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A B S T R A C T

S100 calcium-binding protein A9 (S100A9, also known as calgranulin B) is expressed and secreted by myeloid 
cells under inflammatory conditions, and S100A9 can amplify inflammation. There is a large increase in S100A9 
expression in the brains of patients with neurodegenerative diseases, such as Alzheimer’s disease, and S100A9 
has been suggested to contribute to neurodegeneration, but the mechanisms are unclear. Here we investigated 
the effects of extracellular recombinant S100A9 protein on microglia, neurons and synapses in primary rat brain 
neuronal-glial cell cultures. Incubation of cell cultures with 250–500 nM S100A9 caused neuronal loss without 
signs of apoptosis or necrosis, but accompanied by exposure of the “eat-me” signal - phosphatidylserine on 
neurons. S100A9 caused activation of microglial inflammation as evidenced by an increase in the microglial 
number, morphological changes, release of pro-inflammatory cytokines, and increased phagocytic activity. At 
lower concentrations, 10–100 nM S100A9 induced synaptic loss in the cultures. Depletion of microglia from the 
cultures prevented S100A9-induced neuronal and synaptic loss, indicating that neuronal and synaptic loss was 
mediated by microglia. These results suggest that extracellular S100A9 may contribute to neurodegeneration by 
activating microglial inflammation and phagocytosis, resulting in loss of synapses and neurons. This further 
suggests the possibility that neurodegeneration may be reduced by targeting S100A9 or microglia.

1. Introduction

Neurodegenerative disorders, such as Alzheimer’s disease (AD), 
Parkinson’s disease (PD), Huntington’s diseases and amyotrophic lateral 
sclerosis, are mainly characterized by progressive protein misfolding, 
neuroinflammation, synapse loss, neuronal loss and clinical symptoms, 
usually in that order (Dong-Chen et al., 2023; Guo et al., 2020). 

Although misfolding of specific proteins is considered as the primary 
initiator of neurodegeneration (Wilson et al., 2023), clinical trials based 
on removing such proteins have had limited success so far (Asher and 
Priefer, 2022; Xiao and Tan, 2023). This suggests that targeting neuro
inflammation, synapse loss and neuronal loss, may be beneficial, 
particularly for patients who already have clinical symptoms (Kwon 
et al., 2020). Currently, neuroinflammation is attracting significant 
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interest as a potential therapeutic target for neurodegenerative diseases 
(Bartels et al., 2020; Liu et al., 2022; Zhang et al., 2023a, 2023b). 
Neuroinflammation can be initiated by pathological protein aggregates, 
however, inflammatory reactions can promote protein misfolding and 
can arise prior to neurodegeneration (Zhang et al., 2023a, 2023b). 
Therefore, a more detailed understanding of the molecular mechanisms 
and factors leading to neuroinflammation and subsequent neuro
degeneration may be beneficial.

There is growing evidence that the pro-inflammatory S100A9 pro
tein is upregulated during neurodegeneration and may contribute to 
neurodegenerative processes (Andrade-Talavera et al., 2022; Gruden 
et al., 2016; Horvath et al., 2018; Wang et al., 2018a, 2018b; Zhang 
et al., 2023a). S100A9, also known as calgranulin B or myeloid-related 
protein 14 (MRP14), is a protein that belongs to the S100 protein family 
and is primarily expressed in myeloid cells in response to pro- 
inflammatory triggers (Wang et al., 2018a, 2018b). Released S100A9 
plays an important role in immune responses by recruiting and acti
vating nearby immune cells through binding to Toll-like receptor 4 
(TLR4) and Receptor for Advanced Glycation End Products (RAGE), and 
thereby inducing cytokine production (Garcia et al., 2022). As a result, 
S100A9 can create a positive feedback loop, where inflammation in
duces S100A9 secretion, which in turn promotes further inflammation 
(Garcia et al., 2022; Wang et al., 2018a, 2018b). The chronic inflam
mation associated with aging may in part cause or be caused by the 
robust elevation of S100A9 expression in different cell types including 
the central nervous system (CNS) during aging (Swindell et al., 2013). 
Notably, S100A9 has been found to be highly upregulated in the brains 
of AD and PD patients (Chang et al., 2012; Horvath et al., 2018; Kummer 
et al., 2012), with more than a 9-fold increase in S100A9 levels in whole- 
brain lysates of AD patients compared to the age-matched control group 
(Kummer et al., 2012). In transgenic mouse models, pathological AD- 
related protein changes were suggested to arise from S100A9- 
mediated neuroinflammation (Kummer et al., 2012; Wang et al., 
2018a, 2018b). Neuroinflammation is regulated by microglia, a type of 
CNS macrophage, and S100A9 was found to induce microglial inflam
mation in the BV-2 microglial cell line through TLR4/NF-κB signalling 
(Zhang et al., 2023a, 2023b). Thus, in the context of neurodegeneration, 
S100A9 may serve as a critical factor mediating neuroinflammation. 
S100A9 is a relatively unstable protein, which can form amyloidogenic 
oligomers and fibrils, and there is evidence that these can be neurotoxic 
(Wang et al., 2014), but the mechanism of this neurotoxicity is unclear.

Neuronal damage and death in neurodegenerative diseases may 
proceed via various mechanisms, including neuronal damage and death 
caused by microglial activation and neuroinflammation (Bartels et al., 
2020; Fricker et al., 2018; Gao et al., 2023). When activated by patho
logical factors, microglia become highly phagocytic, and excessive 
microglial phagocytosis can lead to the elimination of functional syn
apses and neurons. Microglial phagocytosis of an otherwise-viable 
neuron results in death of the engulfed neuron within the microglia – 
a form of cell death that is known as ‘cell death by phagocytosis’ or 
‘phagoptosis’ for short. Phagoptosis is one of the most common forms of 
cell death in mammals, and occurs when stressed, activated, damaged, 
aged or excess cells expose “eat-me” signals that induce phagocytes to 
phagocytose such cells (Brown, 2024; Butler et al., 2021). Phagoptosis is 
increased by inflammation because inflammation increases oxidative 
stress, phagocytosis, phagocytic receptors and the release of opsonins by 
phagocytes (Brown, 2024). Neuronal death by phagocytic uptake can 
occur in a variety of contexts, such as tau pathology (Brelstaff et al., 
2018; Pampuscenko et al., 2020, 2021, 2023; Puigdellívol et al., 2021) 
amyloid beta (Aβ) pathology (Neniskyte et al., 2011, 2016; Neniskyte 
and Brown, 2013a), prion disease (Sinha et al., 2021), Gaucher disease 
(Shimizu et al., 2023), retinal degeneration (Zhao et al., 2015), bacterial 
lipoteichoic acid- or lipopolysaccharide (LPS)-induced inflammation 
(Kinsner et al., 2006; Milde et al., 2021; Neher et al., 2011), epilepsy 
(Umpierre et al., 2024) and brain ischemia (Brown, 2021; Milde and 
Brown, 2022; Neher et al., 2013). S100A9 has been reported to increase 

phagocytosis by BV-2 microglia at low concentrations, and inhibit 
phagocytosis at higher concentrations of S100A9 (Zhang et al., 2023a, 
2023b), however it is not clear whether and how S100A9-induced 
activation of microglia contributes to neurodegeneration. Therefore, it 
may be useful to further investigate the role of S100A9 in inflammation- 
mediated neurodegeneration and its potential as a target for therapeutic 
interventions.

In this study, we focus on the potential role of S100A9 in microglial 
activation and neurotoxicity, which may contribute to neuro
degeneration. For the first time, we show that extracellular, oligo
merized S100A9 induces neuronal and synaptic loss due to microglial 
phagocytosis.

2. Materials and methods

2.1. Materials and reagents

E. coli BL21 Star (DE3) cells (Cat# C601003), DMEM Glutamax 
(Cat# 61965–026), horse serum (Cat# 16050122), fetal bovine serum 
(Cat# A3840401), penicillin – streptomycin (Cat# 15140122), Versene 
(1:5000) solution (Cat# 15040066), anti-S100A9 (Cat# PA1–46489), 
anti-NeuN (Cat# MA5–33103), anti-Iba-1 (Cat# PA5–18039), anti- 
GFAP (Cat# MA5–12023), anti-PSD95 (Cat# MA5–41092), anti- 
synapsin 1 (Cat# MA5–31919), anti-CD68 (Cat# MA5–13324), anti- 
Rabbit IgG (H + L) Highly Cross-Adsorbed Secondary Antibody Alexa 
Fluor™ Plus 555 (Cat# A32732), Goat anti-Mouse IgG (H + L) Super
clonal™ Recombinant Secondary Antibody Alexa Fluor™ 488 (Cat# 
A28175), isolectin GS-IB4-AlexaFluor488 conjugate (Cat# I21411), 
TNF-α ELISA kit (Cat# BMS622), Griess reagent kit (Cat# G7921), 
NuPAGE LDS sample buffer (#NP0007), Novex Sharp Pre-stained Pro
tein Standard (Cat# LC5800), Pierce Chromogenic Endotoxin Quant Kit 
(Cat# A39552) were purchased from Invitrogen, ThermoFisher Scien
tific or Thermo Scientific. L-Leucine methyl ester (Cat# L1002), 
Hoechst33342 (Cat# B2261), propidium iodide (Cat# P4170), 
carboxylate-modified 2 μm latex beads (Cat# L3030), phenyl
methylsulfonyl fluoride (Cat# 11359061001), lysozyme (Cat# L6876) 
were from Sigma-Aldrich. IL-1β ELISA kit (Cat# abx050112) was from 
Abbexa, Annexin V-Cy3 conjugate (Cat#14143) from Abcam, poly-(L)- 
lysine (Cat# 3438–200-01) from Cultrex, R&D systems (USA), bzATP (2′ 
(3′)-O-(4-Benzoylbenzoyl)adenosine-5′-triphosphate, tri(triethylammo
nium) salt (Cat# HY-136254) was from MedChemExpress, DEAE 
Sepharose (Cat# 17070901), HiLoad 26/600 Superdex 75 prep grade 
column (Cat# 28989334) were from Cytiva and 10 kDa molecular 
weight cutoff (Cat# UFC901008) was from Merck Millipore.

2.2. Expression and purification of recombinant S100A9 protein

S100A9 was expressed and purified as previously described (Hunter 
and Chazin, 1998) with slight modifications. In brief, the protein was 
expressed in E. coli BL21 Star (DE3) cells (Thermo Scientific) as inclusion 
bodies. The cells were cultured in 2  L of ZYM-5052 auto-induction 
medium (Studier, 2005) supplemented with 100 μg/mL ampicillin at 
37 ◦C for 4 h, followed by overnight incubation at 25 ◦C. Cells were 
harvested by centrifugation at 6000g for 25 min at 4 ◦C and resuspended 
in PBS buffer containing 1 mM phenylmethylsulfonyl fluoride (Sigma- 
Aldrich) and 0.2 mg/mL lysozyme (Sigma-Aldrich). The suspension was 
lysed via sonication (15 s on, 30 s off, 40 % amplitude) and the lysate 
was centrifuged at 18,000g for 45 min at 4 ◦C.

The resulting pellet was washed with 1 M urea and centrifuged again 
at 18,000g for 45 min at 4 ◦C. Inclusion bodies were solubilized in 6 M 
guanidine hydrochloride, and the protein was refolded by dialysis three 
times against a refolding buffer (20 mM Tris-HCl, 1 mM EDTA, 0.5 mM 
DTT, pH 8) at 8 ◦C overnight. After refolding, insoluble debris was 
removed by centrifugation at 18,000g for 45 min at 4 ◦C.

The supernatant was applied onto a DEAE Sepharose (Cytiva) loaded 
column pre-equilibrated with wash buffer (20 mM Tris-HCl, 0.5 mM 
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DTT, pH 8). S100A9 was eluted using a step-wise gradient with elution 
buffer (20 mM Tris-HCl, 0.5 M NaCl, 0.5 mM DTT, pH 8). Fractions 
containing the protein were concentrated using Amicon centrifugal fil
ters with a 10 kDa molecular weight cutoff (MWCO; Merck Millipore).

Prior to size exclusion chromatography, the protein sample was 
incubated with 5 mM DTT and 5 mM EDTA for 30 min on ice. The 
sample was then loaded onto a HiLoad 26/600 Superdex 75 prep grade 
column (Cytiva) pre-calibrated with gel-filtration buffer (25 mM 
ammonium bicarbonate, pH 7.2). The fractions containing S100A9 were 
collected, lyophilized, and stored at − 80 ◦C. Endotoxin level in recom
binant S100A9 protein samples was evaluated using Limulus amebocyte 
lysate (LAL) assay and manufacturer’s (Pierce Chromogenic Endotoxin 
Quant Kit, ThermoScientific) provided protocol. The endotoxin levels 
were equal to or less than 0.004 % (w/v).

2.3. S100A9 preparation for cell culture treatments

Lyophilized recombinant S100A9 was dissolved in PBS at 0.138 mg/ 
mL concentration. This dilution was referred to as protocol I. Protein 
solutions were aliquoted and stored at − 80 ◦C. To induce protein olig
omerization, recombinant S100A9 was pre-incubated at room temper
ature for 30 min (protocol II), 6 h (protocol III) and 24 h (protocol IV) 
with continuous agitation on an orbital shaker at 25 rpm speed. Cell 
cultures were treated with 10 nM – 2 μM S100A9 protein. The molecular 
concentration of S100A9 was calculated according to the theoretical 
molecular weight of monomeric protein form (Mr = 13,200 Da).

2.4. S100A9 protein characterization by non-reducing SDS-PAGE and 
Western blot analysis

The aggregation state of recombinant human S100A9 protein was 
determined by non-reducing SDS-PAGE and Western blot analysis. For 
electrophoresis, S100A9 protein samples (300 ng) were supplemented 
with NuPAGE LDS (Invitrogen, ThermoFisher Scientific) sample buffer 
without heating and reductive agents. Samples were separated using 10 
% Tris-Glycine gel and 25 mM Tris base, 192 mM Glycine, 0.1 % SDS 
running buffer. Resolved proteins were then transferred onto poly
vinylidene fluoride (PVDF; 0.45 μm) membrane using 24 mM Tris base, 
192 mM Glycine transfer buffer. Membrane was probed with primary 
anti-S100A9 antibody (1:1000) overnight (4 ◦C) after blocking with 5 % 
bovine serum albumin (BSA) solution. Chemiluminescent detection was 
carried out using ready-to-use alkaline phosphatase-conjugated anti- 
rabbit secondary antibody (Invitrogen) and chemiluminescent CDP-Star 
substrate (Invitrogen). Membrane imaging was performed using UVP 
imaging system and Vision WorksLS Software. Protein band densitom
etry was carried out using ImageJ 1.8.0 software (Schneider et al., 
2012).

2.5. Primary rat brain cell cultures

Experimental procedures involving animals were undertaken in 
accordance with the EU Directive 2010/63/EU for animal experiments 
and the Republic of Lithuania law on the care, keeping, and use of 
experimental animals. Animal care and experimental procedures were 
approved by Lithuanian State Food and Veterinary Service (ethical 
approval No. G2–267).

Primary neuronal-glial co-cultures were prepared from postnatal 
5–7 day Wistar rat pup cerebellum as described in (Bal-Price and Brown, 
2001). Brain cerebellum were dissociated in Versene (1:5000) solution 
and plated at a density of 1,000,000 cells/mL in 48 well plates pre- 
coated with 1 μg/mL of poly-L-lysine. Cell cultures were plated and 
maintained in DMEM Glutamax culture medium supplemented with 5 % 
horse serum, 5 % fetal bovine serum (FBS), 10 units/mL penicillin-10 
μg/mL streptomycin, 13 mM glucose and 20 mM KCl at 37 ◦C and 5 % 
CO2 for 7–9 days prior experiments. Neuronal-glial co-cultures consisted 
of neurons 82 ± 3 % (NeuN+), 5 ± 2 % microglia (Iba-1+/isolectin-IB4

+) 

and 13 ± 3 % astrocytes (GFAP+) (Supplementary Fig. 1S A).
To eliminate microglia, neuronal-glial co-cultures were treated with 

20 mM L-Leucine methyl ester (LME) at 6 days in vitro (DIV) (Jebelli 
et al., 2015). Following 4h incubation the medium from each well was 
completely removed and replaced with medium from untreated cell 
cultures. Microglial-depleted cell cultures consisted of neurons 82 ± 1 % 
(NeuN+), <1 % microglia (isolectin-IB4+) and 18 ± 2 % astrocytes 
(GFAP+) (Supplementary Fig. 1S B).

To eliminate glial cells, neuronal-glial co-cultures were treated with 
10 μM of cytosine β- D–arabinofuranoside (Ara–C) at 2 DIV. Pure 
neuronal cultures consisted of 96 ± 1 % neurons.

Primary microglia cell mono-cultures were prepared from postnatal 
5–7 day Wistar rat pup brain cortices as described previously 
(Pampuscenko et al., 2020). Brain cortices were dissociated in Versene 
(1:5000) and seeded into 75 T flasks coated with 0.5 μg/mL poly-(L)- 
lysine in DMEM-Glutamax supplemented with 10 % FBS and 10 units/ 
mL penicillin-10 μg/mL streptomycin. After reaching confluence 
(approximately 7–10 days after seeding), microglial cell cultures were 
mechanically detached and plated at a density of 100,000 cells/mL into 
48-well plates coated with 0.5 μg/mL poly-(L)-lysine. The microglial 
cells were allowed to attach overnight before any treatment. These cell 
cultures consisted of 96 ± 2 % microglia.

2.6. Neuronal viability assessment

Neuronal viability in co-cultures was assessed by double staining of 
nuclei (Supplementary Fig. 2S). Cell cultures were incubated with 4 μg/ 
mL Hoechst 33342 and 7 ng/mL propidium iodide for 15 min (5 % CO2, 
37 ◦C). Neurons were distinguished in phase contrast images according 
to their specific shape and morphology. Cells stained homogeneously 
with Hoechst 33342 (blue) were considered viable, while those stained 
with propidium iodide (red) as necrotic. Cells with condensed or frag
mented nuclei (Hoechst 33342, bright blue) were classified as under
going apoptosis. Cell cultures were analysed with microscope (Olympus 
IX71S1F-3, USA) in 4–5 randomly chosen microscopic fields at 20 ×
magnification. Quantification was carried out using ImageJ 1.8.0 soft
ware (Schneider et al., 2012).

2.7. Microglia cell number and area assessment

Microglial cells in neuronal-glial co-cultures were labelled with 7 ng/ 
mL isolectin GS-IB4-AlexaFluor488 conjugate for 15 min (5 % CO2, 
37 ◦C). Cell cultures were analysed with microscope (Olympus IX71S1F- 
3, USA) in 4–5 randomly chosen microscopic fields at 10 × and 20 ×
magnifications. For microglial cell number assessment, total microglial 
cell number was calculated in fluorescence images at 10 × magnifica
tion. Microglial cell area was calculated in binary images at 20 ×
magnification and normalised to number of cells per field. Quantifica
tion was carried out using ImageJ 1.8.0 software (Schneider et al., 
2012).

2.8. Phosphatidylserine staining with Annexin V-Cy3.18 conjugate

Neuronal-glial co-cultures were washed two times with PBS and then 
one time with Annexin V binding buffer containing 10 mM HEPES, 140 
mM NaCl, and 2.5 mM CaCl2 (pH of 7.5). Cell cultures were incubated 
with 4.5 μg/mL of Annexin V-Cy3 conjugate in binding buffer for 10 min 
at room temperature. To visualize cell nuclei and microglia, Hoechst 
33342 (4 μg/mL) and isolectin GS-IB4-AlexaFluor488 conjugate (7 ng/ 
mL) were added. After incubation, cell cultures were washed with 
Annexin V binding buffer and fixed with 4 % paraformaldehyde for 15 
min. Neuronal-glial co-cultures were analysed under a fluorescence 
microscope (Olympus IX71S1F-3, USA) in 4–5 randomly chosen 
microscopic fields at 20 × magnification. Annexin V-Cy3 fluorescence 
intensity was measured using ImageJ 1.8.0 software (Schneider et al., 
2012) and normalised to 100 % for untreated neurons.
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2.9. Evaluation of microglial phagocytic activity by latex beads

To determine microglial phagocytic activity microglial cell mono
cultures were incubated with 0.005 % (w/v) carboxylate-modified 2 μm 
latex beads for 2 h (5 % CO2 and 37 ◦C). Afterwards, cell nuclei were 
stained with Hoechst 33342 (4 μg/mL) for 5 min. Cell cultures were 
washed with PBS buffer several times and then fixed with 4 % para
formaldehyde. The microglial cells were analysed under a fluorescence 
microscope (Olympus IX71S1F-3, USA) in 5–7 randomly chosen 
microscopic fields at 20 × magnification. The number of latex beads per 
microglial cell was calculated using ImageJ 1.8.0 software (Schneider 
et al., 2012).

2.10. Evaluation of Iba-1 expression, CD68 expression and synaptic 
density by immunofluorescence assay

Cell cultures were fixed with 4 % paraformaldehyde for 15 min 
following further blockage with 0.1 M glycine solution for 10 min. Cells 
were permeabilized with 0.1 % saponin for 10 min. All steps were per
formed at room temperature, and each step was followed by three 
washes with PBS. Non-specific interactions were blocked with 15 % BSA 
for 30 min at room temperature. Each well was rinsed with PBS and then 
cell cultures were incubated with primary antibodies overnight at 4 ◦C in 
PBS with 5 % BSA. After three PBS washes, the cells were incubated with 
the secondary antibodies in PBS with 5 % BSA for 2 h at room 
temperature.

For microglial labelling and evaluation of Iba-1 expression, primary 
anti-Iba-1 goat polyclonal antibody (Invitrogen, ThermoFisher Scienti
fic) and Rabbit anti-Goat IgG (H + L) Cross-Adsorbed Secondary Anti
body, Alexa Fluor™ 555 (Invitrogen, ThermoFisher Scientific) were 
used. Cell cultures were analysed under a fluorescence microscope 
(Olympus IX71S1F-3, USA) in 4–5 randomly chosen microscopic fields 
at 20 × magnification. The fluorescence intensity was measured using 
ImageJ 1.8.0 software (Schneider et al., 2012) and normalised to 
number of microglial cells per microscopic field.

For evaluation of CD68 expression, primary anti-CD68 monoclonal 
antibody KP1 (Invitrogen, ThermoFisher Scientific) and Goat anti- 
Mouse IgG (H + L), Superclonal™ Recombinant Secondary Antibody, 
Alexa Fluor™ 488 (Invitrogen, ThermoFisher Scientific) were used. Cell 
cultures were analysed under a fluorescence microscope (Olympus 
IX71S1F-3, USA) in 4–5 randomly chosen microscopic fields at 20 ×
magnification. The fluorescence intensity per cell was measured using 
ImageJ 1.8.0 software (Schneider et al., 2012).

For evaluation of synaptic puncta, primary antibodies anti-PSD95 
rabbit monoclonal antibody (SR38–09) (Invitrogen, ThermoFisher Sci
entific) and anti-synapsin 1 mouse monoclonal antibody (7H10G6) 
(Invitrogen, ThermoFisher Scientific) were used for the immunofluo
rescence analysis. Secondary antibodies goat anti-Rabbit IgG (H + L) 
Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor™ Plus 555 
(Invitrogen, ThermoFisher Scientific) and Goat anti-Mouse IgG (H + L), 
Superclonal™ Recombinant Secondary Antibody, Alexa Fluor™ 488 
(Invitrogen, ThermoFisher Scientific) were applied respectively. 
Neuronal-glial co-cultures were analysed under a fluorescence micro
scope (Olympus IX71S1F-3, USA) in 5 randomly chosen microscopic 
fields at 20 × magnification. Number of synaptic puncta per microscopic 
field was calculated using ImageJ 1.8.0 software (Schneider et al., 2012) 
and Synapse Counter plugin (Dzyubenko et al., 2016). Number of syn
aptic puncta was normalised to 100 % for untreated neurons.

2.11. Evaluation of nitric oxide concentration in cell culture medium

NO production was evaluated by the Griess method measuring nitrite 
level formed during spontaneous oxidation of nitric oxide in cell culture 
medium (Neniskyte and Brown, 2013b). NO was evaluated using a 
commercial Griess reagent kit and the manufacturer’s (Invitrogen, 
ThermoFisher) provided protocol. For NO measurement, neuronal-glial 

co-cultures were treated with 100 nM–500 nM S100A9 for 72 h or with 
100 ng/mL LPS for 72 h as positive control. Then cell culture medium 
was collected and centrifuged at 10000 ×g for 10 min.

2.12. Evaluation of TNF-α and IL-1β concentrations in cell culture 
medium

TNF-α and IL-1β concentrations in cell culture media were deter
mined using commercial ELISA kits according to the manufacturer’s 
protocols. For TNF-α assessment, neuronal-glial co-cultures were treated 
with 100 nM–500 nM S100A9 for 72 h. In case of IL-1β, after treatment 
with 500 nM S100A9 for 24 h, 3 mM bzATP (2′(3′)-O-(4-Benzoylben
zoyl)adenosine-5′-triphosphate tri(triethylammonium) salt) was added 
for 30 min prior to cell culture medium collection. After treatments, cell 
culture media were collected and centrifuged at 10000 ×g for 10 min at 
4 ◦C and then stored at − 20 ◦C.

2.13. Statistical analysis

All data are expressed as mean ± standard deviation (S.D.) with in
dividual data plot. Experiments were replicated in at least three inde
pendent cell culture preparations. Statistical comparison between 
independent experimental groups was performed using a one-way 
ANOVA followed by LSD test (for comparison of protein densitometry 
results) or Tukey’s test (for comparison of experimental results in pri
mary cell cultures). Values p < 0.05 were considered significant. Sta
tistical analysis was carried out using SigmaPlot (11.0 version software).

3. Results

3.1. S100A9 exerts oligomerization-state dependent neurotoxicity in 
neuronal-glial co-cultures

S100A9 can form various oligomeric species that may affect the ac
tivity of the protein (Gruden et al., 2016). To investigate the neurotox
icity of S100A9, we used four different protocols for preparation of 
recombinant S100A9 protein: freshly prepared solutions of S100A9 in 
PBS buffer (protocol I) or S100A9 incubated in PBS buffer at room 
temperature for 30 min (protocol II), 6 h (protocol III) or 24 h (protocol 
IV) immediately before experimental procedures. To detect the molec
ular mass of S100A9, indicative of oligomerization state present in 
different preparations, SDS gel electrophoresis under non-reductive 
conditions followed by Western blot analysis was performed (Fig. 1A 
and B). The densitometry analysis (Fig. 1B) showed that S100A9 pre
pared by protocol I contained very low levels of dimers, trimers and 
tetramers. After 30 min (protocol II), 6 h (protocol III), and 24 h (pro
tocol IV) of incubation, the level of dimers increased substantially 
compared to the protocol I preparation. However, the level of dimers in 
the protocol III preparation was significantly higher compared to both 
protocols II and IV. The level of S100A9 trimers and tetramers also 
increased in protocol II-IV preparations compared to protocol I, but the 
levels of trimers and tetramers was the same in the protocol III and IV 
preparations. These data indicate that S100A9 prepared by protocol III 
contained significantly higher levels of dimers compared to the protocol 
I, II and IV preparations.

As different protocols for preparation of recombinant amyloidogenic 
proteins can result in different aggregation states with different neuro
toxicity (Andrade-Talavera et al., 2022; Cizas et al., 2010), we tested 
whether S100A9 prepared by the four different protocols exert different 
neurotoxic effects in primary neuronal-glial co-cultures isolated from rat 
cerebellum. We used these cultures because they yield abundant neu
rons and glia, and they are well characterized (Bal-Price and Brown, 
2001). We found these cultures to consist of 82 ± 3 % neurons (NeuN+), 
5 ± 2 % microglia (Iba-1+/isolectin-IB4

+) and 13 ± 3 % astrocytes 
(GFAP+) (Supplementary Fig. 1S A). In such neuronal-glial co-cultures, 
S100A9 species obtained by the four different protocols exerted different 
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neurotoxic effects at 2 μM concentrations during 48 h incubation. 
Fig. 2A presents representative fluorescence-microscopy images of 
neuronal-glial co-cultures stained with Hoechst 33342 (to detect chro
matin condensation, indicative of apoptosis) and propidium iodide (to 
detect plasma membrane rupture, indicative of necrosis). In the un
treated, control cultures, almost all neurons were viable, with no signs of 
apoptosis or necrosis. In cell cultures treated with S100A9 prepared by 
protocols I, II or IV, there was no significant increase in neuronal 
apoptosis or necrosis. However, treatment with S100A9 prepared by 
protocol III resulted in extensive neuronal cell death by apoptosis and 
necrosis evidenced by disrupted chromatin organization (Hoechst 
33342 staining) and enhanced propidium iodide staining (Fig. 2A).

Quantitative data presented in Fig. 2B demonstrate that the S100A9 
prepared by protocols I and II had no significant impact on neuronal 
viability: neuronal viability in control group was 96 ± 1 %, and after 
treatment with S100A9 prepared by protocols I and II was 88 ± 5 % and 
70 ± 13 %, respectively. Neuronal numbers in these cultures were also 
not significantly altered and remained at 92 ± 3 % and 80 ± 10 % of the 
control level, respectively (Fig. 2C). In contrast, S100A9 prepared by 
protocol III significantly reduced neuronal viability to 15 ± 7 % 
(Fig. 2B), while not significantly affecting neuronal number (Fig. 2C). 
Lastly, S100A9 prepared by protocol IV had no statistically significant 
effects on neuronal viability (Fig. 2B), or neuronal number (Fig. 2C), 
which were 67 ± 13 % and 75 ± 11 % of the control level, respectively, 
although there was some neurotoxicity in some cultures (Fig. 2B).

Treatment of neuronal glial co-cultures with S100A9 prepared by 
protocol I increased microglial cell number by 63 ± 27 % compared to 
the control group (Fig. 2D). However, microglial cell count remained 
unchanged after treatment with S100A9 prepared by protocol II-IV.

3.2. S100A9 induces microglia-dependent neuronal loss

In the next series of experiments, we used the most toxic preparation 
of S100A9 (protocol III) and tested whether neurotoxicity was concen
tration-, time- and microglia-dependent. Neuronal-glial co-cultures were 
treated with 100–500 nM S100A9 for 48–72 h and then viable and dead 

neurons were counted. As shown in Fig. 3A, the numbers of viable, 
necrotic and apoptotic cells per field of view in the control neuronal- 
glial co-cultures were 317 ± 61, 4 ± 8 and 7 ± 5 respectively, and 
was not changed significantly at 100 nM or 250 nM S100A9 after 48 h 
incubation. However, exposure of the cultures to 500 nM S100A9 
resulted in a significant decrease in viable neurons by ~30 % compared 
to the untreated control culture, with no significant increase in neuronal 
apoptosis or necrosis (Fig. 3A).

After a 72 h incubation (Fig. 3B), the numbers of viable, necrotic and 
apoptotic neurons per field of view in the control neuronal-glial co- 
cultures were 321 ± 32, 5 ± 7 and 6 ± 3 respectively. Treatment with 
100 nM S100A9 had no statistically significant effect on the number of 
neurons. However, treatment with 250 nM S100A9 significantly 
reduced the number of viable neurons by about 25 % compared to the 
control culture, again without a notable increase in apoptosis or ne
crosis. 500 nM S100A9 further increased the loss of viable neurons to 
about 45 % compared to the control culture, without affecting the level 
of neuronal necrosis and apoptosis. Moreover, our data show that un
treated neuronal-glial co-culture as well as S100A9-treated (100–500 
nM for 72 h; preparation protocol III) express MAP2 (microtubule- 
associated protein 2) protein (Supplementary Fig. 3S.) indicating pres
ence of mature neurons in these cell cultures. These results indicate that 
S100A9 induces a concentration-dependent loss of viable neurons in 
neuronal-glial co-cultures.

Interestingly, we observed that after 72 h incubation of co-cultures 
with 500 nM S100A9 there was a substantial increase in the number 
of microglial cells, as can be seen in Fig. 3D (green fluorescent cells 
labelled with isolectin-IB4-AlexaFluor448 conjugate). To investigate the 
potential involvement of microglia in the removal of neurons from the 
cultures, we selectively eliminated microglia from the co-cultures with 
leucine methyl ester (LME, which specifically depletes microglia) and 
treated microglia-depleted cultures with 250–500 nM S100A9. As 
demonstrated in Fig. 3 C and E, in the absence of microglia there was no 
neuronal loss after 72 h incubation with 250 nM or 500 nM S100A9 
compared to the control cultures. These findings suggest that microglia 
mediate the S100A9-induced neuronal loss in neuronal-glial co-cultures.

Fig. 1. Oligomerization state of S100A9 prepared by different protocols. (A) Representative image of PVDF membrane showing the molecular mass of S100A9 
protein prepared by dilution with PBS buffer (protocol I), pre-incubation at room temperature for 30 min (protocol II), 6 h (protocol III) or 24 h (protocol IV). (B) 
Densitometric quantification of Western Blot bands. Data are presented as means ± S.D. for 4 independent experiments. The cross indicates the mean value with S.D., 
and each dot represents individual values of independent experiments.
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We also investigated whether S100A9 exerted any effect on astrocyte 
numbers in the co-cultures and found that incubation with 100–500 nM 
S100A9 (III preparation protocol) for 48 h and 72 h did not change the 
total number of astrocytes (Supplementary Fig. 4S).

As the recombinant S100A9 protein was produced in E. coli, it is 
potentially contaminated with LPS endotoxin, which may activate im
mune cells leading to neurotoxicity in the experimental co-culture 
model. However, we found that the level of LPS in cell culture me
dium after treatment with recombinant S100A9 protein samples did not 
exceed 0.004 % (w/v), equivalent to 1.2 ng/mL. We have previously 
shown that 1–10 ng/mL of LPS does not cause neuronal loss in neuronal- 
glial co-cultures (Pampuscenko et al., 2020), suggesting that the 
neuronal loss observed after treatment with recombinant S100A9 pro
tein was not due to endotoxin contamination. To further investigate the 
potential neurotoxic effects of residual endotoxins, we performed pre- 
incubation of the recombinant S100A9 protein with polymyxin B. 
Polymyxin B is a cationic antibiotic that binds to endotoxins and neu
tralizes their toxic effects (Cardoso et al., 2007). For these experiments, 
S100A9 was pre-incubated with 200 IU/mL polymyxin B before treat
ment of neuronal-glial co-cultures. Supplementary Fig. 5S shows that 
polymyxin B did not affect the neurotoxicity of 500 nM S100A9, sug
gesting that the neurotoxicity of the protein was not caused by 
contamination of S100A9 preparations by bacterial endotoxin.

3.3. S100A9 induces microglial activation in neuronal-glial co-cultures

Next, we investigated whether S100A9 causes microglial activation 
by evaluating microglial number, cell area and expression of Iba-1 
(ionized calcium-binding adapter molecule 1), after exposure of co- 
cultures to 100–500 nM S100A9 (protocol III) for 48–72 h. As can be 
seen in Fig. 4A and D, there was a dose-dependent increase in microglial 
number in response to S100A9 treatment after 72 h, though at 48 h no 
significant changes in microglia numbers were observed. Treatment 
with 500 nM S100A9 for 72 h caused a 72 % increase in microglial 
number compared to the control cultures (131 ± 44 cells/field in 500 
nM S100A9-treated versus 76 ± 25 cells/field in control cultures). 
Another marker of microglial changes - cell area, showed a tendency to 
increase in a concentration-dependent manner after 48 h incubation 
with S100A9, and a statistically significant enlargement of cell area was 
observed after 72 h incubation with 250 nM or 500 nM S100A9 
compared to the control cultures (Fig. 4B and E). Additionally, the 
expression of microglial pro-inflammatory marker Iba-1 was enhanced 
by ~30 % after exposure to 100–500 nM S100A9 for 72 h (Fig. 4C and 
F). Overall, the observed changes in microglial number, morphology and 
Iba-1 expression suggest that addition of S100A9 induces a pro- 
inflammatory phenotype of microglia.

Pro-inflammatory factors produced by activated microglia may play 

Fig. 2. The effect of 2 μM S100A9 prepared by different protocols on neuronal-glial co-cultures. (A) Representative images of control and S100A9-treated neuronal- 
glial co-cultures. Neuronal-glial co-cultures were incubated with 2 μM S100A9 prepared by protocols I-IV for 48 h. In phase-contrast images, neuronal cells were 
distinguished according to their characteristic shape and morphology. Neurons with normal chromatin structure (homogeneous Hoechst 33342 stain of nuclei) and 
without propidium iodide staining were considered as viable, while cells with condensed or fragmented nuclei without propidium iodide staining were considered as 
apoptotic. Neurons with red nuclei (propidium iodide staining) were considered necrotic. Microglial cells were labelled with isolectin IB4-AlexaFluor488 (green). 
Scale bars 100 μm. Numerical data on (B) neuronal viability, (C) neuronal number and (D) microglial number. Neuronal viability is expressed as the % of all neurons 
that were live rather than dead (necrotic and apoptotic). The number of neurons and microglia in the S100A9-treated cultures is expressed as a percentage of the 
number of neurons in the untreated, control cultures. Data are presented as means ± S.D. for 4 independent experiments; *p < 0.05, ***p < 0.001 versus untreated 
control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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an important role in mediating neuronal damage. Thus, we investigated 
the effect of S100A9 on production of TNF-α, IL-1β and nitric oxide (NO) 
in neuronal-glial co-cultures. The levels of the pro-inflammatory cyto
kine TNF-α in the cultures 72 h after treatment with 0, 100, 250 and 500 
nM S100A9 were: 63 ± 22, 90 ± 32, 146 ± 54 and 171 ± 53 pg/mL, 
respectively (Fig. 5A).

We found that the level of IL-1β in control cultures, and cultures 
treated with 500 nM S100A9 for 24 h, were below the detection limit 
(<32 pg/mL) (Fig. 5B). However, the release of expressed IL-1β nor
mally requires a separate releasing stimulus (such as bzATP), and we 
found that stimulation of 500 nM S100A9-primed cells with 3mM 
bzATP for 30 min resulted in the release of IL-1β into the cell culture 
medium: after such treatment the IL-1β concentration increased to 87 ±
18 pg/mL, suggesting that S100A9 induced the expression and/or 
intracellular maturation of IL-1β.

In contrast to the pro-inflammatory cytokines, we did not observe 
any significant changes in NO production following S100A9 treatment 
for 72 h (Fig. 5C): the level of NO (measured as nitrite) in control culture 
was 2.4 ± 0.7 μM and after treatment with 100–500 nM S100A9 it 
remained unchanged. In comparison, 100 ng/ml LPS, which was used as 
a positive control, caused a significant elevation of NO to 24 ± 9 μM 
after 72 h incubation.

Altogether, these results suggest that S100A9 induces a mild, pro- 
inflammatory activation of microglia.

3.4. S100A9 induces phosphatidylserine exposure in neuronal-glial co- 
cultures

Phosphatidylserine exposure on the cell surface serves as an “eat-me” 

signal for the phagocytosis of stressed or dying cells by phagocytic cells, 
including the phagocytosis of neurons by microglia (Butler et al., 2021). 
Therefore, we investigated the effect of 100–500 nM S100A9 (protocol 
III) on the phosphatidylserine exposure on neuronal cells using Annexin 
V-Cy3 staining. In Fig. 6A, representative images of phosphatidylserine 
exposure are presented: untreated control neuronal-glial co-cultures 
exhibited minimal Annexin V fluorescence (red colour), however, cell 
cultures exposed to S100A9 showed a marked increase in Annexin V 
fluorescence intensity, indicating enhanced phosphatidylserine expo
sure. Quantitative data are presented in Fig. 6B, demonstrating that 
treatment with 100 nM S100A9 for 72 h increased Annexin V fluores
cence intensity by 20 ± 7 %, 250 nM S100A9 increased fluorescence by 
39 ± 8 % and 500 nM S100A9 increased fluorescence by 63 ± 13 % 
compared to control co-cultures. Thus, S100A9 appears to increase the 
exposure of phosphatidylserine by neurons, despite no significant 
apoptosis or necrosis, probably as a result of neuronal stress (Neher 
et al., 2011).

To elucidate the specific role of glial cells in this process, we evalu
ated phosphatidylserine exposure in pure neuronal cultures obtained by 
Ara-C treatment (which depletes both microglia and astrocytes). S100A9 
had no effect on phosphatidylserine exposure in pure neuronal cultures 
(Fig. 6C). These data suggest that glial cells mediate S100A9-induced 
phosphatidylserine exposure on neurons, potentially thereby promot
ing microglial phagocytosis of such neurons.

Phosphatidylserine can be exposed reversibly on the cell surface of 
live cells in response to some type of stress or irreversibly on apoptotic 
cells because of caspase-3 activation (Butler et al., 2021). To investigate 
whether caspase-3 is involved in S100A9-unduced phosphatidylserine 
exposure, we used a transwell system for neuronal and microglial cell 

Fig. 3. S100A9 causes neuronal loss that is dependent on concentration, time and microglia. (A) and (B) – neuronal numbers in neuronal-glial co-cultures and (C) – in 
microglia-depleted cultures. Neuronal-glial co-cultures were incubated with S100A9 prepared by protocol III (pre-incubation at room temperature for 6 h). Cell 
cultures were incubated with 100–500 nM S100A9 species for 48 h (A) or 72 h (B). To deplete microglia, neuronal glial co-cultures were incubated with L-leucine 
methyl ester (LME), and these microglia-depleted cultures were then exposed to 250–500 nM S100A9 (protocol III) for 72 h. Neurons with homogeneously Hoechst 
33342-stained nuclei were considered as viable; neurons with condensed or fragmented nuclei as apoptotic, and propidium iodide positive neurons were considered 
necrotic. Data are presented as means ± S.D. for 3–7 independent experiments; **p < 0.01, ***p < 0.001. Representative images of control and S100A9 treated (D) 
neuronal-glial co-cultures and (E) microglia-depleted cultures. Microglial cells were labelled with isolectin IB4-AlexaFluor488 (green). Scale bars 100 μm. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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co-culturing (Supplementary Fig. 6S and 7S). After treatment with 500 
nM S100A9 neuronal cell layer was analysed for caspase-3 levels by 
Western Blot method. Our results indicate that caspase-3 (band between 
15 and 25 kDa) was present in both the control group and S100A9 
protein-treated group, with no statistically significant difference 
observed between these two groups. These data suggest that S100A9- 
induced phosphatidylserine exposure occurred in caspase-3 indepen
dent manner.

3.5. S100A9 enhances microglial phagocytic activity in monocultures and 
neuronal-glial co-cultures

To investigate the effects of S100A9 on phagocytic activity, we 
evaluated the capacity of microglia to engulf fluorescent beads that were 
carboxylate modified to mimic the negative charge of phosphatidylser
ine. Microglial cell monocultures were exposed to 100–500 nM S100A9 
(protocol III preparation) for 24 h, then fluorescent beads were added 

Fig. 4. The effects of S100A9 on microglia in neuronal-glial co-cultures. Representative images of (A) – isolectin IB4-AlexaFluor488 (green) labelled microglial cells, 
(B) –binary images obtained after processing the fluorescence images of isolectin IB4-AlexaFluor488 staining to estimate microglial cell area, and (C) – Iba-1 im
munostaining (red). Scale bars 100 μm. Numerical data on (D) – microglial number, (E) – microglial cell area and (F) – Iba-1 fluorescence intensity. Neuronal-glial co- 
cultures were incubated with S100A9 prepared by protocol III (pre-incubation at room temperature for 6 h). For microglial number and cell area analysis, cell 
cultures were treated with 100–500 nM S100A9 (prepared by protocol III) for 48 h and 72 h, for Iba-1 analysis – for 72 h. Data are presented as means ± S.D. for 3–7 
independent experiments; **p < 0.01, ***p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 5. S100A9 induces production of pro-inflammatory factors. Level of (A) – TNF-α, (B) – IL-1β and (C) – nitric oxide (NO). For (A) and (C), neuronal-glial co- 
cultures were incubated with 100–500 nM S100A9 (prepared protocol III) or 100 ng/ml LPS (positive control) for 72 h. For (B), cell culture exposure to 500 nM 
S100A9 (prepared by protocol III) for 24 h was followed by 3 mM bzATP treatment for 1 h. Data are presented as means ± S.D. for 4 independent experiments; *p <
0.05, **p < 0.01 ***, p < 0.001 versus untreated control.

K. Pampuscenko et al.                                                                                                                                                                                                                         Neurobiology of Disease 206 (2025) 106817 

8 



and the numbers of phagocytosed beads were evaluated after 2 h 
(representative images are presented in Fig. 7A). Quantitative data 
presented in Fig. 7 B and C show that microglial cells phagocytosed on 
average 4 ± 2 fluorescent beads per cell in the untreated control culture. 
S100A9 strongly increased this phagocytosis to 15 beads per cell in the 
case of 500 nM S100A9, and 100 nM and 250 nM S100A9 increased 
phagocytic activity similarly. However, 100 nM and 250 nM S100A9 did 
not affect the total number of phagocytic microglia compared to the 
control group in which the number of phagocytic microglia was 61 ± 18 
% (i.e. 61 % of the microglia had one or more beads within them, Fig. 7
C). Only 500 nM S100A9 significantly increased the proportion of 
microglia phagocytosing beads, by 28 ± 11 % (Fig. 7 C).

To further assess phagocytosis in response to S100A9, we measured 
the expression of CD68 protein, a lysosomal glycoprotein commonly 
associated with phagocytosis in myeloid cells (including microglia). 
Neuronal-glial co-cultures were treated with 100–500 nM S100A9 
(preparation protocol III) for 72 h and then CD68 expression was ana
lysed by immunofluorescence staining. Results presented in Fig. 7 D 
show that 100–500 nM S100A9 treatment increased CD68 fluorescence 
intensity by ~20–25 % indicating upregulated phagocytic processes in 
neuronal-glial co-cultures.

Overall, these results indicate that 100–500 nM S100A9 substantially 
increased the phagocytic capacity of microglia in pure cultures and 
neuronal-glial co-cultures.

3.6. Nanomolar S100A9 induces synaptic loss in neuronal-glial co- 
cultures

Progressive loss of synapses occurs before neuronal loss during 
neurodegenerative diseases, and can contribute to the pathology and 
brain dysfunction (Wilson et al., 2023). To determine whether S100A9 

affects synaptic density, neuronal-glial co-cultures were treated for 72 h 
with 0, 10 or 100 nM S100A9 (protocol III preparation), i.e. at con
centrations of S100A9 that do not cause significant neuronal loss. Syn
aptic density was analysed by immunostaining using antibodies against 
pre-synaptic (synapsin-1) and post-synaptic (PSD-95) proteins, and the 
co-localization of these markers was used as a measure of synaptic 
puncta. As can be seen from Fig. 8A, after image processing synapsin-1 
(green) and PSD-95 (red) antibodies stain puncta within the culture, and 
most of these puncta colocalize at what are presumably functional 
synapses (yellow). Fig. 8B shows that the density of these synapses 
within the cultures was reduced significantly by ~20 % after treatment 
with 10 nM and 100 nM S100A9 compared to the untreated control 
cultures (for which synaptic density was normalised to 100 %). To assess 
whether S100A9-induced synaptic loss was microglia-dependent, we 
analysed synaptic densities in microglia-depleted cultures. Fig. 8B shows 
that after microglial cell elimination by LME treatment, 10–100 nM 
S100A9 had no effect on synaptic density suggesting that S100A9 causes 
synaptic loss through microglial phagocytosis. We also found that 
S100A9 stimulates phagocytosis of synaptosomes (isolated synapses) by 
microglial cells in pure cell cultures (Supplementary Fig. 8S). These data 
support our hypothesis that S100A9 protein promotes synapse loss 
through enhanced phagocytosis.

Altogether, these findings indicate that S100A9 can cause synaptic 
loss in neuronal-glial co-cultures at low nanomolar concentrations.

4. Discussion

The pro-inflammatory protein S100A9 is gaining attention for its 
potential deleterious role in neurodegenerative processes (Cristóvaõ and 
Gomes, 2019). S100A9 was found to contribute to the memory impair
ment and neuropathology in transgenic animal models of AD (Chang 

Fig. 6. S100A9 induces phosphatidylserine exposure in neuronal-glial co cultures. (A) Representative images of control and S100A9-treated neuronal-glial co- 
cultures stained with Annexin V- Cy3 (red, binding to exposed phosphatidylserine), Hoechst 33342 (blue, cell nuclei) and isolectin IB4-AlexaFluor488 (green, 
microglia). Scale bars 100 μm. Annexin V- Cy3 fluorescence intensity in (B) neuronal-glial co-cultures and (C) in pure neuronal cell cultures. Cell cultures were 
treated with 100–500 nM S100A9 (prepared by protocol III) for 72 h. Pure neuronal cell cultures were obtained by cytosine β- D–arabinofuranoside (Ara–C) 
treatment. Changes in AnnexinV-Cy3 fluorescence intensity after S100A9 treatment were expressed as a percentage of the fluorescence intensity in the untreated 
control cultures. Data are presented as means ± S.D. for 4–5 independent experiments; *p < 0.05, ***p < 0.001 versus untreated control and # p < 0.05, ## p < 0.01 
versus appropriate S100A9 treated groups. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. S100A9 stimulates microglial phagocytic activity. (A) Representative images of control and S100A9-treated pure microglial cell cultures phagocytosing 
carboxylate-modified 2 μm latex beads (red). Cell nuclei was labelled with Hoechst 33342. Scale bars 100 μm. (B) Number of beads within microglial cells and (C) 
number of phagocytic microglia. Pure microglial cell cultures were treated with 100–500 nM S100A9 (prepared by protocol III) for 24 h. (D) CD68 fluorescence 
intensity in neuronal-glial co-cultures treated with S100A9 (protocol III) for 72 h. Changes in CD68 fluorescence intensity after S100A9 treatment were expressed as a 
percentage of the fluorescence intensity in the untreated control cultures. Data are presented as means ± S.D. for 3–5 independent experiments; *p < 0.05, **p <
0.01, ***p < 0.001 versus untreated control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 8. S100A9 induces synaptic loss in neuronal-glial co-cultures. (A) Representative images of synaptic puncta density obtained using ImageJ 1.8.0 software and 
Synapse Counter plugin after immunostaining for synapsin-1 and PSD-95 proteins. Synapsin-1 (green) and PSD-95 (red) represent individual pre-synaptic and post- 
synaptic sites. Colocalization between synapsin-1 and PSD-95 (yellow) indicates synaptic puncta. Scale bars 100 μm. (B) Statistical data on synaptic puncta density. 
Neuronal-glial co-cultures were treated with 10 and 100 nM S100A9 (prepared by protocol III) for 72 h. To deplete microglia, neuronal glial co-cultures were 
incubated with L-leucine methyl ester (LME). The number of synaptic puncta in S100A9-treated cultures is expressed as a percentage of synaptic puncta in the 
untreated control cultures. Data are presented as means ± S.D. for 3–5 independent experiments; **p < 0.01, ***p < 0.001 versus untreated control. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2012; Kim et al., 2014), and intranasal injections of S100A9 
induced memory deficits in mice (Gruden et al., 2016). The progressive 
brain dysfunction characteristic of neurodegenerative diseases is prob
ably in part caused by the progressive loss of synapses and neurons, but 
the molecular pathways responsible for this loss of synapses and neurons 
remain largely unclear (Wilson et al., 2023). Cell death by phagocytosis 
is considered to be one of the means by which neurons die during 
neurodegeneration (Butler et al., 2021; Fricker et al., 2018). This type of 
neuronal death can be provoked by exposure of “eat-me” signals on 
stressed-but-viable cells, causing their subsequent phagocytosis by 
inflamed microglia (Neher et al., 2011; Brown, 2024). In this study, we 
show for the first time that S100A9 at nanomolar concentrations causes 
neuronal loss by activating microglia to phagocytose stressed neurons 
(Fig. 9, graphical abstract). This hypothesis is supported by several lines 
of evidence, including (i) S100A9 induced neuronal exposure of the “eat- 
me” signal phosphatidylserine during neuronal loss in the absence of 
apoptosis and necrosis, (ii) S100A9 stimulated microglial phagocytosis 
of phosphatidylserine-mimicking beads, and (iii) S100A9-induced 
neuronal loss was prevented by depleting microglia from the 
neuronal-glial cultures. Phagocytosis of stressed-but-viable neurons oc
curs when neurons have been stressed sufficiently to induce signalling 
for phagocytosis, but not sufficiently to induce neuronal death directly, 
and when microglial phagocytosis has been activated (Butler et al., 
2021).

Synaptic loss occurs prior to neuronal loss in many neurodegenera
tive diseases (Wilson et al., 2023). In this study, we demonstrate that 
S100A9 is capable of inducing synaptic loss in neuronal-glial co-cul
tures. Notably, synaptic loss occurred at concentrations lower than those 
required for neuronal body loss: neuronal loss in cell cultures occurred at 
250–500 nM, while synaptic loss occurred at 10–100 nM. However, 100 
nM S100A9 was able to induce neuronal phosphatidylserine exposure, 
suggesting that exposure of phosphatidylserine on the surface of syn
apses or neurons may serve as a signal for phagocytosis of synapses and 
neuronal bodies. In earlier studies, phosphatidylserine exposure was 
considered as an apoptotic marker, but there is now substantial evidence 
that live cells can also expose phosphatidylserine, triggered for example 
by an elevation of cytosolic calcium (Shin and Takatsu, 2020; Shlomo
vitz et al., 2019; Suzuki et al., 2010). Neuronal phosphatidylserine 
exposure can be triggered by sub-toxic levels of glutamate, oxidants or 
activated microglia, but is reversible on viable neurons if the trigger is 
removed; however, if activated microglia are present during neuronal 
phosphatidylserine exposure, then such neurons are phagocytosed, 
resulting in neuronal death (Neher et al., 2011; Neher et al., 2013). 

Moreover, local phosphatidylserine externalization on synapses medi
ates synaptic elimination by microglia not only during development 
(Scott-Hewitt et al., 2020), but also during pathology (Rueda-Carrasco 
et al., 2023). Thus, the synaptic loss induced by S100A9 might be due to 
microglial phagocytosis of phosphatidylserine-exposing synapses.

We showed here that low nanomolar levels of S100A9 induced 
synapse loss in cell cultures, high nanomolar levels of S100A9 induced 
neuronal loss, apparently by microglial phagocytosis, while micromolar 
levels of S100A9 induced neuronal necrosis. Notably, micromolar levels 
of S100A9 had no effect on total neuronal number suggesting that 
microglial clearance of dead cells can be impacted by high concentration 
of toxic S100A9 species. Similarly, S100A9 was found to affect BV-2 cell 
phagocytosis in a dose-dependent manner: low levels of S100A9 stim
ulated microglial phagocytosis, while high levels reduced phagocytic 
capacity (Zhang et al., 2023a, 2023b). Overall, our data suggests that 
S100A9 induces neuronal stress that causes direct neuronal death at 
high levels of S100A9, but induces microglial phagocytosis of stressed- 
but-viable synapses or neurons at low levels of S100A9. This raises the 
question of what levels of S100A9 are found extracellularly in the brain 
during neurodegeneration? S100A9 is a relatively abundant protein, for 
example constituting 45 % of cytosolic protein in neutrophils, and is 
released by myeloid cells in inflammatory conditions (Wang et al., 
2018a, 2018b). S100A9 expression is increased in microglia during 
neurodegeneration (Shepherd et al., 2006) and is increased in the brain 
tissue of AD patients (Kummer et al., 2012). Soluble S100A9 was found 
to decline from 0.8 nM in controls to 0.4 nM in the CSF of AD patients 
(Horvath et al., 2016), while aggregated forms of S100A9 increased in 
AD brain tissue (Shepherd et al., 2006). S100A9 can aggregate into 
amyloidogenic structures in a similar way as Aβ (Wang et al., 2014), so 
the reduction of CSF levels of S100A9 during AD may correspond to 
soluble S100A9 aggregating (or S100A9 changing to a conformation not 
recognized by the anti-S100A9 antibodies). These levels of soluble 
S100A9 measured in CSF suggest that it is feasible that S100A9 could be 
present in extracellular brain tissue at low nanomolar levels.

In the context of neurodegenerative diseases, microglia can be 
morphologically and functionally activated, and this may contribute to 
neuronal damage (Fricker et al., 2018). Our experimental findings 
demonstrate that neuronal loss in S100A9 treated co-cultures was 
accompanied by microglial changes indicated by their number increase, 
soma enlargement, upregulated Iba-1 expression and pro-inflammatory 
cytokine (TNF-α and IL-1β) production. S100A9 is itself a pro- 
inflammatory protein that can bind and activate TLR4 and RAGE re
ceptors (Wang et al., 2018a, 2018b). Activation of these receptors was 

Fig. 9. Graphical abstract. S100A9 protein species induce microglial activation and phosphatidylserine exposure on the outer leaflet of neuronal membranes leading 
to microglial phagocytosis of stressed synapses and neurons.
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found to trigger downstream signalling pathways, including activation 
of NF-κB, leading to the production of pro-inflammatory cytokines in 
microglial BV-2 cell line, as well as reorganization of the cytoskeleton 
(Wang et al., 2018a, 2018b). We have recently shown that microglial 
activation via TLR4 and caspase-1 pathway in response to tau protein 
caused neuronal loss through phagocytic uptake (Pampuscenko et al., 
2023). Moreover, TNF-α itself can induce phosphatidylserine exposure 
on neuronal cells and subsequent elimination by microglia (Neniskyte 
et al., 2014). Furthermore, activation of microglia can trigger the 
upregulation of phagocytic receptors and signalling pathways, allowing 
microglia to recognize and engulf stressed neurons (Butler et al., 2021). 
Understanding the molecular mechanism of S100A9-induced synaptic 
and neuronal loss could help to prevent it. Therefore, it is important to 
further elucidate the precise mechanisms of S100A9-mediated neuro
toxicity that may be potential therapeutic targets to prevent 
neurodegeneration.

Changes in the accumulation of misfolded proteins and their aggre
gation is thought to initiate neurodegenerative processes through 
disruption of normal cellular functions, leading to a wide range of 
consequences, including neuronal cell death and inflammation (Wilson 
et al., 2023). Aggregation-state dependent neurotoxicity was shown by 
Gruden et al., 2016 demonstrating the ability of oligomers and fibrils of 
S100A9 (but not the native form) to induce neurochemical remodelling 
and initiate memory deficits in mice. Here, we show that a S100A9 
protein preparation containing oligomeric forms exerts neurotoxic ef
fects through inflammatory processes. S100A9 may aggregate itself or 
with other proteins, resulting in different cellular effects. For example, 
the S100A8/S100A9 heterodimer was found to strongly activate 
phagocytes, while S100A8/S100A9 tetramers blocked the TLR4-binding 
site and interacted with the CD69 receptor leading to inflammation 
resolution (Russo et al., 2022). Indeed, the presence of monomeric, 
soluble aggregates of S100A9, and insoluble S100A9 species in AD brain 
homogenates (Shepherd et al., 2006) suggests that pathology might be 
associated with S100A9 of various conformations. S100A9 has also been 
found in senile plaques in association with Aβ and in the surrounding 
regions where Aβ is not present (Wang et al., 2014), implying that 
S100A9 appears in the extracellular space in a free form and may alter 
physiological brain processes from outside the cell. Importantly, S100A9 
tends to form heterocomplexes with S100A8, but S100A8-positive pla
ques are not present in the hippocampus, dental gyrus, or neocortical 
areas where S100A9-positive plaques are observed (Wang et al., 2014). 
The source of S100A9 in brain tissue remains unclear, however, it has 
been shown to increase and aggregate as a consequence of age, 
ischemic/haemorrhagic damage or traumatic brain injury (Swindell 
et al., 2013; Wang et al., 2018a, 2018b; Wang et al., 2024; Ziegler et al., 
2009). During aging, brain ischemia and subarachnoid haemorrhage, 
S100A9 has been found to be upregulated in microglial cells (Swindell 
et al., 2013; Wang et al., 2024; Ziegler et al., 2009) suggesting it may 
contribute to the inflammatory response and subsequent tissue damage. 
In a murine model of traumatic brain injury, S100A9 quickly forms 
intracellular and extracellular aggregates and can be produced by both 
neuronal and microglial cells (Wang et al., 2018a, 2018b). Overall, these 
data suggest that under certain pathophysiological conditions, S100A9 
can be present in the brain tissue in different aggregation states, both 
inside and outside cells, initiating pathological cascades that lead to 
neurodegeneration.

In our study, the neurotoxic effect of extracellular S100A9 species 
was closely linked to microglial activation and enhanced phagocytic 
activity. Emerging evidence supports the hypothesis that inflamed 
microglia and disrupted phagocytic processes contributes to neuro
degeneration progression. Post-mortem examination of the brains of 
individuals with AD and PD has found an increase in phagocytic (CD68- 
positive) microglia (Croisier et al., 2005; Hopperton et al., 2017; Kouli 
et al., 2020; Minett et al., 2016) and up-regulation of genes for phago
cytosis (Podleśny-Drabiniok et al., 2020; Tremblay et al., 2019), indi
cating disrupted phagocytic processes. This is further supported by 

increased galectin-3 (García-Revilla et al., 2022) and C3/C1q 
(Chatterjee et al., 2023; Wu et al., 2019) in CSF or brain tissue, which 
bind to exposed phosphatidylserine and act as neuronal opsonins, trig
gering their subsequent engulfment (Butler et al., 2021). In experi
mental models, excessive microglial phagocytosis of neurons and 
synapses was found to occur in response to pathological factors related 
to AD and PD pathology, such as LPS (Dundee et al., 2023; Neher et al., 
2011), Aβ (Neniskyte et al., 2011), and tau protein (Brelstaff et al., 2018; 
Pampuscenko et al., 2020, 2021), which induced reversible exposure of 
phosphatidylserine on live neurons, and subsequent phagocytosis by 
microglia. Furthermore, microglia have been observed to phagocytose 
viable dopaminergic neurons, leading to motor dysfunction and a 
shortened lifespan in Drosophila overexpressing phagocytic receptors 
(Hakim-Mishnaevski et al., 2019). Specific loss of dopaminergic neurons 
in the substantia nigra also occurred through microglial phagocytosis in 
an inflammatory model of PD (Milde et al., 2021). Our data indicate that 
S100A9 may also contribute to neurodegeneration through inducing 
microglial phagocytosis of stressed neurons.

Current study provides valuable insights into the mechanisms of cell 
death related to S100A9-induced neuroinflammatory conditions, how
ever, several limitations must be acknowledged. Our findings are based 
on in vitro models, which are useful for understanding cellular and 
molecular processes, but do not fully replicate the complexity of in vivo 
conditions. Another important limitation is that the study did not 
analyze different neuronal populations and their interaction with 
microglia as well as astrocytes under different conditions. Future 
research should focus on investigating specific neuronal subtypes and 
brain regions to better understand the role of S100A9 in the pathogen
esis of neurodegenerative disorders. Moreover, more precise tools 
should be used to quantify microglial proliferation and to identify syn
aptic material or live neurons engulfed by microglia to better understand 
mechanisms of neuronal loss during neurodegeneration.

5. Conclusion

Our findings suggest that microglial inflammatory activation con
tributes to the loss of synapses and neurons in response to extracellular 
S100A9 protein.
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