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SHORT COMMUNICATION

Acute neuroinflammation promotes a metabolic shift that alters
extracellular vesicle cargo in the mouse brain cortex

Natasha Vassileff,, Jereme G. Spiers,, Juliani Juliani,, Rohan G. T. Lowe

Keshava K. Datta Andrew F. Hill,

1The Department of Biochemistry and Chemistry,
School of Agriculture, Biomedicine and
Environment, La Trobe Institute for Molecular
Science, La Trobe University, Bundoora, Victoria,
Australia
2Clear Vision Research, Eccles Institute of
Neuroscience, John Curtin School of Medical
Research, College of Health and Medicine, The
Australian National University, Acton, Australian
Capital Territory, Australia
3School of Medicine and Psychology, College of
Health and Medicine, The Australian National
University, Acton, Australian Capital Territory,
Australia
4Olivia Newton-John Cancer Research Institute,
Heidelberg, Victoria, Australia
5School of Cancer Medicine, La Trobe University,
Bundoora, Victoria, Australia
6La Trobe University Proteomics and
Metabolomics Platform, La Trobe University,
Bundoora, Victoria, Australia
7Institute for Health and Sport, Victoria
University, Footscray, Victoria, Australia

Correspondence
Andrew F. Hill, Institute for Health and Sport,
Victoria University, Footscray, Victoria, Australia.
Email: Andy.Hill@vu.edu.au

Funding information
National Health and Medical Research Council
Australia, Grant/Award Number: GNT1132604

Abstract
Neuroinflammation is initiated through microglial activation and cytokine release
which can be induced through lipopolysaccharide treatment (LPS) leading to a tran-
scriptional cascade culminating in the differential expression of target proteins. These
differentially expressed proteins can then be packaged into extracellular vesicles
(EVs), a formof cellular communication, further propagating the neuroinflammatory
response over long distances. Despite this, the EV proteome in the brain, following
LPS treatment, has not been investigated. Brain tissue and brain derived EVs (BDEVs)
isolated from the cortex of LPS-treatedmice underwent thorough characterisation to
meet the minimal information for studies of extracellular vesicles guidelines before
undergoing mass spectrometry analysis to identify the differentially expressed pro-
teins. Fourteen differentially expressed proteins were identified in the LPS brain
tissue samples compared to the controls and 57 were identified in the BDEVs iso-
lated from the LPS treated mice compared to the controls. This included proteins
associated with the initiation of the inflammatory response, epigenetic regulation,
and metabolism. These results allude to a potential link between small EV cargo and
early inflammatory signalling.
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 INTRODUCTION

Acute neuroinflammation is an inflammatory response that occurs in the central nervous system (CNS) that is characterised by
the glial release of chemokines, cytokines and reactive oxygen species (ROS), which leads to further recruitment of microglia,
macrophages, astrocytes and leukocytes (DiSabato et al., 2016; Norden et al., 2016). Acute inflammation occurs immediately
following an insult and can be effectively recreated in vivo using lipopolysaccharide (LPS), a pathogen-associated molecular
pattern (PAMP) located on the outer membrane of Escherichia coli (Batista et al., 2019; Zhao et al., 2019). LPS activates toll-like
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receptor (TLR) 4, initiating a downstream cascade involving myeloid differentiation primary response protein 88 (MyD88),
interleukin-1 receptor-associated kinases (IRAKs) and TNF receptor associated Factor 6 (TRAF6) (Lu et al., 2008; Zhao et al.,
2019). This activation is accompanied by a change in metabolism from oxidative phosphorylation to aerobic glycolysis, in
part promoted by expression of hypoxia-inducible factor-1α (HIF1α) which upregulates expression of glycolytic enzymes
including lactate dehydrogenase (LDH) and pyruvate dehydrogenase kinase 1 (PDK1) (Kim et al., 2006; Wang et al., 2017). The
upregulation of these enzymes leads to increased lactate and pyruvate entering the tricarboxylic acid (TCA) cycle (Lauterbach
et al., 2019; Meiser et al., 2016). However, in executing this pro-inflammatory state there are two prominent breaks in the TCA
cycle resulting in intermediates entering the cytoplasm where they conduct regulatory functions (Geiß et al., 2022). One of these
vital metabolites is citrate which stimulates lipid synthesis and the production of nicotinamide adenine dinucleotide phosphate
(NADPH) and acetyl-coenzyme A (CoA), which contribute to histone acetylation, inflammatory gene transcription and fatty
acid accumulation required for cell membrane expansion (Hu et al., 2016; Wang et al., 2014; Wei et al., 2016; Wellen et al.,
2009). The second break is characterised by succinate accumulation which stabilizes HIF-1α expression leading to sustained
reprogramming through transcription, decreased mitochondrial respiration and reinforced aerobic glycolysis (Tannahill et al.,
2013; Wculek et al., 2022). The regulation of gene expression culminates in the activation of transcription factors including
nuclear factor kappa B subunit 1 (NF-κB), which leads to transcription of pro-inflammatory genes and subsequent production
of pro-inflammatory cytokines including interleukins (ILs) (Lu et al., 2008). In addition to recruiting leukocytes, IL-1, IL-6 and
IL-17 have been documented to regulate autophagy, a vital cellular process required for homeostasis (Ge et al., 2018).

Autophagy is a cellular process that involves the proteolytic degradation of unnecessary or dysfunctional cytosolic compo-
nents through a lysosome-dependent pathway (Glick et al., 2010). Autophagy occurs constitutively under normal conditions
with its up regulation occurring in response to stress which includes endoplasmic reticulum stress, mitochondrial damage and
neuroinflammation (Glick et al., 2010; Wang et al., 2022). There are three main subcategories of autophagy: microautophagy,
macroautophagy and chaperone-mediated autophagy (CMA). Microautophagy is characterised by the protrusion or invagina-
tion of the lysosomal or late endosomal membrane resulting in the internalisation of cytosolic proteins and organelles (Vicencio
et al., 2020; Wang et al., 2022). Interestingly, there is considerable overlap between autophagy and cell-to-cell communication in
the form of extracellular vesicles (EVs).
EVs are small double-lipidmembranedparticles, capable of traversing large distances, that are involved in intercellular commu-

nication (Colletti et al., 2021). The term EVs encompasses small EVs including exosomes, medium EVs including microvesicles,
and large EVs including apoptotic bodies (Vassileff, Cheng, & Hill, 2020). The distinction between these subgroups comes down
to the size of these vesicles and their biogenesis process. Small EVs are characterised as exhibiting a 50–200 nm diameter and
originate from the endosomal trafficking system (Vassileff, Cheng, & Hill, 2020). They begin their biogenesis process with the
maturation of early endosomes, containingmaterial, into late endosomes (Stoorvogel et al., 1991). Cargo including proteins, RNA
and lipids are transferred to the limiting membrane of what is now a multivesicular body (MVB) resulting in the formation of
intra-luminal vesicles (ILVs) (Pan et al., 1985; Skotland et al., 2017). The MVB then fuses with either lysosomes, resulting in the
degradation of the ILVs, or with the plasma membrane resulting in the release of small EVs (Buschow et al., 2009). Initially
believed to be involved in disposal, the biogenesis of small EVs has substantial overlap with autophagy (Gudbergsson & Johnsen,
2019). Specifically, autophagosomes, involved in macroautophagy, are known to fuse with MVBs, which reduces small EV secre-
tion (Colletti et al., 2021; Fader et al., 2008; Villarroya-Beltri et al., 2016). Furthermore, autophagy-related (ATG) proteins which
are key autophagy proteins that have been shown to influence small EV biogenesis and secretion by regulatingMVB acidification
and therefore altering ILV formation (Gudbergsson & Johnsen, 2019; Guo et al., 2017; Murrow et al., 2015).

Despite evidence of cross talk between macroautophagy and small EV biogenesis, the stimuli for influencing communication
between these pathways during neuroinflammation has not been thoroughly investigated. In this study we demonstrate that
neuroinflammation influences small EVprotein packaging and affects expression of TCAcycle enzymes leading to their increased
presence in small EVs. This study is the first to explore the role neuroinflammation plays in the packaging of small EVs in
the cortical region and uncovers how this packaging is influenced through the inter-talk between mitochondria and small EV
biogenesis.

 METHODS

. Experimental animals and tissue collection

Ethical approval was approved by the La Trobe University Animal Ethics Committee under approval number AEC19-034 and all
procedures were carried out in strict accordance with the policies and procedures outlined in the Australian Code of Practice for
the Care andUse of Animals for Scientific Purposes.Wildtype C57BL/6mice (aged 10–12 weeks) were sourced from the La Trobe
Animal Research and Teaching Facility breeding colony and housed in IVC cages (3–5/cage) under standard 12-h light (lights on
at 07:00) conditions with ad libitum access to food and water. On the experimental day, animals were moved to an experimental
room in the same facility and administered either LPS (500 μg/kg) or saline via i.p. injection (Biesmans et al., 2013; Dang et al.,
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2019). Mice were returned to their cages for 6 h after which they were transcardially perfused with sterile saline (as detailed in
[Dang et al., 2019]). The brain was then rapidly removed and the cortex isolated and frozen on powdered dry ice prior to storage
at −80◦C.

. Pro-inflammatory mRNA expression

RNA was extracted from cortical brain tissue using a Qiagen mRNeasy mini kit (Qiagen, Doncaster, Australia) according to the
manufacturer’s instructions. A total of 1 μg of RNA was reverse transcribed using a high capacity cDNA reverse transcriptase kit
(Applied Biosystems Cat#4368813) and the expression of pro-inflammatory genes of interest (Nfkbia; Mm00477798_m1, Nlrp3;
Mm00840904_m1, Il1β; Mm00434228_m1, Il6; Mm00446190_m1, Tnf; Mm00443258_m1, Ccl2; Mm01287743_m1) was deter-
mined using TaqmanAssay-on-demand kits using the geometricmean of Actb (Mm02619580_g1) andHprt1 (Mm03024075_m1)
as housekeeping genes. The relative expression of target genes was then calculated using the ΔΔCT method relative to
saline-treated control mice.

. Brain derived extracellular vesicle isolation frommouse cortex tissue

Brain derived EVs (BDEVs) were isolated from the cortex tissue of mice as previously described (Vassileff, Vella, Rajapaksha,
et al., 2020; Vella et al., 2017). In detail, the frozen tissue was sliced on ice 2–3 mm lengthways per every 100 mg and incubated at
37◦C with 800 μL of collagenase type 3 solution (75 U/mL of collagenase (Worthington) in DPBS) per 100 mg of tissue. Ice cold
inhibition solution (5× PhosSTOP (Sigma-Aldrich), 1× cOmplete ULTRA protease inhibitor (Sigma-Aldrich), 2 mM EDTA in
DPBS) was then added to the tissue to a final concentration of 1× before resuspension and subsequent centrifugation at 300 × g
at 4◦C for 5 min in a standard benchtop centrifuge.
An aliquot of the 300 × g pellet, was treated with inhibition solution to a final concentration of 1× (1 mL of 10× inhibition

solution, 9 mL of DPBS). This 300 × g pellet, which was not used for further EV isolation, was then homogenised using 18-, 21-,
25- and 27-gauge needles, sonicated at 4◦C for 20 min, and centrifuged at 10,000 × g at 4◦C for 5 min in a standard benchtop
centrifuge, and the supernatant representative of the total brain proteome was collected.
The supernatant containing the EVs from the 300 × g spin was then further centrifuged at 2000 × g at 4◦C for 10 min and

10,000 × g at 4◦C for 30 min in a Type 45 Ti rotor (339160, Beckman Coulter) before being overlaid on a triple sucrose cushion
consisting of Fraction 4 (F4); 1 mL of 2.5 M sucrose (20 mM 4-(2-hydroxyethyl)−1-piperazineethanesulfonic acid (HEPES) in
D2O (pH 6.4), 2.5 M protease-free sucrose, pH 7.4) with a refractive index of 1.453, followed by Fraction 3 (F3); 1 mL of 1.3 M
sucrose (10.4 mL of 2.5 M sucrose, 9.6 mL of HEPES in D2O), with a refractive index between 1.3978 and 1.3958, followed by
Fraction 2 (F2); 1 mL of 0.6M sucrose (4.8mL of 2.5M sucrose, 15.2mL of HEPES inD2O) with a refractive index between 1.3639
and 1.3622, in which the EVs are concentrated following ultracentrifugation indicating their density is between 1.3639 and 1.3622,
followed by the supernatant from the 10,000 × g spin, in an ultra-clear thin-wall 13.2 mL tube (344059, Beckman Coulter). The
gradient then underwent further centrifugation at 200,000 × g at 4◦C for 180 min in a SW41 rotor (15U12301, Beckman Coulter).
The entire 1 mL of each Fraction (1, 2 and 3) was subsequently collected and each was resuspended in 7 mL of ice cold DPBS
prior to centrifugation at 128,000 × g at 4◦C for 80 min in 26.3 mL polycarbonate centrifuge bottles (355618, Beckman Coulter)
in a Type 70 Ti rotor (15U6647, Beckman Coulter). The pellets were collected and resuspended in 80 μL of DPBS and stored at
−80◦C with Fraction 2 containing the EVs.

. SDS-PAGE gel electrophoresis

The protein content of the brain tissue (TB) samples and BDEVs (isolated in Fraction 2) was then lysed in 1× lysis buffer (5 M
NaCl, 1 M Tris, Triton X-100, 1% (w/v) sodium deoxycholate, 1× cOmplete ULTRA protease inhibitor) at 4◦C for 20 min before
centrifugation at 2500 × g, 25◦C for 5 min. The protein concentration was then determined using a bicinchoninic acid (BCA)
protein assay (Pierce, ThermoFisher Scientific), according to the manufacturer’s instructions, andmeasured using the ClarioStar
microplate reader (BMG Labtech). Samples were combined with LDS Sample Buffer (4×) (ThermoFisher Scientific NP0007),
containing 5% β-mercaptoethanol, and incubated at 70◦C for 10 min. 20 μg of each sample was loaded onto a 4%–12% Bis-Tris
Plus Gel (NuPAGE or Bolt, Invitrogen) with 1× MES SDS running buffer (NuPAGE, Invitrogen) before undergoing transfer
to a PVDF membrane and incubation with the following antibodies (EV enriched proteins: Actin, Cell Signalling 8H10D10
(MISEV category 2, 1 in 1000 dilution); Tsg101, Abcam ab83 (MISEV category 2, 1 in 500 dilution); and CD9 Abcam ab30871
(MISEV category 1, 1 in 1000 dilution); and EV non-enriched proteins: Calnexin, Abcam ab22595 (MISEV category 4, 1 in 10,000
dilution); and Nucleoporin, BD Bioscience 610497 (MISEV category 3, 1 in 1000 dilution) in 2.5% skim milk in PBS-T (0.05%
Tween) (Kowal et al., 2016; Perez-Hernandez et al., 2018). The membranes were then incubated with either a mouse IgG HRP
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(BioStrategyNA931) or rabbit IgGHRP (BioStrategyNA934) secondary antibody (1 in 10,000 dilution) in 2.5% skimmilk in PBS-
T prior to development with the Clarity ECL reagent (Bio-Rad), imaging with the ChemiDoc Touch imaging system (Bio-Rad)
and analysis using Image Lab 5.2.1 (Bio-Rad).

. Nanoparticle tracking analysis

Size and concentration of the isolated vesicles was determined using nanoparticle tracking analysis (NTA). The samples were
diluted 1 in 1000 in DPBS prior to infusion via a 1 mL syringe into the ZetaView Quatt PMX-420 (Particle Metrix). Recordings
were created by scanning 30 frames per position at 11 positions with the following parameters maximum particle size: 1000,
minimum particle size 10, minimum brightness 25, focus: autofocus, sensitivity: 80.0, shutter: 100 and cell temperature: 25◦C.
The in-built ZetaView software 8.05.14-SP7 was used for analysis of these recordings.

. Transmission electron microscopy

Size and morphology of the isolated vesicles was achieved using transmission electron microscopy (TEM). The formvar-copper
coated grid was glow discharged for 60 s, after which 5 μL of sample was added to the grid (ProSciTech) followed by addition of
5 μL of Uranyl acetate (Agar Scientific), twice. The grid was then imaged using the JEM-2100 transmission electron microscope
(Jeol).

. Protein digest and peptide desalting

Four control brain tissue (TB) and four LPSTB samples alongwith three control BDEV and three LPS BDEV samples, all of which
consisted of 50 μg in 100 μL, underwent proteomic analysis. Denaturation of proteins was achieved through reconstitution of the
samples in urea (8 M urea, 25 mM Tris-HCl, pH 8.0). Disulphide bonds were reduced with a 60-min incubation with TCEP
(tris-2-carboxyethyl-phosphine) at a final concentration of 2 mM. Alkylation of reduced thiols was achieved through a 45-min
incubation in the dark with iodoacetamine to a final concentration of 38 mM. The samples were then diluted to a final concen-
tration of 2 M urea using 20 mM Tris-HCl. Sequencing grade trypsin (Promega) was added in a 1:50 ratio (enzyme:protein) and
incubated overnight at 37◦C.The peptideswere desalted using StageTips according to a previously published protocol (Rappsilber
et al., 2007) and dried in a speedvac.

. LC-MS analysis of peptides

Label-free LC-MS was performed on a Thermo Fisher Scientific Q Exactive HF mass spectrometer interfaced with a Thermo
Ultimate 3000 RSLCnano UHPLC system. Reconstitution of peptides was achieved in 0.1% (v/v) trifluoroacetic acid (TFA) and
2% (v/v) acetonitrile (ACN). Peptides (500 ng) were loaded onto a PepMap C18 5 μm 1 cm trapping cartridge (Thermo-Fisher
Scientific, Waltham, MA, USA) at 14 μL/min for 6 min and washed for 6 min before switching the pre-column in line with
the analytical column (nanoEase M/Z Peptide BEH C18 Column, 1.7 μm, 130 Å and 75 μm ID × 25 cm, Waters). Peptides were
separated at 250 nL/min using a linear ACN gradient of buffer A (0.1% (v/v) formic acid, 2% (v/v) ACN) and buffer B (0.1% (v/v)
formic acid, 80% (v/v) ACN). Buffer B was increased from 12% to 30% over 54 min, then to 50% over 10 min and finally to 95%
over 6 min. The column was then cleaned for 4 min in 95% buffer B and equilibrated with 2% buffer B for 10 min.
Mass spectrometry data were collected in data dependent acquisitionmode.MS1 scans were acquired in the profilemode using

350−1500 m/z as MS scan range at a resolution of 60,000. The AGC target was set to 3 × 106 while the maximum ion injection
time was 30 ms. Peptide fragmentation was achieved using HCD with a normalized collision energy of 28. MS/MS spectra were
collected using a TopN method with a loop count of 7 at a resolution of 60,000. The minimum AGC target for the MS2 scans
was 1.2 × 104 while maximum ion injection time was 110 ms. MS2 scans were acquired in the centroid mode.

. Database search

Raw files were searched using the SequestHT search engine in the Thermo Proteome Discoverer software suite (version 2.4).
Searches were carried out against the Mus musculus UniProt reference proteome database (UP000000589, March 2021) and a
decoy database containing reversed sequences with the following parameters: precursor tolerance of 15 ppm and fragment toler-
ance of 0.05 Da, permission of twomissed trypsin cleavages, included static modification of carbamidomethyl of C, and dynamic
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F IGURE  Characterisation of model and BDEVs. Brain tissue and BDEVs isolated from the cortex of mice treated with LPS or Saline exhibit an
inflammatory response and characteristics consistent with that of small EVs, respectively. (a) Brain tissue from LPS treated mice exhibited increased expression
of cytokines. Mann–Whitney test, n = 4, mean ± SEM. (b) Brain tissue from LPS treated mice demonstrated increased expression of inflammatory markers (c)
The BDEVs expressed small EV enriched markers and demonstrated an absence of small EV non-enriched markers (n = 3, two LPS TB samples and BDEVS,
and one control TB sample and BDEV). (d) A population of vesicles with depressed cup-like structures and a diameter of 100 to 200 nm, consistent with that of
small EVs, appear to be present in the TEM images. These images are representative of a control sample (left) and an LPS samples (right). (e) The BDEVs
appear to be between 100 and 200 nm in diameter, consistent with small EVs, as shown by the nanoparticle tracking analysis. This result is representative of
n = 3 (one control BDEV sample and two LPS BDEV samples). BDEV, brain derived extracellular vesicles; LPS, lipopolysaccharide; TB, brain tissue; TEM,
transmission electron microscopy.

modifications of oxidation of M, and acetylation and/or methionine loss of protein N-terminus. Validation FDR thresholds were
0.01 for strict or 0.05 for relaxed criteria at PSM, peptide and protein levels. Label-free quantification was performed on precursor
ion intensity and abundances were normalised to total peptide amount. Possible contaminants were identified with the protein
marker node and the Common Repository of Adventitious Peptides database.

. Statistical analysis and data availability

Proteome discoverer protein abundances were processed with Perseus (Tyanova et al., 2016), where contaminants were removed,
values were log base 2 transformed, filtered to remove proteins that lacked three valid values in at least one treatment, and
missing values were imputed (2 SD downshifted distribution and 0.2 SD width). Downstream analysis was performed using the
DEP: Differential Enrichment analysis of Proteomics data package in R studio and differential analysis was conducted using the
packages in-built software and recommended settings (Zhang et al., 2018). The resulting data were presented using GraphPad
Prism where the volcano plocts represent all of the proteins detected in the total brain samples and BDEVs with significant
proteins being determined to have a fold change of ≥1.5 or ≤−1.5 and a p-value of ≤ 0.05 (Version 8.2.1; GraphPad Software
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Inc, San Diego, CA, USA). Downstream analysis included STRING analysis, gProfiler (performed on the 1 March 2022 for the
BDEVs and the 2 March 2022 for the TBs), which were visually presented using Biorender, and the R package ggplot2: Elegant
Graphics for Data Analysis, where the number of proteins involved in each GO category is represented by the length of the bar
and the colour of the bar represents the –log10 of the adjusted p-value for that category (Szklarczyk et al., 2015). The proteomics
data has been submitted to the PRIDE repository and can be accessed using the identifier PXD044893. Pro-inflammatorymRNA
data were analysed using GraphPad Prism (Version 8.2.1; GraphPad Software Inc, San Diego, CA, USA). Saline control and LPS-
treated groups were compared using individual Student’s t-tests or Mann–Whitney U tests for non-normally distributed data.
All data were presented as the mean ± standard error of the mean (SEM) and p < 0.05 was considered statistically significant.

 RESULTS

. LPS-induced neuroinflammation and BDEV characterisation

Using a panel of pro-inflammatory mRNA, the neuroinflammatory effects of LPS administration were evaluated in the cortical
tissue from the treatedmice. Therewere highly significant increases in expression of the chemokines, cytokines and inflammatory
markers Ccl2 (p < 0.05), Tnf (p < 0.05), Il1β (p < 0.001), Il6 (p < 0.001), Nlrp3 (p < 0.001) and Nfkbia (p < 0.001) in LPS-treated
mice relative to controls (Figures 1a and b). BDEVs and representative total brain tissue (TB) samples were isolated from the
cortex of mice following treatment with LPS (500 μg/kg) (n = 3 for BDEVs and n = 4 for TB) or saline (n = 3 for BDEVs and
n = 4 for TB) for 6 h. Quality control assessments were conducted to ensure the BDEVs met MISEV’s minimum criteria to be
classified as small EVs (Thery et al., 2018). This involved Western blot analysis, where the EVs were probed with EV enriched
markers: Actin, Tsg101 and CD9 and non-EV enriched markers: calnexin and nucleoporin to ensure the presence of small EVs
and the absence of contamination (Figure 1c). The EVs underwent TEM where they exhibited a homogenous vesicle population
consisting of EVs with depressed cup-like structures and a size of 40–120 nm in diameter (Figure 1d) (Wu et al., 2015). This size
was further verified through NTA analysis, performed on the ZetaView Quatt PMX-420 (Figure 1e) (Kalra et al., 2012; Sokolova
et al., 2011). Following successful characterisation, the BDEVs underwent proteomic analysis.

. Upregulated proteins were identified in the brain tissue and BDEVs from LPS treated mice

The proteome of the LPS-treated mouse derived brain tissue (Table S1) and BDEVs (Table S2) was compared to that of the con-
trol mice to determine whether certain proteins were differentially expressed under inflammatory conditions. Fourteen proteins
were found to be significantly differentially expressed in the brain tissue of the LPS treated mice, with majority of these pro-
teins exhibiting upregulation during the inflammatory condition (Figure 2a ). Interestingly, these upregulated proteins include
S100 calcium-binding protein A8 (S100A8) and A9 (S100A9), two potent regulators of the inflammatory response, known to
be released from activated microglia (Blom et al., 2020; Wang et al., 2018). Furthermore, the BDEV proteomes isolated from
the LPS-treated and control mice were compared to determine whether EV proteomes changed during inflammation. The mass
spectrometry results identified 57 differentially expressed proteins with a clear upregulation of proteins being observed in the
BDEVs isolated from the LPS-treated mice compared to the control mice (Figures 2b). These groups of differentially expressed

F IGURE  Differentially expressed proteins observed in the TB and in the BDEVs from LPS treated mice compared to controls. (a) Fourteen proteins
were found to be significantly differentially expressed in the TB of the LPS treated mice compared to the control mice. Log2(Fold Change) cut off of ± 0.585
and –Log10(p-value) cut off of 1.3. (b) 57 proteins were found to be significantly differentially expressed in the BDEVs isolated from the LPS treated mice
compared to the control mice. Log2(Fold Change) cut off of ± 0.585 and –Log10(p-value) cut off of 1.3. BDEV, brain derived extracellular vesicles; LPS,
lipopolysaccharide; TB, brain tissue.
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F IGURE  GO analysis of the proteins found to be differentially expressed in the LPS treated mouse TB and BDEVs compared to the controls. GO
analysis based on fold enrichment revealed the number of proteins involved in each category. The number of proteins involved in each GO category is
represented by the length of the bar and the colour of the bar represents the –log10 of the adjusted p-value for that category. (a) The differentially expressed TB
proteins exhibited molecular functions including antioxidant and histone methyltransferase activity, and were involved in biological processes including the
inflammatory response, neutrophil aggregation, and leukocyte migration. Finally, the proteins were found to be involved in regulation of TLR signalling as

(Continues)
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F IGURE  (Continued)
observed in the reactome pathway analysis. (b) The differentially expressed BDEV proteins were found to be involved in cellular components including the
mitochondria and its membrane, exhibited molecular functions including NAD, and the TCA cycle, and were involved in biological processes including the
metabolic processes and glycolysis. Finally, the proteins were found to be involved in regulation of TCA cycle, and platelet and degranulation as observed in the
reactome pathway analysis. BDEV, brain derived extracellular vesicles; GO, Gene ontology; TB, brain tissue; TCA, tricarboxylic acid; TLR, toll-like receptor.

proteins were further examined through gene ontology (GO) analysis to determine which pathway were being affected through
EV facilitation under inflammatory conditions.

. Upregulated proteins in the brain tissue of LPS treated mice execute the inflammatory
response through immune cell activation and cysteine S-nitrosylation

GO analysis revealed the differentially expressed proteins in the brain tissue samples to be involved in clearance pathways and
exhibited molecular functions including antioxidant activity (Figure 3a). Furthermore, these proteins were found to be involved
in biological processes including peptidyl cysteine S-nitrosylation, neutrophil aggregation and leukocyte migration involved
in the inflammatory response. Interestingly, the regulation of TLR by endogenous ligands appeared to be one of the reactome
pathways determined to involve the proteins. Given the brain tissue appeared to exhibit an inflammatory response it was of
interest to determine whether the activation of these pathways was being mediated through EVs.

. BDEV proteins from LPS treated mice are involved in key metabolic pathways

BDEV proteins isolated from the cortex of LPS treated and control mice were revealed, through GO analysis, to be associated
with themitochondria andmitochondrialmatrix (Figure 3b). These proteinswere found to exhibitmolecular functions including
NAD binding and carboxylic acid binding, functions that are synonymous with the mitochondria. Furthermore, these proteins
were found to be involved in biological processes including the TCA cycle, 2-oxoglutarate metabolism and the NADHmetabolic
process. Additionally, through reactome analysis, these proteins were implicated in gluconeogenesis and glycolysis. Given, the
GO results revealed an overwhelming proportion of proteins were involved in metabolic processes occurring in the mitochon-
dria, STRING analysis was performed to determinewhether any of the differentially expressed proteins were interacting partners.
Interestingly, no network connectivity was identified between the proteins found to be differentially expressed in the brain tissue.
Furthermore, only two interacting pairs were identified with one pair being the S100A8 and S100A9 proteins (Figure 4a). Con-
trastingly, STRING analysis revealed the differentially expressed proteins identified in the BDEVs isolated from the LPS-treated
mice exhibited a significant network connectivity process (Figure 4b). Further investigation of this network revealed it con-
sisted primarily of the upregulated proteins which were discovered to be enzymes involved in the TCA cycle or enzymes whose
products fed into the TCA cycle in addition to, a component of the electron transport chain (Figure 5 and Table S3). The differen-
tially expressed proteins found in the BDEVs were then investigated to determine whether they were originating from a specific
cell type in the CNS. Proteins differentially expressed in the brain tissue samples and BDEVs appeared to be equally expressed
across the CNS cell types with a slight enrichment of several proteins observed in the neuronal cells and enrichment of S100A8
and S100A9 in the macrophage progenitor cells (Figure S1). These pathway analysis results indicate the differentially expressed
proteins are involved in the inflammatory response, and those packaged into EVs are involved in important network connec-
tivity processes related to metabolic pathways occurring in the mitochondria that are predominantly occurring in neuronal and
microglial cells during inflammation.

 DISCUSSION

To understand the role EVs play in acute neuroinflammatory conditions, this study isolated BDEVs from mice treated with
LPS (500 μg/kg). Following EV isolation and characterisation, the samples underwent proteomic analysis where a panel of 14
differentially expressed proteins was identified in the brain tissue samples and a panel of 57 differentially expressed proteins
was discovered in the BDEVs. The proteins differentially expressed in the LPS-treated mouse brain tissues encompassed known
inflammatorymolecules including low levels of alarmins, S100A8 and S100A9 (Blom et al., 2020;Wang et al., 2018). Alternatively,
the upregulated proteins identified in BDEVs from LPS treated mice exhibited network relationships that suggested involve-
ment with the TCA cycle, linking small EV packaging with the metabolic changes known to be associated with microglial and
macrophage pro-inflammatory activation.
A panel of pro-inflammatory mRNA markers showed there was significant induction of neuroinflammation following 6 h

of LPS treatment. This is largely in agreement with previous studies using LPS as a model of neuroinflammation (Biesmans
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F IGURE  STRING analysis of the differentially expressed proteins. (a) Two interacting partners but no network relationships were detected in the
proteins found to be differentially expressed in the LPS treated mouse TB compared to the control. (b) Proteins found to be differentially expressed in the
BDEVs isolated from LPS treated mice compared to the control mice appear to exhibit network relationships/connectivity. The graph was created using
STRING. BDEV, brain derived extracellular vesicles; LPS, lipopolysaccharide; STRING, search tool for the retrieval of interacting genes/proteins; TB, brain
tissue.
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F IGURE  The upregulated BDEVs proteins, isolated from the LPS treated mice, appear to be involved in the TCA cycle. Proteins identified to be
enriched in the LPS-treated mouse BDEVs were found to constitute TCA cycle enzymes. Additionally, several of these proteins were found to comprise
enzymes whose products feed into the TCA cycle and one of these proteins was found to form an electron transport chain protein complex, as indicated by the
red boxes. BDEV, brain derived extracellular vesicles; LPS, lipopolysaccharide; TCA, tricarboxylic acid cycle.

et al., 2013; Dang et al., 2019; Mittli, 2023). Unsurprisingly, proteomic analysis of the LPS-treated mouse brain tissues revealed
numerous proteins involved in initiating the inflammatory cascade and generation of ROS which are known to alter cellular
communication. Therefore, examination of the BDEVs was conducted next to determine whether this is reflected in the released
EVs.
Several downregulated proteins were identified in the BDEVs derived from the LPS treated mice compared to the controls.

These proteins included calcium/calmodulin-dependent protein kinase type II (CaMKII), a prominent player in glutamater-
gic synaptic plasticity. Increased phosphorylation and expression of CaMKII is induced through LPS treatment resulting in the
formation of N-methyl D-aspartate receptor subtype 2B-CaMKII-Postsynaptic density protein 95 in the frontal cortex and hip-
pocampus of mice where the proteins’ presence is associated with neuronal damage (Song et al., 2019). In addition to mediating
inflammation, CaMKII is known to be involved in apoptotic pathways and its increased phosphorylation and expression has been
observed in mouse brain tissues undergoing necroptosis after intracerebral haemorrhage (Sun et al., 2023; Yuan et al., 2023).
Examination of the upregulated proteins in the BDEVs derived from the LPS treated mice revealed a network connectivity

map indicating a high degree of interaction. Upon further examination, these proteins were all found to be a part of, or feed
into the TCA cycle. In previous studies, LPS was shown to induce macrophages to preferentially undergo glycolysis as opposed
to oxidative phosphorylation, diminishing TCA cycle activity (Choi et al., 2021; Haas et al., 2016; Tannahill et al., 2013). The
downregulation of isocitrate dehydrogenase in macrophages is believed to assist their polarization into the pro-inflammatory
phenotype, (Jha et al., 2015; Liu et al., 2017). Interestingly, α-ketoglutarate dehydrogenase levels are known to decrease upon LPS
stimulation (Ji et al., 2020). Furthermore, succinate promotes HIF-1α stabilization and IL-1β generation by post-transcriptionally
modifying enzymes including malate dehydrogenase, whose metabolic process was one of the affected biological functions, and
pyruvate kinasewhich enhancesmacrophage pro-inflammatory activity, an affect that is ameliorated byα-ketoglutarate (Liu et al.,
2016; Mills et al., 2016; Tannahill et al., 2013; Zhang et al., 2011). Interestingly, LPS-induced STAT1 activity promotes autophagy
throughTLR4 activation, inducing a pro-inflammatory state in primarymurine and ratmicroglia (Hu et al., 2021; Qin et al., 2018).
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Similarly, peptidoglycan-stimulation of culturedmurine microglia leads to TLR2 activation resulting in autophagic upregulation
and an inflammatory state (Ma et al., 2020). This pro-inflammatory state is abolished either through anti-inflammatory drugs
or autophagic inhibitors (Hu et al., 2021; Qin et al., 2018). Given the overlap between autophagy and EV biogenesis, this may be
a potential pathway that promotes packaging of TCA cycle components into EVs to prevent impeding the increased autophagic
flux. It should be noted that the BDEVs used in this study were isolated from frozen cortical tissue. Although we did not see any
indication cellular degradation via nuclear bodies or endoplasmic reticulum vesicles with nucleoporin or calnexin examination
respectively, other factors may be released which could contribute to the results seen here. However, other studies using snap
frozen mouse brain tissue have highlighted BDEVs can be successfully isolated from snap frozen mouse, macaque monkey and
human tissues for RNA sequencing and proteomics using the same process we have utilised here (Huang et al., 2020; Vassileff,
Vella, Rajapaksha, et al., 2020).
This study identified 14 differentially expressed proteins in the LPS brain tissue samples and 57 in the BDEVs derived from the

LPS brain tissue samples, suggesting EV packaging is highly regulated early in inflammation. Several proteins identified in the
BDEVs have previously been associated with initiating the inflammatory response. Additionally, proteins involved in epigenetic
regulation were also differentially regulated in both the BDEVs and brain tissue isolated from the LPS-treated mice compared to
the controls. Together, these results link early pro-inflammatory activation with small EV cargo packaging and indicate this may
be substantially regulated in acute inflammation. Further studies should confirm the link betweenmetabolism andEVpackaging,
ideally identifying cell types modulating cellular communication during early inflammation.
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