 pandemic. High levels of TNFa in the bloodstream
and the development of chronic neurological symptoms were
widely described in the past year (Del Valle et al, 2020;
Feldmann et al., 2020; Robinson et al., 2020; Marshall, 2021).
Interestingly, no trace of COVID-19 was found within the brain
(Marshall, 2021). Whether these symptoms are related to the
systemic “storm” of cytokines during the acute stage of COVID-
19 infection and the subsequent neuroinflammatory activation
is still not understood.

Most of the regions identified in our work with distinct
microglia responses are also involved in the two most common
neurodegenerative diseases. The entorhinal cortex, piriform
cortex, amygdala, and NAc are all regions involved in AD
pathology, while the SN is the region mainly affected in
Parkinson’s disease (PD) and related disorders. Our data suggest
that the different neuroinflammatory responses could partially
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influence the regional neurodegenerative pattern observed in
different neurodegenerative diseases.

The neuroinflammatory process in
SNpr leads to synaptic changes
affecting the striato-nigral pathway

Neurodegeneration observed within the SNpc of PD
patients and other related disorders are mainly associated with
losing dopaminergic neurons. This neuronal population is more
sensitive to reactive oxygen species (ROS), which exacerbate the
detrimental effect of pathological agents such as a-synuclein or
toxins (Drechsel and Patel, 2008; Dutta et al., 2008; Gao et al.,
2008; Ramsey and Tansey, 2013; Rai and Singh, 2020; Rai et al,,
2020). Moreover, it has been shown that ROS species, LPS, and
pro-inflammatory cytokines such as TNFa and IL1B, can trigger
the activation of several transcription factors, such as nuclear
factor- kb and transcription factor EB (Brady et al., 2018; Rai
et al., 2021). These transcription factors in turn regulate the
expression of inflammatory cytokines and autophagy system,
which is crucial for several neurodegenerative diseases, such as
PD and AD (Cortes and La Spada, 2019; Rai et al,, 2021). In the
present study, we showed that the neuroinflammatory response
in SNpr can induce a rapid alteration of dopaminergic dendrites
in the medial SNpr 24 h post-LPS injection. These data indicate
that the inflammatory process in SNpr could directly affect the
neuronal population in the neighboring SNpc region. Moreover,
our data showed that this decrease in dendrites is reversible
and no longer visible 1 month after LPS administration. This
finding is in line with observations made by Ong et al. (2021)
regarding the increase in TH activity 1 week after peripheral LPS
administration. The authors did not identify an apparent reason
for this early increase in TH activity. Here, we showed that it
could be related to the re-establishment of the dopaminergic
dendritic profile in SNpr after the damages induced by the acute
inflammatory response. SNpr consists of neurons less densely
compacted compared to those in the SNpc and VTA, and the
region is particularly enriched by neurites from other regions
and glial cells. We observed that dopaminergic dendrites in this
region surround microglia cells. An interesting characteristic
described is that these dendrites release dopamine in the SNpr
(Bjorklund and Lindvall, 1975; Geffen et al., 1976; Mercer et al.,
1979; Cheramy et al., 1981), which was suggested to possesses
a modulatory effect on the GABAergic neurons (Waszcak
and Walters, 1983; Martin and Waszczak, 1996; Windels and
Kiyatkin, 2006). However, other works described the ability of
this neurotransmitter to modulate also microglia cell activity
(Farber et al., 2005; Yan et al., 2015; Elgueta et al., 2017; Fan
etal,, 2018). In this region, the inflammatory response presented
the most robust activation, one of the highest sensitivities to
systemic inflammation, and the ability to maintain chronic
microglial activation. Additionally, other evidence points to
the fact that this cell population seems to be regulated by
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several feedback mechanisms. These characteristics highlight
the complexity and the peculiarity of microglia cells in SNpr and
bring us to consider a possible physiological role. Many studies
showed that microglia cells are essential for synapse modeling
within the brain (Kim et al., 2013; Tkegami et al., 2019; Crapser
et al,, 2021). Here, we observed a rapid and transient alteration
of dopaminergic dendrites with further consequences on the
striato-nigral bundle. We speculate that SNpr could represent
the “bridge” between the immune system and basal ganglia
circuitry, which may have a physiological role in modulating its
structure and activity.

CX3C axis as a pharmacological target
for neuroinflammation

During the last two decades, an increased number of studies
focused on the functions of the fractalkine axis CX3CLI-
CX3CRI1. CX3CLI is constitutive and abundantly expressed
in neurons, while its receptor is exclusively expressed in
microglia cells in the CNS and other peripheral immune cells,
such as dendritic cells (Pawelec et al, 2020). Two-photon
in vivo imaging demonstrated microglial dynamics and its
interaction with neuronal profiles, such as dendrites, axons,
and synapses in mice expressing both CX3CR1+/CFP and Thy1-
YPF. Moreover, mice completely ablated for CX3CRI presented
aberrant synaptic connections between neurons, indicating
the crucial role of microglia cells in synaptic modulation
(Paolicelli et al., 2011).

Many studies also showed the role of the CX3C axis in
physiology and in several neurodegenerative diseases (Biber
et al., 2007; Lyons et al., 2009; Wolf et al., 2013). Unlike other
chemokines, CX3C is more highly expressed in the CNS than
in the periphery and, for this reason, it could represent a
crucial pharmacological target for neurodegenerative diseases.
However, contradictory data were obtained when this axis was
perturbed in models of different neurodegenerative diseases
(Pawelec et al,, 2020). In models of stroke, epilepsy, and
amyotrophic lateral sclerosis, a decrease of CX3CR1 or a
rise of its ligand seem to be protective (Soriano et al., 2002;
Cipriani et al., 2011; Yeo et al, 2011; Xu et al, 2012;
Fumagalli et al., 2013; Tang et al., 2014; Liu et al, 2019).
The deficiency of CX3CL1 or CX3CR1 in AD models reduces
B-amyloid deposition but increases tau phosphorylation and
aggregation, with a consequent detrimental effect on the
behavioral and cognitive deficit (Bhaskar et al., 2010; Fuhrmann
et al., 2010; Lee et al., 2010, 2014; Liu et al., 2010; Maphis
et al,, 2015; Merino et al, 2016). In PD models based on
a-synuclein over-expression, the deficiency of this receptor has
led to contradictory results. The increase of CX3CL1 induced
protection to dopaminergic neurodegeneration (Pabon et al,
2011; Morganti et al., 2012; Nash et al., 2015; Thome et al., 2015;
Castro-Sanchez et al,, 2018). Pabon et al. (2011) showed that
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the administration of exogenous CX3CL1 in rats treated with
6-hydroxydopamine (6-OHDA) was protective. An absence
of dopaminergic neurodegeneration was observed in CX3CR1
deficient mice treated with intranasal inoculation of 6-OHDA or
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). On the
contrary, extensive neurodegeneration was observed in CX3CR1
deficient mice treated with an i.p. injection of MPTP. They
found a higher activation of astrocytes than that in control mice
(Tristdo et al., 2016).

Comparing mice partially and totally ablated of CX3CRI,
Cardona et al. (2006) found that the complete ablation increased
neuroinflammatory effects and neurodegeneration mediated by
systemic LPS. However, they did not compare these models with
mice expressing physiological levels of CX3CR1, and it is unclear
whether the differences observed are due to a real increase in
microglial response in mice totally ablated or by a decrease in
mice that partially express this receptor.

Here, we showed that the partial ablation of CX3CRI1
can significantly decrease microglia response when mice are
treated with 5 mg/kg LPS and compared with mice that express
physiological levels of CX3CR1. Moreover, chronic microglial
activation was not sustained in all regions analyzed 30 days
after LPS administration. These differences between partial and
total ablation may be due to the partial decrease of CX3CR1
without altering the amount of CX3CL1, leading to changes in
the ligand-receptor ratio, with consequences in their binding
equilibrium. These data suggest the importance of CX3C axis
integrity and that a higher amount of CX3CL1 respect CX3CR1
could depress the inflammatory response. Nevertheless, mice
partially ablated of CX3CRI can still respond to LPS stimulus in
the acute experimental paradigm, which indicates the usefulness
of such a model in microglia optical imaging. However,
one should also be aware of the potential insensitivity to
pro-inflammatory stimuli. These data also imply the CX3C
axis as a potential pharmaceutical target in neurological and
neurodegenerative diseases.

Brain region-specific astrocytic
activation

Astrocytes are another cell type that cooperates with
microglia during a neuroinflammatory event. Several studies
showed their involvement in several animal models, including
those investigated in our study (Miller, 2018; Linnerbauer
et al,, 2020). To have a complete overview of the inflammatory
heterogeneity within the brain, we also briefly investigated
this cell type. Astrocytes appeared highly heterogeneous
regarding GFAP expression, cell density, and morphological
characteristics. SNpr, hippocampus, and corpus callosum
represent the regions most densely populated by astrocytes.
Moreover, astrocytes in these regions increase significantly
under inflammatory conditions induced by 5 mg/kg of LPS.
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Comparing C57BL6 with CX3CR1 partial ablated mice,
we observed a significant higher GFAP positive signal in
SNpr, which seems to be due to an increase in astrocytes
density in the medial part of this region. Moreover, we found
significant astrocytic increase only in the hippocampus by
investigating the inflammatory changes induced by 5 mg/kg
of LPS in CX3CR17/TP mice and relative control. However,
this increase was significantly lower than the one observed in
C57BL6, confirming that partial ablation of the CX3CR axis also
decreases astrocytic activation.

Conclusion

This work investigated whether microglia and astrocytes
heterogeneity leads to different inflammatory responses. Our
data showed that this is indeed the case for a pro-inflammatory
stimulus, such as LPS. Our results underline the peculiar
microglial activation in SNpr and its ability to affect the
dopaminergic dendrites, altering selectively the striato-nigral
bundles. In the end, we identified the CX3C axis as a
possible pharmacological target for neuroinflammation induced
by an increase of systemic TNFa and/or LPS. Nevertheless,
we are aware of the limitation of the present study. With
references of previous studies using techniques of RNAseq,
transcriptomics, and proteomics, our study complementarily
provides detailed evidence on morphological heterogeneity of
microglial and astrocytes distribution and activation among
different brain regions in response to acute and chronic
exposure of LPS.
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SUPPLEMENTARY FIGURE 1

(A) Qualitative examples about ROl sampling in some sections. The
legend for colors is located under the respective images. The scanned
sections are labeled with Ibal. (B) Qualitative images about the
microglial marked area analyses. The image show outlines around soma
and main branches. Section stained with Ibal. (C) Qualitative images
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about the microglial density analyses. The image show outlines
exclusively around the soma. Section stained with Ibal.

SUPPLEMENTARY FIGURE 2

3D confocal images of microglial cells in all 16 regions examined.
Sections labeled with Ibal-Cy3 and acquired with 63x magnification
with z-stack of 11 um with 0.5 um increment between optical
sections. Scale bar = 50 um.

SUPPLEMENTARY FIGURE 3

Qualitative images of CD68 staining in different brain regions in control
C57BL6 mice. This panel shows the different CD68 distribution in NAc,
hypothalamus, SNpr, VTA, PSM cortex, entorhinal cortex, hippocampus,
and cerebellum. It is possible to appreciate the higher amount of vesicle
in SNpr in respect to all other regions. Scale bars = 20 um.

SUPPLEMENTARY FIGURE 4

Alterations of CD68 positive cells in response to the treatment of LPS.
(A) Change in percentage marked area by CD68 immunoreactivity
among different brain regions. Two-way ANOVA. Fgrainregions (7.

32) = 32.12, p < 0.0001. Freatment (1, 32) =107.3, p < 0.0001. Finteraction
(7,32) = 2.631, p = 0.0289, and n = 3 mice per region. Significance: (*)
respect relative vehicles. (B) The relative changes in the marked areas
between the vehicle- and LPS 5mg/kg treatments among different brain
regions. One way ANOVA Fgyainregions (7, 16) = 8.982, p = 0.0002, and

n = 3 mice per region. Significance: (*) respect SNpc; (#) respect VTA.
(C) Representative images of CD68 staining in different brain regions
(SNpr, VTA, and PSM cortex) in vehicle- and LPS (5 mg/kg) treated
C57BL6 mice. It is evident that CD68 immunoreactivity is higher in SNpr
compared to other brain regions. Scale bars = 20 um.

SUPPLEMENTARY FIGURE 5

Qualitative images of dose-dependent microglial activation in mice
treated with 0.05 and 5 mg/kg of LPS and relative vehicles. This panel of
images shows the different microglial sensitivity and activation in the
hypothalamus compared with all other regions in the same section.
Moreover, panels (D,E) represent good examples of intra-regional
differences. Microglia activations within the hippocampus seem to be
more sensitive in CAl and subiculum respect to CA3 and gyrus
dentatus. (A) Scale bar = 800 um. (B,C) High power images of the
thalamus and hypothalamus. (B) Scale bar = 100 um; (C) scale

bar = 20 um. (D,E) High power images of the hippocampus in the same
section. (D) Scale bar = 100 um; (E) high power images of the CAl and
CA3. Scale bar = 20 um.

SUPPLEMENTARY FIGURE 6

Qualitative images of dose-dependent microglial activation in mice
treated with 0.05 and 5 mg/kg of LPS and relative vehicles. This panel of
images shows the different microglial sensitivity between SNpr, VTA,
and anterior entorhinal cortex with respect to visual cortex. (A) Scale
bar = 500 um. (B,C) High power images of SNpr and VTA in the same
section. (B) Scale bar = 200 um; (C) scale = bar 20 um. (D,E) High
power images of visual and entorhinal cortex in the same section. (D)
Scale bar = 100 um. (E) Scale bar = 20 um.

SUPPLEMENTARY FIGURE 7

Alterations of CD68 in response to different doses of LPS treatments. (A)
Change in percentage marked area by CD68 immunoreactivity in
vehicles (white columns), LPS treated mice with 0.05 mg/kg (medium
gray columns), 0.5 mg/kg (dark gray columns), 5 mg/kg (black
columns). Two-way ANOVA. FgrainRregions (2. 24) = 7943, p < 0.0001.
Frreatment (3. 24) = 13.26, p < 0.0001. Finteraction (6. 24) = 1.787,

p < 0.1443, and n = 3 mice per region. Significance: respect relative
vehicles. (B) The relative changes in the marked areas between the
vehicle- and different doses of LPS (0.05-5mg/kg) treatments among
different brain regions. The same column color as graph (A). Two-way
ANOVA with Tukey correction. Fgyainregions (2, 24) = 4.131, p < 0.0001.
Frreatment (3. 24) = 14.11, p < 0.0287. Finteraction (6, 24) = 0.8165,

p < 0,5678, and n = 3 mice per region. Significance: (*) respect relative
vehicles. (C) Representative images of CD68 staining in the
dose-dependent in mice treated with 0.05 mg/kg and 5 mg/kg of LPS
and relative vehicles. This panel shows the increase of CD68 in
hypothalamus, SNpr and entorhinal cortex. CD68 immunoreactivity
appears more robust in the low dose LPS exposure in SNpr compared to
other brain regions. Scale bars = 20 um.
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SUPPLEMENTARY FIGURE 8

(A) Percentage of the marked area by podocalyxin in vehicles C57BL6N
mice. One-way ANOVA Fpainregions (15, 32) = 11.69, p < 0.0001, and

n = 3 mice per region. Significance: (*) respect the cerebellum; (#)
respect the thalamus. Other significances are summarized in
Supplementary Table 6. (B) Qualitative images of podocalyxin staining
in thalamus, SNpr, and the entorhinal cortex in vehicle C57BL6 mice. (C)
Percentage of marked area by TH-positive dendrites in medial and
lateral SNpr 30 days post LPS injection. Medial SNpr: Unpaired t-test
Freatment 4.796, p < 0.3450. Lateral SNpr: Unpaired t-test Frreatment
2.171, p < 0.6308. (D) Percentage of marked area by Gephyrin-positive
nerve terminals in medial and lateral SNpr 30 days post LPS injection.
Medial SNpr: Unpaired t-test Freatment 4.743, p < 0.3483. Lateral SNpr:
Unpaired t-test Freatment 4.349, p < 0.3739. (E) Representative images
of Gephyrin-positive profiles in medial SNpr in Vehicle and LPS treated
mice 30 days post-injection.

SUPPLEMENTARY FIGURE 9

Quialitative images of chronic inflammation in mice treated with

5 mg/kg and relative vehicles. This panel of images shows the different
microglia activation 30 days after LPS administration in the PSM cortex
with respect to all other regions in the same section. (A) Scale

bars = 500 um. (B,C) High power images of PSM cortex, corpus
callosum, striatum, and NAc in the same sections. (B) Scale

bars = 100 um. (C) Scale bars = 20 um.

SUPPLEMENTARY FIGURE 10

Quialitative images of chronic inflammation in mice treated with

5 mg/kg and relative vehicles. This panel of images shows a different
microglia activation 30 days after LPS administration in SNpr and
hippocampus with respect to the VTA and visual cortex in the same
section. (A) Scale bars = 500 um. (B) High power images of SNpr and
VTA in the same sections. Scale bars = 200 um. (C) High power images
of the hippocampus and visual cortex in the same sections. Scale

bars = 100 um. (D) High power images of SNpr, VTA, CAL, and visual
cortex in the same sections. Scale bar 20 um.

SUPPLEMENTARY FIGURE 11

Qualitative images of inflammation in C57BL6 and CX3CR1*/GFP mice
treated with 5 mg/kg and relative vehicles for 24 h. This panel of images
shows the lower microglia activation in CX3CR1+/GFP mice with respect
to C57BL6 mice. (A) Scale bars = 800 um. (B,C) High power images of
the thalamus and hypothalamus in the same sections. (B) Scale

bars = 100 um. (C) Scale bars = 20 um. (D,E) High power images of
hippocampus in the same sections. Scale bars = 100 um. (E) High
power images CAl and CA3 in the same sections. Scale bars = 20 um.

SUPPLEMENTARY FIGURE 12

Qualitative images of inflammation in C57BL6 and CX3CR1*/GFP mice
treated with 5 mg/kg and relative vehicles for 24 h. This panel of images
shows the lower microglia activation in CX3CR1-GFP mice with respect
to C57BL6 mice. (A) Scale bars = 500 um. (B,C) High power images of
SNpr and VTA in the same sections. (B) Scale bars = 100 um; (C) scale
bars = 20 um. (D,E) High power images of visual cortex and entorhinal
cortex in the same section. (D) Scale bar = 100 um. (E) Scale bars
=20um.

SUPPLEMENTARY FIGURE 13

Qualitative images of CD68 staining in C57BL6 and CX3CR1t/GFP
treated with 5 mg/kg of LPS and relative vehicles. This panel compares
the increase of CD68 in SNpr, thalamus, hypothalamus and PSM cortex.
It is possible to appreciate the absence or lower activation state in
CX3CR17/GFP mice treated with LPS compared with the same group in
C57BL6 mice. Scale bars = 40 um.

SUPPLEMENTARY FIGURE 14

(A) Qualitative images of GFAP staining in C57BL6 mice treated with

5 mg/kg of LPS and relative vehicles. It is possible to appreciate
activation state in the corpus callosum of these mice. (B) Qualitative
images of GFAP staining with different magnification in C57BL6 mice
treated with 5 mg/kg of LPS and relative vehicles. The peculiar
morphology observed in cerebellum with the appearance of astrocytes
in the cortical region of the simple lobule. Particular examples were
showed in the insets. (C) Qualitative images about the absence of
astrocytic activation in SNpr in CX3CR1+/GFP mice treated with LPS and
relative vehicle.

frontiersin.org


https://doi.org/10.3389/fnagi.2022.910988
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Brandi et al.

References

Abellanas, M. A., Zamarbide, M., Basurco, L., Luquin, E., Granero,
M. G, Clavero, P, et al. (2019). Midbrain microglia mediate a
specific immunosuppressive response under inflammatory conditions.
J. Neuminﬂammation 16:233. doi: 10.1186/s12974-019-1628-8

Arimoto, T., Choi, D. Y., Lu, X,, Liu, M., Nguyen, X. V., Zheng, N,, et al.
(2007). Interleukin-10 protects against inflammation-mediated degeneration of
dopaminergic neurons in substantia nigra. Neurobiol. Aging 28, 894-906. doi:
10.1016/j.neurobiolaging.2006.04.011

Avignone, E., Lepleux, M., Angibaud, J., and Nagerl, U. V. (2015). Altered
morphological dynamics of activated microglia after induction of status
epilepticus. J. Neuroinflammation 12:202. doi: 10.1186/s12974-015-0421-6

Ayata, P., Badimon, A., Strasburger, H. J., Duff, M. K., Montgomery, S. E., Loh,
Y.-H. E,, et al. (2018). Epigenetic regulation of brain region-specific microglia
clearance activity. Nat. Neurosci. 21, 1049-1060. doi: 10.1038/541593-018-0192-3

Benusa, S. D., George, N. M., Sword, B. A, DeVries, G. H., and Dupree, J. L.
(2017). Acute neuroinflammation induces AIS structural plasticity in a NOX2-
dependent manner. J. Neuroinflammation 14:116. doi: 10.1186/s12974-017-0
889-3

Bhaskar, K., Konerth, M., Kokiko-Cochran, O. N., Cardona, A., Ransohoff,
R. M,, Lamb, B. T,, et al. (2010). Regulation of tau pathology by the microglial
fractalkine receptor. Neuron 68, 19-31. doi: 10.1016/j.neuron.2010.08.023

Biber, K., Neumann, H., Inoue, K., and Boddeke, H. V. G. M. (2007). Neuronal
‘On’ and ‘Off signals control microglia. Trends Neurosci. 30, 596-602. doi: 10.
1016/j.tins.2007.08.007

Bjorklund, A., and Lindvall, O. (1975). Dopamine in dendrites of substantia
nigra neurons: Suggestions for a role in dendritic terminals. Brain Res. 83, 531-537.
doi: 10.1016/0006-8993(75)90849-5

Brady, O. A., Martina, J. A., and Puertollano, R. (2018). Emerging roles for
TFEB in the immune response and inflammation. Autophagy 14, 181-189. doi:
10.1080/15548627.2017.1313943

Cardona, A., Pioro, E., Sasse, M., Kostenko, V., Cardona, S. M., Dijkstra, I. M.,
et al. (2006). Control of microglial neurotoxicity by the fractalkine receptor. Nat.
Neurosci. 9,917-924. doi: 10.1038/nn1715

Castro-Sanchez, S., Garcia-Yagiie, A. J., Lopez-Royo, T, Casarejos, M., Lanciego,
J. L., and Lastres-Becker, I. (2018). Cx3cr1-deficiency exacerbates alpha-synuclein-
A53T induced neuroinflammation and neurodegeneration in a mouse model of
Parkinson’s disease. Glia 66, 1752-1762. doi: 10.1002/glia.23338

Cheramy, A., Leviel, V., and Glowinski, J. (1981). Dendritic release of dopamine
in the substantia nigra. Nature 289, 537-542. doi: 10.1038/289537a0

Cipriani, R,, Villa, P., Chece, G., Lauro, C., Paladini, A., Micotti, E., et al. (2011).
CX3CL1 is neuroprotective in permanent focal cerebral ischemia in rodents.
J. Neurosci. 31, 16327-16335. doi: 10.1523/JNEUROSCI.3611-11.2011

Cortes, C. J., and La Spada, A. R. (2019). TFEB dysregulation as a driver
of autophagy dysfunction in neurodegenerative disease: Molecular mechanisms,
cellular processes, and emerging therapeutic opportunities. Neurobiol. Dis. 122,
83-93. doi: 10.1016/j.nbd.2018.05.012

Crapser, J. D., Arreola, M. A, Tsourmas, K. I., and Green, K. N. (2021). Microglia
as hackers of the matrix: Sculpting synapses and the extracellular space. Cell. Mol.
Immunol. 18, 2472-2488. doi: 10.1038/s41423-021-00751-3

De Biase, L. M., Schuebel, K. E., Fusfeld, Z. H., Jair, K., Hawes, I. A., Cimbro, R.,
etal. (2017). Local cues establish and maintain region-specific phenotypes of basal
ganglia microglia. Neuron 95, 341-356.e6. doi: 10.1016/j.neuron.2017.06.020

de Haas, A. H., Boddeke, H. W. G. M., and Biber, K. (2008). Region-specific
expression of immunoregulatory proteins on microglia in the healthy CNS. Glia
56, 888-894. doi: 10.1002/glia.20663

Del Valle, D. M., Kim-Schulze, S., Huang, H. H., Beckmann, N. D., Nirenberg, S.,
Wang, B,, et al. (2020). An inflammatory cytokine signature predicts COVID-19
severity and survival. Nat. Med. 26, 1636-1643. doi: 10.1038/s41591-020-1051-9

Drechsel, D. A., and Patel, M. (2008). Role of reactive oxygen species in the
neurotoxicity of environmental agents implicated in Parkinson’s disease. Free
Radic. Biol. Med. 44, 1873-1886. doi: 10.1016/j.freeradbiomed.2008.02.008

Dutta, G., Zhang, P., and Liu, B. (2008). The lipopolysaccharide Parkinson’s
disease animal model: Mechanistic studies and drug discovery. Fundam. Clin.
Pharmacol. 22, 453-464. doi: 10.1111/j.1472-8206.2008.00616.x

Elgueta, D., Aymerich, M. S., Contreras, F., Montoya, A., Celorrio, M.,
Rojo-Bustamante, E., et al. (2017). Pharmacologic antagonism of dopamine
receptor D3 attenuates neurodegeneration and motor impairment in a mouse
model of Parkinson’s disease. Neuropharmacology 113, 110-123. doi: 10.1016/j.
neuropharm.2016.09.028

Frontiers in Aging Neuroscience

21

10.3389/fnagi.2022.910988

Fan, Y., Chen, Z., Pathak, J. L., Ana, M. D., Carneiro, A. M. D,, Chung, C. Y,
et al. (2018). Differential regulation of adhesion and phagocytosis of resting and
activated microglia by dopamine. Front. Cell Neurosci. 12:309. doi: 10.3389/fncel.
2018.00309

Farber, K., Pannasch, U., and Kettenmann, H. (2005). Dopamine and
noradrenaline control distinct functions in rodent microglial cells. Mol. Cell.
Neurosci. 29, 128-138. doi: 10.1016/j.mcn.2005.01.003

Feldmann, M., Maini, R. N., Woody, J. N., Holgate, S. T., Winter, G., Rowland,
M, et al. (2020). Trials of anti-tumour necrosis factor therapy for COVID-19 are
urgently needed. Lancet 395, 1407-1409. doi: 10.1016/50140-6736(20)30858-8

Fuhrmann, M., Bittner, T., Jung, C. K. E,, Burgold, S., Page, R. M., Mitteregger,
G., et al. (2010). Microglial Cx3crl knockout prevents neuron loss in a mouse
model of Alzheimer’s disease. Nat. Neurosci. 13, 411-413. doi: 10.1038/nn.2511

Fumagalli, S., Perego, C., Ortolano, F., and De Simoni, M. G. (2013). CX3CR1
deficiency induces an early protective inflammatory environment in ischemic
mice. Glia 61, 827-842. doi: 10.1002/glia.22474

Furube, E., Kawai, S., Inagaki, H., Takagi, S., and Miyata, S. (2018). Brain region-
dependent heterogeneity and dose-dependent difference in transient microglia
population increase during lipopolysaccharide-induced inflammation. Sci. Rep.
8:2203. doi: 10.1038/s41598-018-20643-3

Games, D., Valera, E., Spencer, B., Rockenstein, E., Mante, M., Adame, A.,
et al. (2014). Reducing C-terminal-truncated alpha-synuclein by immunotherapy
attenuates neurodegeneration and propagation in Parkinson’s disease-like models.
J. Neurosci. 34, 9441-9454. doi: 10.1523/J]NEUROSCI.5314-13.2014

Gao, H. M., Kotzbauer, P. T., Uryu, K., Leight, S., Trojanowski, J. Q., and Lee,
V. M. Y. (2008). Neuroinflammation and oxidation/nitration of alpha-synuclein
linked to dopaminergic neurodegeneration. J. Neurosci. 28, 7687-7698. doi: 10.
1523/JNEUROSCI.0143-07.2008

Geflen, L., Jessel, T., Cuello, A., and Iversen, L. L. (1976). Release of dopamine
from dendrites in rat substantia nigra. Nature 260, 258-260. doi: 10.1038/260258a0

Grabert, K., Michoel, T., Karavolos, M. H., Clohisey, S., Baillie, J. K., Stevens,
M. P, et al. (2016). Microglial brain region-dependent diversity and selective
regional sensitivities to aging. Nat. Neurosci. 19, 504-516. doi: 10.1038/nn.4222

Ikegami, A., Haruwaka, K., and Wake, H. M. (2019). Microglia: Lifelong
modulator of neural circuits. Neuropathology 39, 173-180. doi: 10.1111/neup.
12560

Janelsins, M. C., Mastrangelo, M. A., Oddo, S., LaFerla, F. M., Federoff, H. J.,
Bowers, W. J., et al. (2005). Early correlation of microglial activation with
enhanced tumor necrosis factor-alpha and monocyte chemoattractant protein-1
expression specifically within the entorhinal cortex of triple transgenic Alzheimer’s
disease mice. J. Neuroinflammation 2:23. doi: 10.1186/1742-2094-2-23

Kim, K. M,, Son, S. M., and Mook-Jung, I. (2013). Contributions of microglia to
structural synaptic plasticity. J. Exp. Neurosci. 7, 85-91. doi: 10.4137/JEN.S11269

Lanciego, J. L., Luquin, N., and Obeso, J. A. (2012). Functional neuroanatomy
of the basal ganglia. Cold Spring Harb. Perspect. Med. 2:a009621. doi: 10.1101/
cshperspect.a009621

Lawson, L. J., Perry, V. H,, Dri, P., and Gordon, S. (1990). Heterogeneity in
the distribution and morphology of microglia in the normal adult mouse brain.
Neuroscience 39, 151-170. doi: 10.1016/0306-4522(90)90229-w

Lee, S., Varvel, N. H., Konerth, M. E., Xu, G., Cardona, A. E., Ransohoff, R. M.,
et al. (2010). CX3CR1 deficiency alters microglial activation and reduces beta-
amyloid deposition in two Alzheimer’s disease mouse models. Am. J. Pathol. 177,
2549-2562. doi: 10.2353/ajpath.2010.100265

Lee, S., Xu, G., Jay, T. R,, Bhatta, S., Kim, K. W., Jung, S., et al. (2014). Opposing
effects of membrane-anchored CX3CL1 on amyloid and tau pathologies via the
p38 MAPK pathway. J. Neurosci. 34, 12538-12546. doi: 10.1523/J]NEUROSCI.
0853-14.2014

Linnerbauer, M., Wheeler, M. A., and Quintana, F. J. (2020). Astrocyte crosstalk
in CNS inflammation. Neuron 108, 608-622. doi: 10.1016/j.neuron.2020.08.012

Liu, C., Hong, K., Chen, H., Niu, Y., Duan, W, Liu, Y., et al. (2019). Evidence for
a protective role of the CX3CL1/CX3CR1 axis in a model of amyotrophic lateral
sclerosis. Biol. Chem. 400, 651-661. doi: 10.1515/hsz-2018-0204

Liu, Y., Qin, L., Wilson, B., Wu, X., Qian, L., Granholm, A. C., et al. (2008).
Endotoxin induces a delayed loss of TH-IR neurons in substantia nigra and motor
behavioral deficits. Neurotoxicology 29, 864-870. doi: 10.1016/j.neuro.2008.02.014

Liu, Z., Condello, C., Schain, A., Harb, R., and Grutzendler, J. (2010). CX3CR1
in microglia regulates brain amyloid deposition through selective protofibrillar

amyloid-p phagocytosis. J. Neurosci. 30, 17091-17101. doi: 10.1523/J]NEUROSCI.
4403-10.2010

frontiersin.org


https://doi.org/10.3389/fnagi.2022.910988
https://doi.org/10.1186/s12974-019-1628-8
https://doi.org/10.1016/j.neurobiolaging.2006.04.011
https://doi.org/10.1016/j.neurobiolaging.2006.04.011
https://doi.org/10.1186/s12974-015-0421-6
https://doi.org/10.1038/s41593-018-0192-3
https://doi.org/10.1186/s12974-017-0889-3
https://doi.org/10.1186/s12974-017-0889-3
https://doi.org/10.1016/j.neuron.2010.08.023
https://doi.org/10.1016/j.tins.2007.08.007
https://doi.org/10.1016/j.tins.2007.08.007
https://doi.org/10.1016/0006-8993(75)90849-5
https://doi.org/10.1080/15548627.2017.1313943
https://doi.org/10.1080/15548627.2017.1313943
https://doi.org/10.1038/nn1715
https://doi.org/10.1002/glia.23338
https://doi.org/10.1038/289537a0
https://doi.org/10.1523/JNEUROSCI.3611-11.2011
https://doi.org/10.1016/j.nbd.2018.05.012
https://doi.org/10.1038/s41423-021-00751-3
https://doi.org/10.1016/j.neuron.2017.06.020
https://doi.org/10.1002/glia.20663
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1016/j.freeradbiomed.2008.02.008
https://doi.org/10.1111/j.1472-8206.2008.00616.x
https://doi.org/10.1016/j.neuropharm.2016.09.028
https://doi.org/10.1016/j.neuropharm.2016.09.028
https://doi.org/10.3389/fncel.2018.00309
https://doi.org/10.3389/fncel.2018.00309
https://doi.org/10.1016/j.mcn.2005.01.003
https://doi.org/10.1016/S0140-6736(20)30858-8
https://doi.org/10.1038/nn.2511
https://doi.org/10.1002/glia.22474
https://doi.org/10.1038/s41598-018-20643-3
https://doi.org/10.1523/JNEUROSCI.5314-13.2014
https://doi.org/10.1523/JNEUROSCI.0143-07.2008
https://doi.org/10.1523/JNEUROSCI.0143-07.2008
https://doi.org/10.1038/260258a0
https://doi.org/10.1038/nn.4222
https://doi.org/10.1111/neup.12560
https://doi.org/10.1111/neup.12560
https://doi.org/10.1186/1742-2094-2-23
https://doi.org/10.4137/JEN.S11269
https://doi.org/10.1101/cshperspect.a009621
https://doi.org/10.1101/cshperspect.a009621
https://doi.org/10.1016/0306-4522(90)90229-w
https://doi.org/10.2353/ajpath.2010.100265
https://doi.org/10.1523/JNEUROSCI.0853-14.2014
https://doi.org/10.1523/JNEUROSCI.0853-14.2014
https://doi.org/10.1016/j.neuron.2020.08.012
https://doi.org/10.1515/hsz-2018-0204
https://doi.org/10.1016/j.neuro.2008.02.014
https://doi.org/10.1523/JNEUROSCI.4403-10.2010
https://doi.org/10.1523/JNEUROSCI.4403-10.2010
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Brandi et al.

Lynch, A. M., Walsh, C,, Delaney, A., Nolan, Y., Campbell, V. A., and Lynch,
M. A. (2004). Lipopolysaccharide-induced increase in signaling in hippocampus
is abrogated by IL-10-a role for IL-1 beta? J. Neurochem. 88, 635-646. doi: 10.
1046/j.1471-4159.2003.02157.x

Lyons, A., Lynch, A. M., Downer, E. ], Hanley, R,, O’Sullivan, J. B., Smith, A.,
et al. (2009). Fractalkine-induced activation of the phosphatidylinositol-3 kinase
pathway attenuates microglial activation in vivo and in vitro. J. Neurochem. 110,
1547-1556. doi: 10.1111/j.1471-4159.2009.06253.x

Maphis, N., Xu, G., Kokiko-Cochran, O. N., Jiang, S., Cardona, A., Ransohoff,
R. M, et al. (2015). Reactive microglia drive tau pathology and contribute to
the spreading of pathological tau in the brain. Brain 138(Pt 6), 1738-1755. doi:
10.1093/brain/awv081

Marker, D. F., Tremblay, M. E,, Lu, S. M., Majewska, A. K., and Gelbard, H. A.
(2010). A thin-skull window technique for chronic two-photon in vivo imaging
of murine microglia in models of neuroinflammation. J. Vis. Exp. 43, 2059. doi:
10.3791/2059

Marshall, M. (2021). COVID and the brain: Researchers zero in on how damage
occurs. Nat. News 595, 484-485. doi: 10.1038/d41586-021-01693-6

Martin, L. P., and Waszczak, B. L. (1996). Dopamine D2, receptor-mediated
modulation of the GABAergic inhibition of substantia nigra pars reticulata
neurons. Brain Res. 729, 156-169. doi: 10.1016/0006-8993(96)00226-0

Masuda, T., Sankowski, R., Staszewski, O., and Prinz, M. (2020). Microglia
heterogeneity in the single-cell era. Cell Rep. 30, 1271-1281. doi: 10.1016/j.celrep.
2020.01.010

Mercer, L., del Fiacco, M., and Cuello, A. C. (1979). The smooth endoplasmic
reticulum as a possible storage site for dendritic dopamine in substantia nigra
neurons. Experientia 35, 101-103. doi: 10.1007/BF01917903

Merino, J. J., Mufieton-Gémez, V., Alvarez, M. I, and Toledano-Diaz, A. (2016).
Effects of CX3CR1 and fractalkine chemokines in amyloid beta clearance and
p-tau accumulation in Alzheimer’s disease (AD) rodent models: Is fractalkine
a systemic biomarker for AD? Curr. Alzheimer Res. 13, 403-412. doi: 10.2174/
1567205013666151116125714

Miller, S. J. (2018). Astrocyte heterogeneity in the adult central nervous system.
Front. Cell Neurosci. 12:401. doi: 10.3389/fncel.2018.00401

Morganti, J. M., Nash, K. R., Grimmig, B. A., Ranjit, S., Small, B., Bickford, P. C.,
et al. (2012). The soluble isoform of CX3CLI is necessary for neuroprotection in
a mouse model of Parkinson’s disease. . Neurosci. 32, 14592-14601. doi: 10.1523/
JNEUROSCI.0539-12.2012

Nash, K. R,, Moran, P., Finneran, D. J., Hudson, C., Robinson, J., Morgan,
D., et al. (2015). Fractalkine over expression suppresses a-synuclein-mediated
neurodegeneration. Mol. Ther. 23, 17-23. doi: 10.1038/mt.2014.175

Nimmerjahn, A., Kirchhoff, F., and Helmchen, F. (2005). Resting microglial
cells are highly dynamic surveillants of brain parenchyma in vivo. Science 308,
1314-1318. doi: 10.1126/science.1110647

Ong, L. K,, Briggs, G. D., Guan, L., Dunkley, P. R, and Dickson, P. W. (2021).
Peripheral inflammation induces long-term changes in tyrosine hydroxylase
activation in the substantia nigra. Neurochem. Int. 146:105022. doi: 10.1016/j.
neuint.2021.105022

Pabon, M. M., Bachstetter, A. D., Hudson, C. E., Gemma, C., and Bickford, P. C.
(2011). CX3CL1 reduces neurotoxicity and microglial activation in a rat model of
Parkinson’s disease. J. Neuroinflammation 8:9. doi: 10.1186/1742-2094-8-9

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli,
P., et al. (2011). Synaptic pruning by microglia is necessary for normal brain
development. Science 333, 1456-1458. doi: 10.1126/science.1202529

Parkhurst, C. N,, Yang, G., Ninan, I, Savas, J. N., Yates, J. R., Lafaille, J. J.,
et al. (2013). Microglia promote learning-dependent synapse formation through
brain-derived neurotrophic factor. Cell 155, 1596-1609. doi: 10.1016/j.cell.2013.
11.030

Pawelec, P., Ziemka-Nalecz, M., Sypecka, J., and Zalewska, T. (2020). The
impact of the CX3CL1/CX3CR1 axis in neurological disorders. Cells 9:2277. doi:
10.3390/cells9102277

Qin, L, Wu, X, Block, M. L, Liu, Y., Breese, G. R, Hong, J. S,
et al. (2007). Systemic LPS causes chronic neuroinflammation and progressive
neurodegeneration. Glia 55, 453-462. doi: 10.1002/glia.20467

Rai, S. N., Chaturvedi, V. K., Singh, P., Singh, B. K., and Singh, M. P. (2020).
Mucuna pruriens in Parkinson’s and in some other diseases: Recent advancement
and future prospective. 3 Biotech 10:522. doi: 10.1007/s13205-020-02532-7

Rai, S. N., and Singh, P. (2020). Advancement in the modelling and therapeutics
of Parkinson’s disease. J. Chem. Neuroanat. 104:101752. doi: 10.1016/j.jchemneu.
2020.101752

Frontiers in Aging Neuroscience

22

10.3389/fnagi.2022.910988

Rai, S. N., Tiwari, N., Singh, P., Mishra, D., Singh, A. K., Hooshmandi, E.,
et al. (2021). Therapeutic potential of vital transcription factors in Alzheimer’s
and Parkinson’s disease with particular emphasis on transcription factor EB
mediated autophagy. Front. Neurosci. 15:777347. doi: 10.3389/fnins.2021.77
7347

Ramsey, C. P., and Tansey, M. G. (2013). A survey from 2012 of evidence for the
role of neuroinflammation in neurotoxin animal models of Parkinson’s disease and
potential molecular targets. Exp. Neurol. 256, 126-132. doi: 10.1016/j.expneurol.
2013.05.014

Rietschel, E. T., Kirikae, T., Schade, F. U., Mamat, U., Schmidt, G., Loppnow,
H., et al. (1994). Bacterial endotoxin: Molecular relationships of structure
to activity and function. FASEB J. 8, 217-225. doi: 10.1096/fasebj.8.2.811
9492

Robinson, P. C., Liew, D. F. L., Lie, ]. W., Monaco, C., Richards, D., Shivakumar,
S., et al. (2020). The potential for repurposing anti-TNF as a therapy for the
treatment of COVID-19. Med 1, 90-102. doi: 10.1016/j.med;.2020.11.005

Rosin, J. M., and Kurrasch, D. M. (2019). Emerging roles for hypothalamic
microglia as regulators of physiological homeostasis. Front. Neuroendocrinol.
54:100748. doi: 10.1016/j.yfrne.2019.100748

Silverman, H. A., Dancho, M., Regnier-Golanov, A., Nasim, M., Ochani, M.,
Olofsson, P. S, et al. (2014). Brain region-specific alterations in the gene expression
of cytokines, immune cell markers and cholinergic system components during
peripheral endotoxin-induced inflammation. Mol. Med. 20, 601-611. doi: 10.2119/
molmed.2014.00147

Soriano, S. G., Amaravadi, L. S., Wang, Y. F., Zhou, H,, Yu, G. X, Tonra, J. R,,
etal. (2002). Mice deficient in fractalkine are less susceptible to cerebral ischemia-
reperfusion injury. J. Neuroimmunol. 125, 59-65. doi: 10.1016/50165-5728(02)
00033-4

Tang, Z., Gan, Y., Liu, Q,, Yin, J. X,, Liu, Q., Shi, J., et al. (2014). CX3CR1
deficiency suppresses activation and neurotoxicity of microglia/macrophage in
experimental ischemic stroke. J. Neuroinflammation 11:26. doi: 10.1186/1742-
2094-11-26

Tesseur, L, Nguyen, A., Chang, B., Li, L., Woodling, N. S., Wyss-Coray, T, et al.
(2017). Deficiency in neuronal TGF-f signaling leads to nigrostriatal degeneration
and activation of TGF-p signaling protects against MPTP neurotoxicity in mice.
J. Neurosci. 37, 4584-4592. doi: 10.1523/JNEUROSCI.2952-16.2017

Thome, A. D., Standaert, D. G., and Harms, A. S. (2015). Fractalkine signaling
regulates the inflammatory response in an a-synuclein model of Parkinson disease.
PLoS One 10:¢0140566. doi: 10.1371/journal.pone.0140566

Tran, H. T., Chung, C. H., Iba, M., Zhang, B., Trojanowski, J. Q., Luk, K. C., et al.
(2014). A-synuclein immunotherapy blocks uptake and templated propagation
of misfolded a-synuclein and neurodegeneration. Cell Rep. 7, 2054-2065. doi:
10.1016/j.celrep.2014.05.033

Tristdo, F. S. M., Lazzarini, M., Martin, S., Amar, M., Stithmer, W., Kirchhoff,
F., et al. (2016). CX3CRI disruption differentially influences dopaminergic
neuron degeneration in parkinsonian mice depending on the neurotoxin and
route of administration. Neurotox. Res. 29, 364-380. doi: 10.1007/s12640-015-9
557-5

Ulusoy, A., Febbraro, F., Jensen, P. H.,, Kirik, D., and Romero-Ramos, M.
(2010). Co-expression of C-terminal truncated alpha-synuclein enhances full-
length alpha-synuclein-induced pathology. Eur. J. Neurosci. 32, 409-422. doi:
10.1111/j.1460-9568.2010.07284.x

Valdearcos, M., Myers, M. G., and Koliwad, S. K. (2019). Hypothalamic
microglia as potential regulators of metabolic physiology. Nat. Metab. 1, 314-320.
doi: 10.1038/s42255-019-0040-0

Vargas-Caraveo, A., Sayd, A., Maus, S. R, Caso, J. R.,, Madrigal, J. L. M,,
Garcia-Bueno, B., et al. (2017). Lipopolysaccharide enters the rat brain by a
lipoprotein-mediated transport mechanism in physiological conditions. Sci. Rep.
7:13113. doi: 10.1038/541598-017-13302-6

Vargas-Caraveo, A., Sayd, A., Robledo-Montana, J., Caso, J. R., Madrigal,
J. L. M., Garcia-Bueno, B., et al. (2020). Toll-like receptor 4 agonist and
antagonist lipopolysaccharides modify innate immune response in rat brain
circumventricular organs. J. Neuroinflammation 17:6. doi: 10.1186/s12974-019-
1690-2

Wang, W., Nguyen, L. T., Burlak, C., Chegini, F., Guo, F., Chataway, T., et al.
(2016). Caspase-1 causes truncation and aggregation of the Parkinson’s disease-
associated protein a-synuclein. Proc. Natl. Acad. Sci. U.S.A. 113, 9587-9592. doi:
10.1073/pnas.1610099113

Waszcak, B. L., and Walters, J. R. (1983). Dopamine modulation of the effects
of y-aminobutyric acid on substantia nigra pars reticulata neurons. Science 220,
218-221. doi: 10.1126/science.6828891

frontiersin.org


https://doi.org/10.3389/fnagi.2022.910988
https://doi.org/10.1046/j.1471-4159.2003.02157.x
https://doi.org/10.1046/j.1471-4159.2003.02157.x
https://doi.org/10.1111/j.1471-4159.2009.06253.x
https://doi.org/10.1093/brain/awv081
https://doi.org/10.1093/brain/awv081
https://doi.org/10.3791/2059
https://doi.org/10.3791/2059
https://doi.org/10.1038/d41586-021-01693-6
https://doi.org/10.1016/0006-8993(96)00226-0
https://doi.org/10.1016/j.celrep.2020.01.010
https://doi.org/10.1016/j.celrep.2020.01.010
https://doi.org/10.1007/BF01917903
https://doi.org/10.2174/1567205013666151116125714
https://doi.org/10.2174/1567205013666151116125714
https://doi.org/10.3389/fncel.2018.00401
https://doi.org/10.1523/JNEUROSCI.0539-12.2012
https://doi.org/10.1523/JNEUROSCI.0539-12.2012
https://doi.org/10.1038/mt.2014.175
https://doi.org/10.1126/science.1110647
https://doi.org/10.1016/j.neuint.2021.105022
https://doi.org/10.1016/j.neuint.2021.105022
https://doi.org/10.1186/1742-2094-8-9
https://doi.org/10.1126/science.1202529
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.3390/cells9102277
https://doi.org/10.3390/cells9102277
https://doi.org/10.1002/glia.20467
https://doi.org/10.1007/s13205-020-02532-7
https://doi.org/10.1016/j.jchemneu.2020.101752
https://doi.org/10.1016/j.jchemneu.2020.101752
https://doi.org/10.3389/fnins.2021.777347
https://doi.org/10.3389/fnins.2021.777347
https://doi.org/10.1016/j.expneurol.2013.05.014
https://doi.org/10.1016/j.expneurol.2013.05.014
https://doi.org/10.1096/fasebj.8.2.8119492
https://doi.org/10.1096/fasebj.8.2.8119492
https://doi.org/10.1016/j.medj.2020.11.005
https://doi.org/10.1016/j.yfrne.2019.100748
https://doi.org/10.2119/molmed.2014.00147
https://doi.org/10.2119/molmed.2014.00147
https://doi.org/10.1016/s0165-5728(02)00033-4
https://doi.org/10.1016/s0165-5728(02)00033-4
https://doi.org/10.1186/1742-2094-11-26
https://doi.org/10.1186/1742-2094-11-26
https://doi.org/10.1523/JNEUROSCI.2952-16.2017
https://doi.org/10.1371/journal.pone.0140566
https://doi.org/10.1016/j.celrep.2014.05.033
https://doi.org/10.1016/j.celrep.2014.05.033
https://doi.org/10.1007/s12640-015-9557-5
https://doi.org/10.1007/s12640-015-9557-5
https://doi.org/10.1111/j.1460-9568.2010.07284.x
https://doi.org/10.1111/j.1460-9568.2010.07284.x
https://doi.org/10.1038/s42255-019-0040-0
https://doi.org/10.1038/s41598-017-13302-6
https://doi.org/10.1186/s12974-019-1690-2
https://doi.org/10.1186/s12974-019-1690-2
https://doi.org/10.1073/pnas.1610099113
https://doi.org/10.1073/pnas.1610099113
https://doi.org/10.1126/science.6828891
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

Brandi et al.

Windels, F., and Kiyatkin, E. A. (2006). Dopamine action in the substantia nigra
pars reticulata: Jontophoretic studies in awake, unrestrained rats. Eur. J. Neurosci.
24, 1385-1394. doi: 10.1111/j.1460-9568.2006.05015.x

Wolf, Y., Yona, S., Kim, K. W, and Jung, S. (2013). Microglia, seen from the
CX3CRI angle. Front. Cell. Neurosci. 7:26. doi: 10.3389/fncel.2013.00026

Xu, Y., Zeng, K., Han, Y., Wang, L., Chen, D., Xi, Z,, et al. (2012). Altered
expression of CX3CL1 in patients with epilepsy and in a rat model. Am. J. Pathol.
180, 1950-1962. doi: 10.1016/j.ajpath.2012.01.024

Yan, Y., Jiang, W, Liu, L., Wang, X, Ding, C,, Tian, Z., et al. (2015). Dopamine
controls systemic inflammation through inhibition of NLRP3 inflammasome. Cell
160, 62-73. doi: 10.1016/j.cell.2014.11.047

Yeo, S. I, Kim, J. E,, Ryu, H. J, Seo, C. H, Lee, B. C,, Choi, I. G,, et al.
(2011). The roles of fractalkine/CX3CR1 system in neuronal death following

Frontiers in Aging Neuroscience

23

10.3389/fnagi.2022.910988

pilocarpine-induced status epilepticus. J. Neuroimmunol. 234, 93-102. doi: 10.
1016/j.jneuroim.2011.03.005

Zhao, Z., Wang, Y., Zhou, R, Li, Y., Gao, Y., Tu, D,, et al. (2020). A novel
role of NLRP3-generated IL-1f in the acute-chronic transition of peripheral
lipopolysaccharide-elicited neuroinflammation: Implications for sepsis-associated
neurodegeneration. J. Neuroinflammation 17:64. doi: 10.1186/s12974-020-1728-5

Zheng, H. F,, Yang, Y. P,, Hu, L. F., Wang, M. X,, Wang, F., Cao, L. D,, et al.
(2013). Autophagic impairment contributes to systemic inflammation-induced
dopaminergic neuron loss in the midbrain. PLoS One 8:€70472. doi: 10.1371/
journal.pone.0070472

Zhou, F. M., and Lee, C. R. (2011). Intrinsic and integrative properties of
substantia nigra pars reticulate neurons. Neuroscience 198, 69-94. doi: 10.1016/
j.neuroscience.2011.07.061

frontiersin.org


https://doi.org/10.3389/fnagi.2022.910988
https://doi.org/10.1111/j.1460-9568.2006.05015.x
https://doi.org/10.3389/fncel.2013.00026
https://doi.org/10.1016/j.ajpath.2012.01.024
https://doi.org/10.1016/j.cell.2014.11.047
https://doi.org/10.1016/j.jneuroim.2011.03.005
https://doi.org/10.1016/j.jneuroim.2011.03.005
https://doi.org/10.1186/s12974-020-1728-5
https://doi.org/10.1371/journal.pone.0070472
https://doi.org/10.1371/journal.pone.0070472
https://doi.org/10.1016/j.neuroscience.2011.07.061
https://doi.org/10.1016/j.neuroscience.2011.07.061
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/

	Brain region-specific microglial and astrocytic activation in response to systemic lipopolysaccharides exposure
	Introduction
	Materials and methods
	Animals
	Lipopolysaccharides treatments and samples collection
	Immunostaining and microscopy
	Quantitative image analyses
	Statistical analysis

	Results
	Microglia heterogeneity in C57BL6 mice in naive condition
	Brain region-specific microglia responses to intraperitoneal administration of lipopolysaccharides 5 mg/kg
	Brain region-specific microglia activation in response to different doses of lipopolysaccharides
	Brain region-specific chronic inflammation 30 days after lipopolysaccharides treatment
	Synaptic alterations due to acute and chronic neuroinflammation in SNpr
	Partial ablation of CX3CR1 decreased microglia activation and prevented chronic inflammation induced by systemic lipopolysaccharides administration
	Brain region-specific astrocytic activation in response to systemic lipopolysaccharides administration

	Discussion
	Brain region-specific microglia inflammation
	The neuroinflammatory process in SNpr leads to synaptic changes affecting the striato-nigral pathway
	CX3C axis as a pharmacological target for neuroinflammation
	Brain region-specific astrocytic activation

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


