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Abstract

Mechanically ventilated patients suffering critical illness are at high risk of developing neurocognitive impairments. Angio-
tensin type 2 receptor (AGTR2) has been demonstrated to be anti-inflammatory and neuroprotective. The present study thus
aimed to investigate whether AGTR?2 can alleviate cerebral dysfunction in mice subjected to cochallenge with lipopolysaccha-
ride (LPS) and mechanical ventilation (MV), and to reveal the underlying mechanism. We utilized a mice model that received
a single injection of LPS (1 mg/kg, intraperitoneally) followed 2 h later by MV (10 ml/kg, lasting for 2 h). Pretreatment with
the AGTR2 pharmacological agonist C21 (0.03, 0.3, and 3 mg/kg, intraperitoneally, once daily, lasting for 10 days). Locomo-
tor activity and behavioral deficits were evaluated 24 h post-MV by open-field and fear-condition tests. Brain hippocampus
and prefrontal cortex tissues were collected for immunofluorescence staining and western blotting to evaluate the resulting
impacts on microglia, including morphological traits, functional markers, synaptic engulfment, superoxide production, and
signaling molecules. Compared with vehicle-control, pre-administrated C21 reduced the branch endpoints and length of
microglia processes in a dose-dependent manner in mice subjected to LPS/MV. The neuroprotective effect of AGTR2 was
behaviorally confirmed by the improvement of memory decline in LPS/MV-treated mice following C21 pretreatment. In
addition to morphological alterations, C21 reduced microglial functional markers and reduced microglial-dendrite contact
and microglial engulfment of synaptic protein markers. In terms of the underlying molecular mechanism, AGTR2 stimulation
by C21 leads to activation of protein phosphatase 2A, which subsequently mitigates microglial PKCS and NF-kB activa-
tion, and inhibites NOX2-derived ROS production. The AGTR?2 agonist C21 alleviates behavioral deficits in those mice
subjected to LPS/MV, via mechanisms that involve reactive microglia and abnormal synaptic plasticity in NOX2-derived
ROS and the PKC8-NF«B pathway.
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Introduction

Cerebral dysfunction ranging from acute delirium to long-
term neurocognitive impairment may occur among up to
80% of critically ill patients after intensive care unit (ICU)
discharge (Pandharipande et al. 2013; Sasannejad et al.
2019). During the COVID-19 pandemic, this problem has
been particularly emphasized in severe coronavirus-infected
patients who were admitted to ICUs and received life-saving
support (Helms et al. 2020; Pun et al. 2021). Considerable
progress has been made in delineating the pathophysiologi-
cal mechanism that underlies the concomitant neurocogni-
tive disorder. Some risk factors have been identified, such
as systemic inflammation and mechanical ventilation (MV),
which have both independently been shown to be associ-
ated with cerebral dysfunction in patients surviving criti-
cal illness (Wilcox et al. 2013). Sepsis, a lethal syndrome
characterized by a systemic inflammation that develops in
response to the infection, is the most common reason for
ICU stay and is associated with a high prevalence of cer-
ebral dysfunction termed sepsis-associated encephalopathy
(Gofton and Young 2012). In addition to sepsis-associated
encephalopathy, MV may remotely affect cerebral func-
tion due to brain-lung interactions and is associated with
neurocognitive complications in a considerable portion of
critically ill, mechanically ventilated patients (Slutsky and
Tremblay 1998; Ely et al. 2004).

While the pathophysiology of neurocognitive deficits in
critically ill patients is thought to be complex and multi-
factorial, the immune activation and systemic inflammation
elicited by either the septic condition or the use of ventila-
tory support have been proposed to play a critical role in
neuropsychological alterations (Chen et al. 2015; Turon
et al. 2018; Sparrow et al. 2021). Systemic inflammation has
a substantial impact on the central nervous system (CNS),
as evidenced by the neuroinflammation pathologically
occurring in the brain via an impaired blood—brain barrier.
Numerous efforts have been made to clarify the mechanism
underlies how neuroinflammation develops in response to
systemic infection or mechanical ventilation and further
contributes to resulting cerebral consequences (Hoogland
et al. 2015; Giordano et al. 2021). For example, accumu-
lating experimental evidence in rodents has suggested that
systemic challenge caused by intraperitoneal injection of
lipopolysaccharide (LPS) or MV is significantly associated
with reactive microglia, the resident macrophage-like cells
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within the brain for monitoring and sustaining the balance of
the microenvironment within the CNS (Terrando et al. 2010;
Chen et al. 2012, 2016). Microglia are crucial for the main-
tenance of synaptic integrity by synaptic remodelling and
have also been implicated in pathological synapse loss and
dysfunction following injury, inflammation, or nervous sys-
tem degeneration (Werneburg et al. 2020; Cao et al. 2021).
For example, microglial engulfment of neuronal synapses
contributes to cognitive dysfunction, and synapse num-
bers are decreased in the dorsolateral prefrontal cortex of
patients suffering mental illness, such as suppression (Kang
et al. 2012). NADPH oxidase 2 (NOX2) enzymes critically
contribute to reactive microglia through the generation of
superoxide anions, such as reactive oxygen species (ROS),
and subsequently lead to neuronal dysregulation such as syn-
aptic plasticity impairment and neuronal death, which affects
neurocognitive function (Qiu et al. 2016; Huang et al. 2020).

Many molecular targets have been proposed to address the
mechanism of reactive microglia and the resulting neuronal
dysfunction or damage, such as angiotensin II type 2 receptor
(AGTR2). In addition to the cardiovascular and renal systems,
abundant levels of AGTR2 within the CNS locally expressed
on a variety of cell types, including microglia, astrocytes,
and neurons of the prefrontal cortex, hippocampus, and basal
ganglia, have been extensively studied in the context of neu-
roprotection and cognition (Lenkei et al. 1996; de Kloet et al.
2016; Jackson et al. 2018). Recently, using AGTR2-deficient
mice or an orally effective AGTR2 agonist, compound 21
(C21), it has been reported that direct AGTR2 stimulation is
neuroprotective and improves cognitive impairment in animal
models with cerebral ischemia stroke (Alhusban et al. 2015;
Schwengel et al. 2016; Eldahshan et al. 2019)and Alzheimer’s
disease (Jing et al. 2012; Royea et al. 2020). This neuropro-
tective action of AGTR2 has been thought to be related to a
microglia-dependent mechanism. It has been demonstrated
that AGTR2 stimulation using C21 lessens NADPH oxidase
(NOX)-mediated reactive microglia and participates in the
modulation of aberrant microglial polarization (Bhat et al.
2019; Jackson et al. 2020; Jackson-Cowan et al. 2021). It is
largely unclear whether and how AGTR?2 is involved in the
development of cognitive deficits caused by a critical illness.
Based on these findings, we hypothesized that AGTR2 acti-
vation might be a suitable strategy for mitigating cognitive
deficits under critically ill conditions, and this beneficial effect
was related to the reversal of reactive microglia and synaptic
abnormalities.

To test this hypothesis, we utilized a clinically relevant
mice model subjected to a single intraperitoneal injection
of LPS followed 2 h later by MV (10 ml/kg, lasting for 2 h)
to mimic, at least to some extent, the complex settings of
ventilator-treated patients with preexisting sepsis in the
present study (Ding et al. 2013, 2018; Zhang et al. 2021).
Both the hippocampus and prefrontal cortex were selected
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throughout the following study because areas commonly
thought to be highly linked to neurocognitive processes are
often reported brain regions of interest in the majority of
studies when it has been mentioned that reactive microglia
respond to systemic inflammation (Hoogland et al. 2015).
By using a combination of pharmacological tools, behavioral
testing paradigm, microglial structural reconstruction, and
confocal imaging, we demonstrated here that the AGTR2
agonist C21 alleviates behavioral deficits in mice subjected
to LPS/MYV, via mechanisms that involve reactive microglia
and abnormal synaptic plasticity in NOX2-derived ROS and
the PKC-NF«B pathway. Our findings provide experimen-
tal evidence to support the molecular and cellular basis for
AGTR?2 as a target candidate against cognitive deficits after
exposure to critically ill conditions.

Methods
Animals

All animal protocols were approved by the Animal Use
and Ethics Committee, Anhui Medical University. Male
C57BL/6 J mice (purchased from Jackson Laboratory)
and Cx3crl-GFP mice, Thyl-YFP mice (kindly offered
by Professor Zhi Zhang), aged 8-12 weeks, weighing
approximately 25 g, were used in the experiments. Mice
were housed in a specific pathogen-free environment with
controlled ambient temperature (22 +25°C) and humidity
(50% +10%) under a 12 h light-dark cycle (lights on from
07:00 to 19:00) with water and food available ad libitum.
The animals were acclimated to the housing conditions for
1 week before the experiments.

Animal Model

A two-hit model with LPS challenge followed by MV
was used, as described previously (Ding et al. 2018;
Zhang et al. 2021). Briefly, 2 h before receiving MV,
mice were anesthetized using isoflurane and pretreated
with an intraperitoneal injection of LPS (Sigma, L-2880,
Escherichia coli, serotype O26: 1 mg/kg) to induce sys-
temic inflammation. Afterward, mice were anesthetized
with an intraperitoneal injection of pentobarbital (50 mg/
kg) before endotracheal intubation. Mice were venti-
lated for 120 min with a tidal volume of 10 mL/kg, a
respiratory rate of 70 breaths/min, and a 1:1 inspiratory:
expiratory ratio with room air (FiO2 of 0.21) and without
positive end-expiratory pressure, using a volume-driven
small animal ventilator (RWD407, RWD Life Science:
Shenzhen, China). The body temperature of the animals
was maintained at 36 °C throughout the procedure using
a heating pad. In this study, the control treatment was

defined as those mice receiving the same volume of
saline injection 2 h before anesthesia and being allowed
to breathe spontaneously.

Open Field Test

All behavioral procedures were carried out in a sound-
isolated room. Tests were recorded by the same inves-
tigator blinded to the grouping of mice. The appa-
ratus was made up of a white Plexiglas chamber
(50 cm x50 cm x 25 cm) made of gray polyvinyl chlo-
ride. The mice were gently placed in the center. A cam-
era recorded the routes of the mice as they moved for a
period of 6 min. Total distance travelled were calculated
by EthoVision XT 14 software (Noldus, Wageningen, the
Netherlands). The chamber was cleaned with 75% ethanol
and clean water after each test to remove olfactory cues.

Fear Conditioning Test

On the training day, the animals were placed into an
enclosed training chamber and allowed to explore for
180 s. Then, the mice were exposed to a tone (30 s, 70 dB,
3 kHz), followed by a 2 s foot shock (0.75 mA). Afterward,
the mice were left in the chamber for an additional 30 s
before being returned to their home cage. On the test day,
the mice were re-exposed in the same chamber for 5 min
for the contextual fear conditioning test. The animal was
placed 2 h later into another test chamber for the cued fear
conditioning test, which had a different context and smells
from the first test chamber in relative lightroom. After a
3 min exploratory period, the tone was then turned on for
3 cycles, each cycle for 30 s followed by a 1-min intercycle
interval (4.5 min in total). The chamber was thoroughly
cleaned with 75% ethanol after each trial. Animal behavior
in these two chambers was video recorded. The length of
freezing behavior in 5 min in the first chamber (context-
related) and 4.5 min in the second chamber (tone-related)
was recorded by an observer who was blinded to the group
assignment. Freezing was defined as a completely immo-
bile posture except for respiration.

Treatment Grouping

To determine the optimal dose of C21 against the reactive
microglia, C21 at 0.03, 0.3, or 3 mg/kg dissolved in saline
solution was injected intraperitoneally once daily for seven
consecutive days before the two-hit model. Animals in the
control groups received the same volume of vehicle (nor-
mal saline) at the corresponding time points.
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«Fig. 1 Microglial activation develops in response to LPS/MV cotreat-
ment. A Representations from Paxinos & Franklin mouse atlas of
regions of interest analysed. IL region of mPFC. B Representative
images from LPS/MV-treated mice at different time points. Ibal
immunostaining and three-dimensional (3D) reconstruction of micro-
glia in the mPFC was shown. Scale bars, 40 pm (overview) and
10 pm (Zoom and Rendering). C Quantification of Ibal* number and
intensity, soma size, Imaris-based semi-automatic quantification of
Ibal* microglia morphometry in the mPFC. D Representations from
Paxinos & Franklin mouse atlas of regions of interest analysed. CAl
region of the dorsal hippocampus. E Representative images from
LPS/MV-treated mice at different time points. Ibal immunostain-
ing and three-dimensional (3D) reconstruction of microglia in the
hippocampus was shown. Scale bars, 40 pm (overview) and 10 pm
(Zoom and Rendering). F Quantification of Ibal™ number and inten-
sity, soma size, Imaris-based semi-automatic quantification of Ibal*
microglia morphometry in the hippocampus. G Schematic timeline of
behavioral tests. H The analysis results of FCT in control and LPS/
MV-treated mice. I The analysis results of OFT in control and LPS/
MV-treated mice. All data were presented as mean=+SEM. * p <0.05;
** p<0.01; *** p<0.001; ns, not significant. For detailed statistics
information, see Table S1. Abbreviations: mPFC, medial prefrontal
cortex; LPS, lipopolysaccharide; MV, mechanical ventilation; OFT,
Open Field Test; FCT, Fear Conditioning Test

Immunofluorescent Staining

Mice were deeply anesthetized with an intraperitoneal injec-
tion of pentobarbital (50 mg/kg) and perfused intracardi-
ally with saline and 4% (w/v) paraformaldehyde. The brain
was removed and postfixed in 4% (w/v) paraformaldehyde
overnight, before being placed in 30% (w/v) sucrose over-
night for dehydration. Coronal frozen Sects. (40 pm thick)
were cut by cryostat (Leica CM 1860, Germany) for further
immunoreactivity staining. The sections were blocked in 5%
(w/v) bovine serum and 0.5% (v/v) Triton X-100 for 1 h at
room temperature. Following blocking, the sections were
incubated with primary antibodies diluted with blocking
solution, including anti-ionized calcium-binding adapter
molecule 1 (Ibal) (1:500, rabbit, Wako and 1:500, goat,
Abcam), anti-MHCII (1:500, mouse, Abcam), anti-CD68
(1:500, mouse, Abcam) and anti-PSD95 (1:500, Goat,
Abcam) and anti-synaptophysin (1:100, rabbit, Cell signal-
ing), anti-GFAP (1:200, mouse, Cell signaling), anti-NeuN
(1:500, mouse, Abcam), and anti-NOX2 (1:500, mouse,
Santa Cruz), at 4 °C overnight. Next, the sections were
incubated with corresponding fluorophore-conjugated sec-
ondary antibodies diluted with blocking solution for 1.5 h at
room temperature, followed by staining with 4,6-diamidino-
2-phenylindole (DAPI; 1:2000, Sigma) for 3 min. Finally,
coverslips were mounted after adding antifade mounting
media (VECTASHIELD Vibrance), and fluorescence signals
were visualized using a Leica DM2500 camera and a Zeiss
LSM880 microscope. Further analyses, such as analysis of
fluorescence intensity and colocalization, were conducted
using ImagelJ software (Fiji edition, NIH). All the experi-
mental details are described elsewhere (Pan et al. 2022).

Morphological Analysis

For morphometric analysis, as mentioned previously (Pan
et al. 2022), confocal images of Ibal-positive cells were
visualized and acquired by a confocal laser-scanning micro-
scope (Carl Zeiss LSM880, Germany) with a 40 X objective
at 30-um intervals along the z-axis. We opened the confo-
cal Z-stacks image file and selected “Add New Filaments
| Create | Calculate Diameter of Filaments from Image”.
The diameter should be between 0.25 pm and 15 pm. We
modulated the “Starting Point” and “Seed Point Thresh-
olds” of dendrites according to the actual size and selected
“Remove Seed Points Around Starting Points” and set the
diameter of “Sphere Regions” as 30 pm. The number of
balls was the number of myeloid cells in the image counted
per mm3 according to the volume of the image. We adjusted
the threshold of the dendrites. In the spine “Points Diam-
eter” step, we deselected the “Detect Spines” option. Finally,
we clicked “statistics | Detailed | Specific Values | dendrite
length” and saved the data as a.xls file. The data were used as
a measure of myeloid cell morphology, such as the number
of endpoints and process length. Two images were randomly
picked from each mouse, and the mean result was used for
morphological analysis. Three-dimensional reconstruction
of myeloid cells was performed using IMARIS software.

Microglial engulfment was analyzed using IMARIS soft-
ware to create a 3D surface rendering of the microglia, with
a threshold established to ensure accurate reconstruction of
microglial processes, which was then used for subsequent
reconstructions. PSD95* and synaptophysin® puncta were
reconstructed using the IMARIS “‘Spots’” function. We used
the IMARIS MATLAB-based (MathWorks) plugin ‘‘Split
into Surface Objects’’ to assess the number of PSD95" and
synaptophysin® puncta entirely within the microglial sur-
face. Two images randomly picked from each mouse were
reconstructed, each having at least ten cells, for six mice in
each group. The mean result was used for morphological
analysis. All the experimental details were described previ-
ously (Cao et al. 2021).

To assess dendritic spine elimination, images were
acquired from Thyl-YFP mice and dendritic spines were
randomly selected by an observer blinded to the experimen-
tal purpose. The selected spines were then assessed to ensure
that they were resolved on the images. In detail, approxi-
mately 30 dendrites from three mice in each group were
analyzed using the plugin NeuronJ 1.4.3 in ImageJ software
(Fiji edition, NIH). Thereafter, the plugin Cell Counter was
used to calculate the number of spines on these dendrites.
All the experimental details were described previously (Cao
et al. 2021).

For analysis of microglial processes and neuronal den-
drite contacts, imaging was performed on a Zeiss LSM880
microscope using a 100x/1.4 NA oil objective, and imaging
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dendrites were accurately reconstructed using the ‘‘Sur-  between microglial processes and neuronal dendrites. All
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«Fig.2 AGTR2 agonist rescues microglia activation and memory
decline. A Schematic timeline of experiment. Control and LPS/
MV-stimulated mice were pre-treated with vehicle, and LPS/MV-
stimulated mice pre-treated with different concentrations of C21 were
designated as LPS/MV +C21 (0.03, 0.3, and 3 mg/kg) groups. B The
results of Ibal immunostaining and 3D reconstruction of microglia
in the mPFC was shown. Scale bars, 40 pm (overview) and 10 pm
(Zoom and Rendering). C Quantification of Ibal* number, intensity,
soma size, and Ibal* microglia morphometry was measured by Imaris-
based semi-automatic quantification in the mPFC. D The results
of Ibal immunostaining and 3D reconstruction of microglia in the
hippocampus was shown. Scale bars, 40 pm (overview) and 10 pm
(Zoom and Rendering). E Quantification of Ibal* number and inten-
sity in the hippocampus. F Quantification of Ibal* soma size, and
Imaris-based semi-automatic quantification of Ibal* microglia mor-
phometry in the hippocampus. G The results of FCT was analysed
in Veh and C21-treated mice. H The results of OFT was analysed in
Veh and C21-treated mice. All data were presented as mean + SEM. *
p<0.05; ** p<0.01; *** p<0.001; ns, not significant. For detailed
statistics information, see Table S1. Abbreviations: AGTR2, angio-
tensin type 2 receptor; Veh, vehicle; C21, compound 21

Fluorescence-activated Cell Sorting

Mice were anesthetized with an intraperitoneal injection
of pentobarbital (50 mg/kg). Subsequently, mice were
perfused intracardially with 20 ml of 0.1 M cold Hanks’
balanced salt solution (HBSS), followed by a rapid col-
lection of hippocampus and prefrontal cortex tissues (10
pooled animals per N), which were washed with cold
HBSS and chopped into small pieces on ice. Small tis-
sue was mechanically homogenized using a 23G needle
to produce single-cell suspensions, which were filtered
through a 70 pm cell strainer. After 70%-30% Percoll
gradient (Sigma, US) separation, the single-cell suspen-
sion was isolated from the interface and filtered with a
200 pm nylon mesh prior to staining with antibody stain-
ing. Microglia were labelled with CD11b-PC5.5 (1:200,
Biolegend), and sorted by BD FACSAria III (BD, USA)
for subsequent qPCR experiments.

Real-time PCR

Total RNA was extracted from isolated microglia using
TRIzol reagent (Vazyme, Nanjing, China) and quantified
using NanoVue plus (GE, US). Approximately 500 ng of
total RNA was reverse transcribed using StarScript II First-
strand cDNA Synthesis Mix with gDNA Remover (GenStar,
Beijing, China) in 20 pl reactions following the manufactur-
er’s protocol. Quantitative real-time PCR (qPCR) for IL-1p,
TNF-a, BDNF, and NOX2 was performed on an Applied
Biosystems StepOne™ Real-Time PCR System using the
2 X TSINGKE Master qPCR Mix (SYBR Green I) (Tsingke
Biotechnology, Beijing, China). Gene-specific primers
were purchased from Tsingke Biotechnology. The primer
sequences were as follows:

IL-1B (forward 5’-TTCAGGCAGGCAGTATCACTC-3’,
reverse 5’-GAAGGTCCACGGGAAAGACAC-3’)
TNF-a (forward 5’-CCTGTAGCCCACGTCGTAG-3’,
reverse 5’-GGGAGTAGACAAGGTACAACCC-3’)
BDNF (forward 5’-GCCTTTGGAGCCTCCTCC
TCTAC-3, reverse 5’-GCGGCATCCAGGTAATTTT-3)
NOX2 (forward 5’~-GGGAACTGGGCTGTGAATGA-3’,
reverse 5’-CAGTGCTGACCCAAGGAGTT-3")

In situ ROS Assay

Detection of ROS production in vivo in mice was conducted by
using dihydroethidium (DHE, Beyotime, China) as previously
described (Zhang et al. 2019; Liu et al. 2020). Briefly, mice
were injected with DHE (0.01 mg/g body weight, intraperitoneal
injection) 4 h before sacrifice. Oxidized DHE (ox-DHE) emits
bright red fluorescence, which can be detected at an emission
wavelength of 570 nm. The fluorescent signal was captured with
a Zeiss LSM880 microscope, and the threshold-based area of
DHE-positive staining was quantified using the ImagelJ system.

Western Blotting

Mice were deeply anesthetized and subsequently intracardially
perfused with 20 ml of 0.1 M cold PBS. The hippocampus
and prefrontal cortex were collected and washed twice with
ice-cold PBS and lysed in ice-cold RIPA lysis buffer contain-
ing 1 mM PMSF. The supernatant was obtained by centrifug-
ing at 12,000 g at 4 °C for 15 min. The protein concentration
was detected with PierceTM BCA protein assay kit (Thermo,
USA). Twenty micrograms of protein per lane was loaded on
a 10% SDS—polyacrylamide gel and subsequently transferred
to a nitrocellulose membrane, rinsed in TRIS buffered saline
(TBS), and blocked in 5% nonfat milk in TBS with 0.1% Tween
(TBS-T) for 1 h at room temperature. After rinsing in TBS-T,
membranes were incubated 4 °C overnight in primary anti-
bodies against f-Actin (1:500, Absin Bioscience, China), anti-
IL-1p (1:500, Absin Bioscience, China), anti-TNF-a (1:500,
Absin Bioscience, China), anti-BDNF (1:500, AbCam, UK),
anti-phospho-NCF1 (1:500, Bioss, China), anti-phospho-PP2A
(1:500, Bioss, China), anti-phospho-PKC8 (1:500, Bioss,
China), anti-p65 (1:1000, CST, US), anti-phospho-p65 (1:1000,
CST, US), anti-I-xB (1:500, Affinity, US), and anti-phospho-
I-xB (1:500, Affinity, US). Blots were washed in TBS-T and
incubated for 1 h in peroxidase-labelled secondary antibody
(1:5000, Thermo Scientific) at room temperature. Protein bands
were visualized by chemiluminescence reagent (Biosharp,
China) and quantified using ImagelJ software.

Statistical Analysis

GraphPad Prism 8 (GraphPad Software, Inc., US) was used
for statistical analysis and graphing. The QQ-plots were used
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«Fig.3 AGTR2 agonist reduces microglial functional markers and
inflammatory factors. A Schematic timeline, and mice were randomly
divided into three groups as control + Veh, LPS/MV + Veh, and LPS/
MYV +C21. B-C Workflow diagram and the scheme of flow cytometry
and cell sorting. D The gene mRNA expression of IL-1 8, TNF «,
and BDNF in CD11b-labelled microglia from the mPFC (left panel)
and hippocampus (right panel). E Western blot analysis of IL-1 p,
TNF o, and BDNF protein levels in the mPFC (left panel) and hip-
pocampus (right panel). F Semi-quantification for different proteins
expression were normalized in the mPFC (left panel) and hippocam-
pus (right panel). G Representative images (left panel) and analysis
results (right panel) of CD68 in Ibal* cell from the areas of mPFC.
Scale bar, 20 pm. H Representative images (left panel) and analysis
results (right panel) of CD68 in Ibal +cell from the areas of hip-
pocampus. Scale bar, 20 pm. I Representative images (left panel) and
quantitative analysis (right panel) of MHCII in the areas of mPFC.
Scale bar, 20 pm. J Representative images (left panel) and quantita-
tive analysis (right panel) of MHCII in the areas of hippocampus.
Scale bar, 20 pm. All data were presented as mean+SEM. * p <0.05;
** p<0.01; #** p<0.001; ns, not significant. For detailed statistics
information, see Table S1

to verify the assumptions before the t-test, ANOVA, and
descriptive statistics. We conducted statistical comparisons
between two groups using Student’s 7-tests. ANOVA and
Bonferroni post hoc analysis were used in analyses with
multiple experimental groups. All data are expressed as
the mean + SEM and significance levels are indicated as *
p<0.05, ¥ p<0.01 and *** p<0.001. P values are not
provided as exact values when they are less than 0.0001.

Results

Microglial Activation Develops in Response
to Cotreatment with LPS/MV

Given that the hippocampus and prefrontal cortex are the
two most vulnerable areas in neurocognitive dysfunction,
we selected those two areas throughout the following study.
To determine whether microglia were activated in response
to cotreatment with LPS/MV, we performed morphologi-
cal reconstruction of microglia at consecutive time points
by using Ibal-staining and further assessed the temporal
changes in processes in branch endpoints and length, which
is known to correlate well with reactive microglial status
(Cao et al. 2021; Pan et al. 2022). Experimental studies pre-
viously have shown that microglia were moderately active
within hours after a single challenge with LPS, reaching
their profound activation state after 8 h to 2 days and sub-
sequently returning to their normal surveilling state after
7 days (Hoogland et al. 2015). In line with the published
results, our findings revealed that a significant status of reac-
tive microglia, which was manifested by the shorter pro-
cesses and decreased branch points, substantially occurred
24 h after a cotreatment of LPS/MV (Fig. 1A-F).

Locomotor activity and behavioural phenotypes were
evaluated 24 h after the co-treatment of LPS/MV (Fig. 1G).
In the FCT, the cotreatment of LPS/MV significantly
decreased the percentage of freezing time compared with the
control group (Fig. 1H). In the OFT, there was no significant
difference in the total distance or time/distance spent in the
center area between the control-treated group and the LPS/
MV-treated group (Fig. 11). These data have shown that the
mice subjected to LPS/MV display memory impairments,
without any changes in locomotor activity.

AGTR2 Agonist Rescues Microglia Activation
and Memory Decline

Given that the neuroprotective role of AGTR2 is thought to
be related to its suppressive action on microglia-mediated
neuroinflammation, we utilized the AGTR2 pharmacologi-
cal agonist C21 at different dosages (0.03, 0.3, and 3 mg/kg)
to observe the resulting impacts on the reactive microglia
(Fig. 2A). Compared with the vehicle-control, pretreatment
of C21 with 7 continuous days at 0.3 and 3 mg/kg, but with-
out 0.03 mg/kg, significantly altered the microglial struc-
tural traits both in the hippocampus and prefrontal cortex in
mice subjected to LPS/MV (Fig. 2BF). Our findings showed
that C21 restrained the microglia in a dose-dependent man-
ner, and a dose of 0.3 mg/kg was chosen for the follow-
ing experiments. For further validation, we subsequently
sought to determine the impact of the AGTR2 agonist C21
on behavioural deficits induced by cotreatment with LPS/
MYV. Compared with the vehicle-control, the FCT results
indicated that AGTR2 stimulation rescued memory impair-
ments in C21-treated mice following cotreatment with LPS/
MYV (Fig. 2G), but without any alterations in locomotor
activity according to OFT results (Fig. 2H).

In addition to the alterations of morphological traits, acti-
vated microglia are highly characterized by producing high
levels of proinflammatory cytokines (such as IL-1p and TNF-
o) and brain-derived neurotrophic factor (BDNF) (Fig. 3A).
We thus isolated the CD11b-labelled microglia using FACS
from the hippocampus and prefrontal cortex tissues, and fur-
ther quantified the mRNA levels of IL-1p, TNF-a, and BDNF
using qPCR (Fig. 3B, C). As shown in Fig. 3D, an increase
in IL-1p, TNF-a, and BDNF levels in response to LPS/MV
was observed in isolated microglia, which was prevented by
pretreatment with C21. Western blot analysis of these protein
levels also showed the same results (Fig. 3E, F). Furthermore,
CD68 and MHCII markers, which are associated with reac-
tive microglia status, were also found to be increased in mice
subjected to cotreatment with LPS/MV. In line with the find-
ings that C21-elicited suppression of microglial morphologi-
cal phenotypes, pretreatment with C21 significantly reduced
the enhancement of CD68 and MHCII levels in those LPS/
MV-treated mice (Fig. 3G-J).
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«Fig.4 AGTR2 agonist reduces microglial engulfment of neuronal
spines and phagocytosis of synapses. A Representative images of
neuronal dendrites (left panel) and summarized data for spine num-
bers per 10 pm (right panel) were displayed in the mPFC from Thy!-
YFP mice. Scale bar, 10 pm. B Representative images of neuronal
dendrites (left panel) and summarized data for spine numbers per
10 pm (right panel) were displayed in the hippocampus from Thyl-
YFP mice. Scale bar, 10 pm. C Reconstructed images of Ibal* micro-
glia (red) and YFP* neuronal dendrites (Thyl-YFP mice) (left panel),
and summarized data for the size of microglia-dendrite contacts (right
panel) in the mPFC. Scale bars, 5 pm (overview) and 2 pm (inset).
D Reconstructed images of Ibal* microglia (red) and YFP* neuronal
dendrites (Thy!-YFP mice) (left panel), and summarized data for the
size of microglia-dendrite contacts (right panel) in the hippocam-
pus. Scale bars, 5 pm (overview) and 2 pm (inset). E Representa-
tive images and 3D surface rendering of Ibal* microglia containing
synaptophysin puncta (left panel), and quantification of synaptophy-
sin puncta in microglia (right panel) in the mPFC as indicated. Scale
bars, 10 pm (overview) and 2 pm (inset and rendering). F Represent-
ative images and 3D surface rendering of Ibal* microglia containing
synaptophysin puncta (left panel), and quantification of synaptophy-
sin puncta in microglia (right panel) in the hippocampus as indicated.
Scale bars, 10 pm (overview) and 2 pm (inset and rendering). G
Representative images and 3D surface rendering of Ibal* microglia
containing PSD95" puncta (left panel), and quantification of PSD95*
puncta in microglia (right panel) in the mPFC as indicated. Scale
bars, 10 pm (overview) and 2 pm (inset and rendering). H Represent-
ative images and 3D surface rendering of Ibal* microglia containing
PSD95* puncta (left panel), and quantification of PSD95 + puncta in
microglia (right panel) in the hippocampus as indicated. Scale bars,
10 pm (overview) and 2 pm (inset and rendering). All data were pre-
sented as mean+ SEM. * p <0.05, ** p<0.01, and *** p<0.001; ns,
not significant. For detailed statistics information, see Table S1

AGTR2 Agonist Reduces Microglial Engulfment
of Neuronal Spines

Microglia are important phagocytic cells that participate in
synapse remodelling by conducting synaptic pruning, and
disrupted synaptic pruning is associated with concomitant
reactive microglia in neurological disease (Tonnies and
Trushina 2017; Cobley et al. 2018). We observed synap-
tic dysfunction in response to a cochallenge with LPS/MV,
which was morphologically manifested by a reduction in
the number of synaptic spines in LPS/MV-treated ThyI-YFP
mice (Fig. 4A, B). We next examined the interactions of
microglial processes and neuronal dendritic spines in the
hippocampus and prefrontal cortex. First, we investigated the
microglia-dendrite contact using Ibal-staining to reconstruct
the morphology of microglial processes in Thyl-YFP mice,
which can be visualized with dendritic spines of neurons
expressing YFP. The contact of microglial processes (red)
and neuronal dendrites (green) is shown in Fig. 4C, D and
the size of microglia-dendrite contact areas was abundantly
elevated in LPS/MV-treated mice, which was significantly
reduced by pretreatment with C21 (Fig. 4C, D). In addition
to microglia-dendrite contact, three-dimensional reconstruc-
tion further revealed that abundant immunoreactive puncta
(red) of synaptic protein markers, such as postsynaptic

marker PSD95 or presynaptic marker synaptophysin, and
Cx3crl-labelled microglial processes (green) colocalized in
Cx3crl-GFP mice following a co-treatment of LPS/MYV, but
not control-treated mice (Fig. 4E-H). Compared with the
vehicle control, these synaptic alterations were significantly
reduced by pretreatment with C21 (Fig. 4E-H). These results
collectively showed that LPS/MV led to an increase in syn-
aptic loss due to microglial phagocytosis and that these
phenotypes were reversed upon intraperitoneal injection of
preadministered C21.

AGTR2 Agonist Declines NOX2-derived ROS
and PKC-NFkB in Microglia

To elucidate how the AT2R agonist C21 rescues the aber-
rant reactive microglia and dysregulated synaptic pruning,
we further determined whether C21 produced any impacts
on the high level of superoxides, such as ROS, which are
thought to initiate or facilitate the downstream reactive
microglia and neuronal dysfunction (Qiu et al. 2016; Huang
et al. 2020). Given that ROS production can be mediated
through upregulation of NOX2, our data supported the idea
that NOX2 is highly expressed in microglia from the hip-
pocampus and prefrontal cortex, which may underpin the
increased ROS generation observed following LPS/MV
treatment (Fig. SA, B). For further validation, we deter-
mined the change in mRNA levels of NOX2 from isolated
microglia in control-treated and LPV/MV-treated mice. We
observed that NOX2 mRNA was significantly enriched in
response to LPS/MV in isolated microglia (Fig. 5C), and the
same results were found at the protein level (Fig. 5D). Our
findings indicated that NOX2, which is mainly detectable in
Ibal-labelled microglia, in LPS/MV-treated mice was sig-
nificantly higher than that in control-treated mice, and was
subsequently lessened by pretreatment with C21 (Fig. SE,
F). We further identified ROS production by tracking the
signals of oxidized dihydroethidine (ox-DHE), a marker for
intracellular superoxide, and we found that ox-DHE stain-
ing was increased in response to LPS/MV, which was con-
sistent with the increase in microglial NOX2 (Fig. 5G, H).
Compared with the vehicle-control, pretreatment with C21
lessened ox-DHE staining in C21-treated mice following
exposure to LPS/MV.

On the other hand, given that relevant signaling mole-
cules, such as PKC, MAPKSs, and NF-kB, have been tightly
linked to LPS-elicited reactive microglia and accompa-
nying NOX2-induced ROS generation (Wen et al. 2011),
we included NF-xB, to explore whether it was involved in
AT,R-elicited beneficial actions and to identify whether
AT2R activation prevented p65 NF-kB phosphorylation. In
the present study, a substantial decrease in the ratio of total-
p65/phosphorylated-p65 is attributed to higher levels of the
phosphorylated p65 subunit, which indicates the activation
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«Fig.5 AGTR2 agonist inhibits NOX2-derived ROS production in
microglia. A Representative staining in the mPFC from LPS/MV-
treated mice was shown. GFAP (violet), NeuN (violet), Ibal (green),
NOX2 (red), and DAPI (blue), and the co-localization of NOX2/Ibal,
NOX2/NeuN, or NOX2/GFAP was analyzed by The Pearson’s Corre-
lation Coefficient test in the mPFC. Scale bar, 20 pm. B Representa-
tive staining in the hippocampus from LPS/MV-treated mice was
shown. GFAP (violet), NeuN (violet), Ibal (green), NOX2 (red), and
DAPI (blue), and the co-localization of NOX2/Ibal, NOX2/NeuN,
or NOX2/GFAP was analyzed by The Pearson’s Correlation Coeffi-
cient test in the hippocampus. Scale bar, 20 pm. C Gene expression
of NOX2 from CD11b-labelled microglia in the areas of mPFC (left)
and hippocampus (right). D Western blot analysis of NOX2 protein
levels (left), and Semi-quantification for proteins expression were
normalized (right) in the mPFC and hippocampus. E Representa-
tive images (left) and the analysis (right) of NOX2 in the Ibal* cell
of mPFC. Scale bar, 20 pm. F Representative images (left) and the
analysis (right) of NOX2 in the Ibal™ cell of hippocampus. Scale
bar, 20 pm. G Representative images (left) and quantitative analysis
(right) of immunostaining for DHE in the mPFC. Scale bar, 100 pm.
H Representative images and quantitative analysis of immunostain-
ing for DHE in the hippocampus. Scale bar, 100 pm. All data were
presented as mean+SEM. * p<0.05, ** p<0.01, and *** p<0.001;
ns, not significant. For detailed statistics information, see Table S1.
Abbreviations: NOX2, NADPH oxidase 2; DHE, dihydroethidine

of the NF-xB signaling pathway after a C21 pretreatment
(Fig. 6A-D). As an upstream signaling molecule, PKC5S is
likely to be the major player that orchestrates microglial
function in response to LPS insults by initiating NF-kB-
mediated transcriptional activation. It has been reported that
the functional knockdown of PKC-6 attenuated ERK1/2 and
p38 MAPKSs phosphorylation, which subsequently led to the
blockade of NF-xB activation and iNOS overproduction in
microglial cells. Findings from other works have demon-
strated that AT2R induces the activation of PP2A, a protein
phosphatase that leads to the dephosphorylation and inacti-
vation of PKC in microglia (Bhat et al. 2019, 2021). In the
present study, our results indicated that C21 phosphorylated
PP2A and reduced phosphorylated PKC-d (Fig. 6A-D). Our
data supported the idea that stimulation of AT2R signal-
ing by C21 prevented microglial activation through NOX-
2-induced ROS generation and PP2A-mediated inhibition
of PKC and NF-«xB.

Discussion

The objectives of the current study were to determine
whether pretreatment with C21 lessened cognitive deficits
and weakened reactive microglia in mice subjected to LPS/
MYV, and to elucidate the possible underlying mechanism.
Although AGTR2 exerts a beneficial role in improving cog-
nitive function in multiple models of neurological diseases,
this is the first study to demonstrate the potential role of
the AGTR2 agonist C21 on concomitant neurocognitive

disorder in a mice model with high relevance to the critical
care field. Given that a compelling relationship is implicated
between systemic inflammation and reactive microglia in
mediating acute brain dysfunction, we evaluated the impacts
of C21 on reactive microglia and functional alterations in
response to LPS/MV. Our findings indicated that pretreat-
ment with C21 reduced reactive microglia, accompanied by
suppression of microglia-mediated engulfment of neuronal
synapses, in mice subjected to LPS/MV. In terms of the
underlying mechanism, the C21-elicited ameliorative effect
on reactive microglia and functions may be related to the
NOX2-derived ROS PKC8-NFkB pathway.

The pathophysiological mechanisms of acute brain dys-
function in critically ill patients are poorly understood, but
one of the main triggers that have been proposed is inflam-
mation, which is commonly elicited by systemic infection,
traumatic injury, surgical operation, and mechanical ventila-
tory support (Mei et al. 2021; Saito et al. 2021; Manabe and
Heneka 2022). Inflammatory signals can be transmitted to
brain by direct or indirect pathways and remotely affect the
brain function as a consequence. Microglial cells, which are
characterized by a very low threshold of activation, rapidly
respond to noxious signals and exhibit highly functional
plasticity in response to environmental alterations. In the
present study, following the “two-hit” challenge of LPS plus
MYV, shorter processes and decreased branch points were
found in the microglia of the mice subjected to LPS/MV. In
addition to morphological changes, dramatic increases in
MHCII, and CD68 markers, and the loss of synaptic protein
markers were detected in microglia from PLS/MV-treated
mice. Once surveilling microglia transform into reactive
states in response to stress challenges, reactive microglia are
implicated in the resulting neurocognitive outcome through
a process known as microglia-dependent synaptic remodel-
ling. This causal relationship has been evidenced by the fact
that systemic inflammation-induced reactive microglia are
accompanied by deficits in synaptic refinement, neuronal
connectivity, and the proper extent of synaptic pruning
(Wang et al. 2020; Cao et al. 2021). For example, Cao et al.
found that early-life inflammation encodes long-lasting mal-
adaptation of neurons to stress through excessive microglial
engulfment of neuronal spines, resulting in the development
of depression-like symptoms during adolescence (Cao et al.
2021).

Microglia have been found to be highly active in constantly
responding to any type of brain homeostatic disturbance and
are rapidly transformed from a highly ramified process to an
amoeboid morphology under pathological conditions (Furube
et al. 2018). In addition to morphological alterations, it has
been convincingly shown that the proliferation of microglia is
a concomitant event that is associated with disease pathological
conditions, coinciding with the activation of microglia (Furube
et al. 2018). In the mouse and human brain, microglial density
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«Fig.6 AGTR2 agonist inhibits PKCd-NFkB in microglia. A The
expression of PP2A, PKC-5, NF-xB p65, p-NF-kB p65, IxkBa and
p-IkBa were detected in the mPFC using western blot. B The expres-
sion of PP2A, PKC-5, NF-kB p65, p-NF-«kB p65, IkBa and p-IxkBa
were detected in the hippocampus using western blot. C Semi-
quantification for different proteins expression were normalized in
the mPFC. D Semi-quantification for different proteins expression
were normalized in the hippocampus. All data were presented as
mean=+SEM. * p<0.05, ** p<0.01, and *** p<0.001; ns, not sig-
nificant. For detailed statistics information, see Table S1

remains remarkably stable, because microglial proliferation in
adult rodent brains is slow under physiologically healthy condi-
tions. In contrast, microglia increase their population by both
proliferation of resident microglia and recruitment of blood-
derived immune cells under pathological brain conditions, for
example, LPS induces systemic inflammation and disruption
of the blood-brain barrier occurs. A large amount of evidence
indicates that there is a causative relationship between microglial
proliferation and neurocognitive outcomes. This is further con-
firmed by the fact that the inhibition of microglial proliferation
by pharmacological inhibitors against colony stimulating factor
receptor 1 (CSF1R) produced an improvement in neurocognitive
deficits (Olmos-Alonso et al. 2016). Our findings suggest that
C21 treatment efficiently reduces the proliferation of microglia as
well as reactive microglia. Numerous efforts have recently been
made to explain the molecular mechanism by which AGTR2
mitigates reactive microglia and their subsequent function.
Traditionally, AGTR?2 is believed to be highly expressed in the
fetus but rapidly declines to an extremely low level after birth
(Lenkei et al. 1996; de Kloet et al. 2016). Recently, it has been
increasingly acknowledged that inducible AGTR?2 expression is
abundantly elicited on activated microglia in response to chal-
lenges, and AGTR?2 stimulation might exert anti-inflammatory
action via the inhibition of microglia, which leads to an improved
outcome in neurological disease (Jackson et al. 2018; Rivas-
Santisteban et al. 2021). Our findings strengthen the beneficial
role of AGTR2 on neurocognitive outcome, which is linked to
a reduction in reactive microglia, and microglial engulfment of
the synapse. NADPH oxidase activation and subsequent ROS
overproduction are important upstream events that can activate
microglia and amplify microglial dysfunction (Dohi et al. 2010;
Kumar et al. 2016). There are multiple sources of the produc-
tion of ROS, among which the most studied include NADPH
oxidase and mitochondrial ROS (Circu and Aw 2010). Despite a
disagreement on the extent to which mitochondria produce ROS
in vivo, NADPH oxidase is regarded as the predominant source
of ROS in phagocytes such as microglia, which is upregulated
in SAE and POCD and essential for microglia-mediated amy-
loid neurotoxicity (Bhat et al. 2019). We demonstrated here that
pretreatment with C21 lessened microglial NOX2 expression
and resulted in ROS production in the prefrontal cortex and hip-
pocampus in mice subjected to LPS/MV. In addition to NOX2-
derived ROS, it cannot be neglected that microglia produce a

wide spectrum of neural active substances to participate in the
neuroinflammatory cascade and synaptic dysfunction, such
as IL-1 and TNF as well as neuroprotective factors, includ-
ing BDNF which is critically involved in synaptic maturation
and plasticity (Jiang et al. 2022). Although others and our data
revealed that the substantial increase in IL-1, TNF, and BDNF
levels occurs concomitantly with reactive microglia, there is a
limitation that we did not deeply investigate whether and how the
alteration of these substances drives the subsequent neurologi-
cal dysfunction. Furthermore, the findings from our and others’
works have demonstrated that stimulation of AT2R induces the
activation of PP2A, which is a protein phosphatase that leads to
the dephosphorylation of PKCS that typically results in the sub-
sequent NF-kB-mediated transcriptional activation in microglia.

Conclusions

In summary, our findings revealed that the AGTR2 agonist
C21 alleviated behavioral deficits in mice subjected to LPS/
MYV cochallenge in a microglia-dependent manner via inhi-
bition of aberrant reactive microglia and microglial engulf-
ment of neuronal synapses. The findings of this study pro-
vide experimental evidence supporting the pharmacological
stimulation of AGTR2 by C21 and may be valuable for the
development of prevention or mitigation strategies for neu-
rological morbidity in these critically ill patients.
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