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ARTICLE INFO ABSTRACT

Keywords: Microglia cells, the immune cells residing in the brain, express immune regulatory molecules that have a central role in

Mi_m’g“a the manifestation of age-related brain characteristics. Our hypothesis suggests that galectin-1, an anti-inflammatory

gging i1 member of the beta-galactoside-binding lectin family, regulates microglia and neuroinflammation in the aging
alectin-

brain. Through our in-silico analysis, we discovered a subcluster of microglia in the aged mouse brain that exhibited
increased expression of galectin-1 mRNA. In our Western blotting experiments, we observed a decrease in galectin-1
protein content in our rat primary cortical cultures over time. Additionally, we found that the presence of lipopoly-
saccharide, an immune activator, significantly increased the expression of galectin-1 protein in microglial cells. Uti-
lizing flow cytometry, we determined that a portion of the galectin-1 protein was localized on the surface of the
microglial cells. As cultivation time increased, we observed a decrease in the expression of activation-coupled mole-
cules in microglial cells, indicating cellular exhaustion. In our mixed rat primary cortical cell cultures, we noted a
transition of amoeboid microglial cells labeled with OX42(CD11b/c) to a ramified, branched phenotype during
extended cultivation, accompanied by a complete disappearance of galectin-1 expression. By analyzing the tran-
scriptome of a distinct microglial subpopulation in an animal model of aging, we established a correlation between
chronological aging and galectin-1 expression. Furthermore, our in vitro study demonstrated that galectin-1 expression
is associated with the functional activation state of microglial cells exhibiting specific amoeboid morphological
characteristics. Based on our findings, we identify galectin-1 as amarker for microglia activation in the context of aging.

Neuroinflammation

Abbreviations: ANOVA, Analysis of variance; CNS, Central nervous system; CD11b (Itgam), Integrin alpha M; CD14, Myeloid specific leucine rich glycoprotein;
CD16(Fcgr3), Fc gamma receptor III; CD40, TNF receptor subfamily member 5; CD163, Scavanger receptor; CD206(Mrcl), Mannose receptor; DAP12, DNAX
activation protein of 12kDa; DMEM, Dulbecco’s modified Eagle’s medium; FBS, Fetal bovine serum; Gal-1, Galectin-1; Ibal, Ionized calcium binding adapter
molecule 1; MCSF, Macrophage colony stimulating factor; PBS, Phosphate-buffered saline; RT, Room temperature; RT1A, MHC1 molecule; SEM, Standard error of the
mean; SiglecH, Sialic acid receptor; TBS, Tris-buffered saline; TI, Transformation index; TNF, Tumor necrosis factor; UMAP, Uniform manifold approximation and
projection.
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T. Kiss et al.
1. Introduction

Aging is a multifaceted and ever-evolving biological phenomenon,
characterized by the ongoing reconfiguration of cellular brain func-
tionality. Among the defining features of aging, there exists a subclini-
cal, persistent, low-intensity sterile inflammation commonly referred to
as “inflammaging” (Frasca and Blomberg, 2016, Williamson et al., 2011,
Lopez-Otin et al., 2013).

Microglial cells, belonging to the monocyte/macrophage lineage
(Kreutzberg, 1996; Prinz et al., 2011), originate from primitive myeloid
yolk sac-localized progenitors and represent a distinct population within
the mononuclear phagocyte system (Hoeffel et al., 2015; Ginhoux et al.,
2010). Present throughout the central nervous system (CNS), microglia
exist as a continuum of various morphological phenotypes, ranging from
amoeboid to extensively ramified forms. Activation of microglia leads to
a transformation from amoeboid to extensively ramified types, accom-
panied by morphological changes. Additionally, functional alterations
such as microglial proliferation, homing and adhesion to damaged cells,
and robust phagocytic activity can be observed (Town et al., 2005). The
amoeboid appearance and phagocytic nature of microglia coincide with
their ability for antigen presentation (Szabo and Gulya, 2013) as well as
their involvement in cytotoxic and inflammation-related signaling (Kata
etal., 2016; Kata et al., 2017). Importantly, the presence of chronic, low-
grade neuroinflammation involving activated/primed microglial cells
has been linked to age-related CNS disorders, including Alzheimer’s
disease (Heneka et al., 2015; Leng and Edison, 2021; Williamson et al.,
2011).

Galectin-1 (Gal-1), a member of a highly conserved lectin family,
exhibits binding affinity towards the common disaccharide Galfl-
4GlcNAc present on N- and O-glycans, thereby modifying cell surface
glycoconjugates (Hirabayashi and Kasai, 1993). Gal-1 serves diverse
functions, exerting intracellular effects such as mRNA splicing (Liu et al.,
2002; Park et al., 2001) as well as extracellular roles in cell growth
regulation, apoptosis induction, immunomodulation, cell trans-
formation, and cancer development (Camby et al., 2006). The anti-
inflammatory and immunomodulatory properties of Gal-1 have been
previously demonstrated, with activated macrophages (Rabinovich
et al., 1996), antigen-stimulated T cells (Blaser et al., 1998), activated B
cells (Zuniga et al., 2001), and alloreactive T cells (Rabinovich et al.,
2002) shown to secrete high levels of Gal-1. It is hypothesized that Gal-1
plays a role in eliminating effector T cells once the immune response is
complete. Moreover, our previous studies have revealed the immuno-
regulatory activity of Gal-1, exemplified by tumor-derived Gal-1-
induced apoptosis of activated T cells (Ion et al., 2006; Kovacs-Solyom
et al., 2010). The Gal-1 protein associated with mesenchymal stem cells
appears to act as a key regulator of tumor growth (Szebeni et al., 2012).
Within the central nervous system (CNS), Gal-1 governs the proliferation
of adult neural progenitor cells (Sakaguchi et al., 2006), regulates
neurogenesis, and promotes functional recovery following stroke (Ishi-
bashi et al., 2007). Furthermore, the expression of Gal-1 correlates with
the regenerative potential of spinal motoneurons after spinal cord injury
(McGraw et al., 2004).

Despite the well-established role of Gal-1 in inflammatory processes,
its presence and function in microglial cells remain unknown. Our hy-
pothesis posits that Gal-1 serves as a key regulator of neuroinflammation
associated with microglia in the aging brain.

2. Experimental procedures
2.1. Animals

All animal experiments were carried out in strict compliance with the
European Council Directive (86/609/EEC) and EC regulations (O.J. of
EC No. L 358/1, 18/12/1986) regarding the care and use of laboratory
animals for experimental procedures and followed the relevant Hun-
garian legislation’s requirements. The Institutional Animal Welfare
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Committee of the University of Szeged (II./1131/2018) approved the
experimental protocols.

2.2. In silico single-cell analysis

The single-cell RNA sequencing database of the aged mouse brain
was acquired from the Single-Cell Portal website of the Broad Institute
[https://singlecell.broadinstitute.org/single_cell] in the form of a
normalized count matrix. Ximerakis and his colleges isolated brain cells
from 2 to 3 and 21-22-month-old, male C57BL/6J mice and loaded them
onto a 10x Genomics chromium single-cell 3' chip. The ¢cDNA library
preparation was conducted using the 10x Genomics chromium single-
cell 3’ library with a Gel Bead kit v2 and an i7 Multiplex kit, and the
libraries were sequenced on an Illumina NextSeq 500 instrument.
Further experimental details are included in the original publication
(Ximerakis et al., 2019). Cell-type-specific clustering from the original
study was preserved and utilized to further subdivide the original data
set. The gene expression profiles of microglia subsets were processed by
the Seurat workflow V4 in R environment (Stuart et al., 2019). After an
initial quality control, 3,885 microglia cells (1,651 young, 2,234 aged)
were analyzed, scaling and linear dimensional reduction (principal
component analysis) were performed using the default parameters. The
number of relevant principal components for further downstream
analysis was identified by a resampling test known as the JackStraw
procedure (Chung and Storey, 2015). 2D embedding was performed by
the uniform manifold approximation and projection (UMAP) method
(Becht et al., 2019) using the top 20 principal components. To cluster
our cells, after creating a graph structure, we used the Louvain algorithm
as a modularity optimization technique. The resolution factor was set to
0.3. All the previous steps were performed on the microglia cluster
without separating the cells from the aged and young animals. Cells
expressing Gal-1 mRNA were considered Gal-1-positive and were
counted, regardless of the expression levels. A chi-square test of inde-
pendence was performed to examine the relationship between the sub-
cluster and Gal-1 positivity. Wilcoxon Rank Sum test was used to iden-
tify genes differentially expressed in the individual sub-clusters with the
adjusted p-value threshold<0.05. The overrepresentation analysis of
Gene Ontology terms on the differentially expressed genes was per-
formed using g:Profiler (31066453). Terms including more than 1000
or<6 genes were excluded to improve interpretability of the result.

2.3. Preparation of mixed primary neuronal and microglial enriched
secondary cell cultures

To study the activation state of the Gal-1-expressing microglial cells,
an in vitro model system was used. Mixed primary cortical cell cultures
from newborn, wild-type SPRD rats were established using the methods
described previously (Szabo and Gulya, 2013). In brief, newborn rats
were surgically decapitated and the frontal lobe of the cerebral cortex
was removed. The harvested tissue was minced with scissors, then
incubated for 10 min at 37 °C in 9 mL of Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, Carlsbad, CA, USA) containing 1 g/L D-
glucose, 110 mg/L Na-pyruvate, 4 mM L-glutamine, 3.7 g/L NaHCO3,
10,000 U/mL penicillin G, 10 mg/mL streptomycin sulfate, and 25 pg/
mL amphotericin B, supplemented with 0.25% trypsin (Invitrogen), and
then centrifuged at 1000 x g at room temperature (RT) for 10 min. The
pelleted cells were resuspended and washed twice in 5 mL of DMEM
containing 10% heat-inactivated fetal bovine serum (FBS; Invitrogen).
Following the final washing step, cells were seeded either onto poly-L-
lysine-coated coverslips (15 x 15 mm; 2 x 10° cells/coverslip) or in a
poly-L-lysine-coated T75 flask (1 x 107 cells/flask) (Corning, New York,
NY, USA) and cultured at 37 °C in a humidified atmosphere supple-
mented with 5% CO,. Primary mixed neuronal cultures were maintained
for 7 (DIV7), 14 (DIV14), or 21 (DIV21) days. The culture media was
changed every 3 days.

A microglia-enriched cell culture was prepared from the mixed
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primary cultures maintained in the poly-L-lysine-coated culture flasks (1
x 107 cells/flask). To collect the microglial cells from the mixed
neuronal cultures on DIV7 and DIV14, the cultures were subcloned by
shaking at 150 rpm in an orbital platform shaker at 37 °C for 30 min.
Alternatively, primary mixed neuronal cultures were shaken at 37 °C at
150 rpm for 3 h in a platform shaker to collect enough microglial cells
for the anti-Gal-1 Western blot experiments and for lipopolysaccharide
(LPS; Sigma, St. Louis, MO, USA) stimulation.

Microglia from the supernatant were collected by centrifugation at
3000 x g at RT for 8 min and resuspended in 2 mL DMEM/10% FBS.
Cells were seeded at a density of 4 x 10° cells/petri dish for Western
blotting analyses and cultured in DMEM/10% FBS in a humidified at-
mosphere supplemented with 5% CO; at 37 °C for 5 days. After 5 days of
culturing the collected microglia, cultures were treated with 20 ng/mL
LPS for 24 h.

2.4. Western blotting analyses

Cells from DIV7, DIV14, and DIV21 primary mixed neuronal cell
culture and cells from the bacterial LPS-treated (20 ng/mL) microglia-
enriched cultures were collected and homogenized in 50 mM Tris-HCl
(pH 7.5) (Sigma) containing 150 mM NaCl, 0.1% Nonidet P40
(Sigma), 0.1% cholic acid (Sigma), 2 pg/mL leupeptin (Sigma), 1 pg/mL
pepstatin (Sigma), 2 mM phenylmethylsulfonylfluoride (Sigma), and 2
mM EDTA (Sigma), and then centrifuged at 10,000 x g for 10 min. The
pellet was discarded and the protein concentration of the supernatant
was measured (Lowry et al., 1951). For the Western blotting analyses, 5
ug of protein was separated on a sodium dodecyl sulfate/polyacrylamide
gel (4% stacking gel, 12% resolving gel), transferred onto a Hybond-ECL
nitrocellulose membrane (Amersham Biosciences, Little Chalfont,
Buckinghamshire, England), blocked for 1 h with 5% nonfat dry milk in
Tris-buffered saline (TBS) containing 0.1% Tween 20, and incubated
overnight either with rabbit anti-Gal-1 polyclonal antibody (1:500 final
dilution; gifted by the Monostori’s lab; Vas et al., 2005) or mouse anti-
GAPDH monoclonal antibody (clone GAPDH-71.1; 1:20,000; Sigma).
The membranes were rinsed five times in 0.1% TBS-Tween 20 and
incubated for 1 h with peroxidase-conjugated goat anti-rabbit IgG
(1:2000 final dilution; Invitrogen) for Gal-1 detection or with
peroxidase-conjugated rabbit anti-mouse IgG (1:2000 dilution; Sigma)
for GAPDH detection. The enhanced chemiluminescence method (ECL
Plus Western blotting detection reagents; Amersham Biosciences) was
used to reveal immunoreactive bands according to the manufacturer’s
protocol. For Western blot image analysis, gray-scale digital images
were acquired by scanning autoradiographic films. Bands were analyzed
through the use of ImageJ software (version 1.38; developed by W.
Rasband at the U.S. National Institutes of Health, and available from the
Internet at http://rsb.info.nih.gov/ij). The immunoreactive densities of
equally loaded lanes were quantified.

2.5. Fluorescence immunocytochemistry

Primary mixed neuronal cell cultures (DIV7, DIV14, DIV21) were
fixed on coverslips with 4% formaldehyde for 5 min and rinsed three
times for 5 min each with 0.05 M phosphate-buffered saline (PBS). After
permeabilization and blocking of the nonspecific sites in PBS solution
containing 5% normal goat serum (Sigma), 1% heat-inactivated bovine
serum albumin (Sigma), and 0.05% Triton X-100 for 30 min at 37 °C, the
cells were incubated overnight in a humidified chamber at 4 °C with
mouse anti-CD11b/c (0X42) monoclonal antibody (1:50 final dilution;
Invitrogen) and rabbit polyclonal anti-Gal-1 antibody (1:100 final
dilution; Monostori’s lab [Vas et al., 2005]). The cultured cells were
washed in PBS four times for 10 min each at RT and incubated with
Alexa Fluor 568-conjugated goat anti-rabbit antibody (1:1000 final
dilution; Invitrogen) and Alexa Fluor 488-conjugated goat anti-mouse
antibody (1:1000 final dilution; Invitrogen) in the dark for 3 h at RT.
Cells were washed in PBS four times for 10 min each time at RT, then the
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coverslips were rinsed in distilled water for 5 min, air-dried, and
mounted on microscope slides in ProLong Gold Antifade Mountant with
DAPI mounting medium (InVitrogen,Waltham Massachutes, USA).

2.6. Determination of exhausted microglia cell burden by flow cytometric
analysis

For further analysis, starter culture and isolated microglia cells in
different time points were fixed in 1 % PFA in room temperature. After
samples have been collected from all time points fixed cells have been
washed in PBS then centrifuged (300xg, 10 min) and resuspended in
MACS buffer (Miltenyi Biotech). To analyze microglia activation and
subsequent exhaustion, we used quantitative fluorescent flow cytom-
etry. Cells were labelled with an antibody directed against the microglia
activation markers. 130 ul sorted cells were plated on a 96-well plate
and incubated with 10 pl of 1% BSA (Sigma) in 2.8% Triton X-100
surfactant (EMD Chemicals Inc., TX1568-1) for 15 min. Then diluted
antibody mix in MACS buffer was added into the wells up to 150 pl to
achieve final concentration (Table 1.) and incubated another 30 min on
a horizontal shaker (100 RPM, room temperature). The measurement
was assessed on a Guava® EasyCyte™ BGR HT Flow Cytometer
(Luminex) based on the manufacturer’s recommendations. Data were
analyzed using FCS Express software (De Novo Software). The ratio of
stained and unstained cells was determined as a percentage of total cells.
Cell debris was gated out during measurement and also in flow cytom-
etry data analysis (for gating strategy see Fig. 7).

2.7. Flow cytometry for cell surface bound Gal-1 detection

Microglia cells derived from DIV7, DIV14, or DIV21 primary mixed
neuronal cell cultures were isolated by shaking at 150 x gin a platform
shaker for 30 min. Cells were labeled with polyclonal anti-Gal-1 anti-
body (produced in Eva Monostori’s laboratory, Vas et al., 2005) and
incubated at 4 °C for 1 h. Cell surface-bound antibodies were labeled
with anti-rabbit IgG Alexa Fluor 488 at 4 °C for 30 min. Cells were ac-
quired on a Becton Dickinson FACSCalibur flow cytometer (Becton
Dickinson, New Jersey, NY, USA). Dead cells were excluded from the
analysis using propidium iodide staining (10 pg/mL). The data derived
from 5 x 10* cells were analyzed using CellQuest Pro v.5.1 software
(Beckton Dickinson). For flow cytometry analysis, the medians of the
fluorescence intensity derived from three independent cultures on every
culturing day were compared.

2.8. Imaging

Digital images from DIV7, DIV14, and DIV21 cultured primary mixed
neuronal cultures were captured using a Leica fluorescence microscope
(Leica DMLB; Leica Microsystems, Wetzlar, Germany). To measure the
area (pmz), the perimeter (pm), and the transformation index (TI) of the
microglia cells, images were converted into binary replicas using the
thresholding procedures implemented in ImagelJ, as described previ-
ously (Szabo and Gulya, 2013, Kata et al., 2016). For the computation of
semi-quantitative cell silhouette characteristics (digital binary pictures),
data from 30 cells derived from at least three separate experiments for
each culturing time were used. The Ti was determined according to the

Table 1

Antibody final concentrations in flow cytometry staining reactions.
AB dilution company cat#
CD11b 1:50 BD Transduction Laboratories 561,684
CD40 1:500 BD Transduction Laboratories 563,638
CD103 1:150 BD Transduction Laboratories 565,286
Siglec-H 1:50 BD Transduction Laboratories 747,668
CD14 1:50 BD Transduction Laboratories 567,732
RT1A 1:50 BD Transduction Laboratories 745,933
GAL-1 1:50 R and D Systems 1C1245P
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following formula: Ti = [perimeter of cell (pm)]2/4n [cell area (pmz)].
Ti is a characteristic of the activation state of the cells; a small Ti value
(Ti < 2) indicates the amoeboid, activated phenotype of microglial cells
(Fujita et al., 1996).

For the comparison of the fluorescence intensity derived from acti-
vated and non-activated cells, the observed cells were selected manually
in Leica LasX software and the fluorescence intensity mean value of the
selected area in the Gal-1 labelled channel were determined. The area
and the perimeter of the selected area were measured in Image J and
after Ti calculation Gal-1 caused fluorescence mean value from the
activated (Ti<2) and the non-activated (Tigreater than2) cells were
compared.

Representative images from the branched and amoeboid cells were
taken by Leica Stellaris confocal microscope. In the representative mea-
surement presented in Supplemetary Fig. 2, the confocal z-stack has been
processed in IMARIS 10.0.1 version software, with background subtrac-
tion and 3D segmentation. The cell’s soma has been segmented and the

red staining intensity has been measured in 3D and normalized for um®.

2.9. Statistical analysis

Morphometrical comparisons were conducted using Kruskal-Wallis
one-way analysis of variance (ANOVA) on rank tests, followed by
Tukey’s post hoc test, utilizing the Sigma Plot software (v.12.3; Systat
Software Inc., Chicago, IL, USA). Statistical comparisons between the
number of Gal-1 expressing cells at different timepoints were performed
using Kruskal-Wallis ANOVA on ranks, followed by Dunn’s method for
pairwise multiple comparisons of differences between groups. Western
blot data were analyzed in Sigma Plot using Kruskal-Wallis ANOVA on
ranks, followed by either Tukey’s post hoc test or Student’s t-test. Flow
cytometry data were analyzed in Sigma Plot using one-way ANOVA,
followed by Holm-Sidak’s method for pairwise multiple comparisons of
differences between groups. The results were presented as the mean +
standard error of the mean (SEM). The fluorescence intensity mean
value derived from Gal-1 in amoeboid and ramified cells was compared
using the Mann-Whitney Rank sum test. A p-value of <0.05 was
considered statistically significant.

3. Results

3.1. Insilico single-cell analysis revealed a separate microglia population
with increased Gal-1 expression in aged mouse brain

To identify Gal-1-expressing microglia in aging brain tissue, the
expression pattern of Gal-1 mRNA was compared between previously
published young and aged animal-derived single-cell RNA-seq data
(Ximerakis et al., 2019). Cell-type specific gene expression patterns were
utilized from the original study. After an initial quality control analysis,
a total of 3,885 microglia cells (1,651 from young animals and 2,234
from aged animals) were selected for further analysis. The selected
microglia cells were subjected to sub-clustering using the Seurat work-
flow graph-based algorithm (Stuart et al., 2019), treating all cells as one
batch regardless of age. The unsupervised clustering of microglia cells
revealed the presence of six distinct sub-clusters with unique gene
expression patterns (Fig. 1A). While all sub-clusters were present in both
age groups, there was a significant shift in the distribution of cells
belonging to different sub-clusters with aging. Specifically, sub-clusters
#1 and #5 predominantly consisted of cells from young animals,
whereas sub-clusters #0, #2, #3, and #4 were overrepresented in aged
animals (Fig. 1B).

Interestingly, Gal-1 mRNA expression was almost exclusively
detected in sub-cluster #4, which was predominantly observed in the
aged brain (Fig. 1C & D). To assess the statistical significance of the
relationship between sub-cluster membership and Gal-1 positivity, a chi-
square test of independence was performed. The analysis revealed a
significant association between these variables, with x2 (6,N=3,885)=
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226.25 and a p-value < 2.2e-16.

The analysis of differential gene expression utilizing the Wilcoxon
Rank Sum test has revealed the identification of 304 genes that exhibit
significant differences within cluster 4 when compared to the remaining
microglia clusters. This information can be found in Supplementary
Table 1.

Furthermore, the Gene Ontology overrepresentation analysis has
shed light on the functional associations of the differentially expressed
genes within cluster 4. Notably, these genes are associated with mito-
chondrial function, cytokine production, and TNF-alpha production.
This valuable insight is documented in Supplementary Table S2.

In the sub-cluster #4 the only RNA derived from immune regulatory
gene, which expressed almost double level in a quite visible cell popu-
lation (around 25 % of the cells) was the Gal-1 RNA (circled in Fig 1E).
The other activation related RNAs like CD40 (TNF receptor subfamily
member 5), CD206 (Mrcl, mannose receptor) CD163 (scavanger re-
ceptor) were presented very few number of cells or expressed in
decreased level like SiglecH (sialic acid receptor), CD14 (myeloid spe-
cific leucine rich glycoprotein) and CD16 (Fcgr3, Fc gamma receptor III)
RNAs (Fig 1E.).

Furthermore, a comparative analysis was conducted on a human
microglia population obtained from a brain affected by Alzheimer’s
disease, using the same computational methods employed for the mouse
brain analysis (Alsema et al., 2020). However, the expression differences
observed in the human microglia population were not as distinct as
those observed in the mouse microglia population. Nonetheless, a
distinct subpopulation of microglia characterized by an increased
expression of Gal-1 was clearly identifiable (referred to as cluster 0 in
Supplementary Fig. 1 A-C).

Despite certain similarities, there were notable differences in the
gene expression profiles of this Gal-1 expressing subpopulation of
microglia in the Alzheimer’s-affected human brain. Specifically, the
gene expression alterations that distinguished this subpopulation from
other microglia subpopulations primarily centered around mitochon-
drial genes, with no significant deviations observed in the expression of
TNF and TNF-related cytokine genes (as depicted in Supplementary
Fig. 1 D).

3.2. Gal-1 protein expression in microglial cells is decreased during
cultivation and is coupled to LPS-induced activation

Western blotting analyses were conducted on primary cultures at
various time points, revealing a gradual decrease in the expression of the
Gal-1 protein by DIV21 (Fig. 2A). To investigate activation-associated
Gal-1 expression, microglia-enriched cultures were treated with the
immune activator bacterial LPS, which resulted in an increase in Gal-1
protein expression (Fig. 2B).

3.3. The activatory molecules and even Gal-1 expression decreased during
in vitro culturing of microglial cells

Based on our flow cytometric data obtained from microglial cells
derived from mixed cortical cultures at DIV7, DIV14, and DIV21 (as
detailed in Fig 3), several conclusions can be drawn. Firstly, the ratio of
CD11b expressing cells exhibited a continuous but non-significant
decrease over the culturing time (Fig 3 A-B-C). Secondly, the percent-
age of CD40 expressing cells showed an initial increase during the early
period of culturing (until DIV7), followed by a substantial decrease at
DIV14 and DIV21 (Fig 3 D-E-F). Furthermore, the number of Gal-1
expressing cells significantly decreased compared to the starter culture
(Fig 3 G-H-I). Likewise, the number of Siglec-H positive cells decreased,
with a particularly drastic decrement observed between DIV14 and
DIV21 (Fig 3 J-K-L). Interestingly, the number of CD14 expressing cells
remained unchanged throughout the culturing process (Fig 3 M-N-O).
Additionally, the number of RT1A expressing cells decreased over time
(Fig 3 P-Q-R).
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Fig. 1. Analysis of a mouse brain single-cell RNA-seq dataset revealed a distinct sub-cluster of Gal-1-expressing microgila in aged mouse brain. (A) UMAP repre-
sentation of microglia gene expression by age. Unsupervised clustering of microglia isolated from young (2 to 3 months old, 2-3mo) and aged (21 to 22 months old,
21-22mo) animals identified six distinct sub-clusters. The cells were processed as one batch regardless of age. All sub-clusters were present in both age groups;
however, the number of cells belonging to the different sub-clusters showed a significant shift with aging. (B) In young animals, cells belonged to sub-clusters #1 and
#5, while in aged animals, cells belonging to sub-clusters #0, #2, #3, and #4 were overrepresented. (C, D) Plotting of the Gal-1-expressing cells in aged animals
showed an accumulation almost exclusively in cluster 4. To test the statistical significance between sub-cluster and Gal-1 positivity, a chi-square test of independence
was performed. X2 (6, N = 3885) = 226.25, p-value <2.2e . (E) Top 30 Gene Ontology terms associated wiht genes differentially expressed in the clustor 4. (F)
Analysis of the activation coupled molecules in the microglia sub-clusters revealed that the age related sub-cluster#4 contains exhuasted type of microglial cells with
increased Gal-1 expression. In that subgroup almost 25 % percent of the cells express Gal-1 RNAs in an increased level.
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Fig. 2. The activation state of the microglia was coupled with its Gal-1 protein expression. (A) Gal-1 protein expression was decreased during 21 days of culture. The
cells from rat primary mixed neuronal cultures were collected from DIV7, DIV14, or DIV21 cultures, lysed, and the Gal-1 protein content of the samples was analyzed
with Western blot. The integrated optical density of the Gal-1 protein was quantified with the ImageJ program, then it was normalized with GAPDH expression. The
Gal-1 protein level measured at DIV7 was set as a baseline. Data were analyzed with Kruskal-Wallis ANOVA on ranks, followed by Tukey’s post hoc test (n = 6, p <
0.05). Values are presented as the mean + SEM. (B) LPS promotes Gal-1 expression in microglia-enriched cell cultures. Microglia cultures were prepared from rat
primary mixed neuronal cells by vigorous shaking of the cultures. The floating cells were plated for 5 days, then treated with 20 ng/mL LPS at 37 °C for 24 h. The cells
were then collected and lysed, and the Gal-1 protein content was quantified by Western blot. The integrated optical density of the Gal-1 bands was measured with the
ImageJ program and compared to the non-treated control as a baseline. The intensities of the Gal-1 bands in the LPS-treated samples were higher than those in the
non-treated samples, suggesting that Gal-1 expression is coupled to the activated phenotype of microglial cells. The data were analyzed with Student’s t-test (n = 3, p

< 0.05). Values are presented as mean + SEM.

3.4. Flow cytometry revealed that part of the expressed Gal-1 was present
on the cell surface

The cellular localozation of Gal-1 within microglia was evaluated by
examining the binding of an anti-Gal-1 antibody to the Gal-1 protein
localized on the cell surface of microglial cells (Fig. 4A). Flow cytometry
analysis demonstrated that the Gal-1 protein was detected on the cell
surface of isolated amoeboid microglial cells, regardless of whether they
were derived from the DIV7, DIV14, or DIV21 time points (Fig. 4B).

3.5. Gal-1-expressing microglia were presented for shorter culturing times
and showed activated, amoeboid morphology

To assess the activation status of Gal-1-expressing microglial cells,
mixed primary neuronal cultures from rats were prepared. The co-
expression of Gal-1 and CD11b/c (0X42) in microglial cells was exam-
ined at three different time points. Immunological and morphological
parameters of microglial cells were analyzed during the early log phase
(DIV7), middle log phase (DIV14), and plateau phase culture (DIV21). A
total of thirty slides from each time point, derived from three indepen-
dent experiments, were examined. The ratio between 0X42/Gal-1
double positive cells and OX42-positive/Gal-negative cells exhibited a
significant change between DIV14 and DIV21. At DIV7, 95.8% of the
cells showed co-expression of OX42 and Gal-1, while at DIV14, this
percentage decreased to 70%. Finally, at DIV21, only 10.5% of the cells
were positive for both 0X42 and Gal-1. Multicolor fluorescent immu-
nocytochemistry revealed that the loss of Gal-1 expression was accom-
panied by morphological changes. The microglial cells transformed from
an amoeboid shape into a ramified, branched appearance, indicative of
their exhaustion state after intense phagocytic clearance of injured cells.
Importantly, these morphological changes were inversely correlated

with the level of Gal-1 expression (Fig. 5A-L).

The area, perimeter, and Ti (shape index) of 0X42 (CD11b/c)-posi-
tive cells, which serve as indicators of microglia activation, were
quantified (Fig. 6A). Our morphological analysis revealed that the area,
perimeter, and Ti were significantly greater in OX42-positive microglial
cells obtained from DIV21, compared to OX42/Gal-1 double-positive
cells from DIV7, DIV14, or even the Gal-1-expressing subpopulation
from DIV21 (Fig. 6B, C, & D).

Our representative confocal microscopic images obtained from
DIV21 illustrate that the OX42/Gal-1 double-positive microglial cells
exhibit an amoeboid morphology, while the Gal-1 non-expressing cells
display a distinct branched morphology (Fig. 7 A-I). Furthermore, the
fluorescence intensity of Gal-1 was significantly higher in non-activated,
amoeboid cells with a shape index (Ti) <2, compared to the branched
ramified microglial cells with a TI greater than 2 (Fig. 7 J). To enhance
the credibility of our findings, a representative measurement was con-
ducted. This measurement involved comparing the fluorescence signal
induced by Gal-1 in highly branched (ramified) cells to that in amoeboid
cells, utilizing a z-stacked 3D image (as depicted in Supplementary
Fig. 2A-F). The analysis of Gal-1-triggered volume-optimized fluores-
cence intensity revealed that amoeboid cells exhibited an approximately
50% higher intensity compared to the control ramified cells (as illus-
trated in Supplementary Fig. 2F).

4. Discussion

Neurodegenerative diseases and aging are often associated with
chronic inflammatory processes. The primary regulators of immune
homeostasis within the central nervous system (CNS) are microglial
cells. These cells secrete factors that contribute to maintaining tissue
balance in the brain. Under normal conditions, microglial cells exhibit a
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Fig. 3. Galectin-1 protein expression level predicts
microglia activation and exhaustion. Microglia cell
type and activity markers have been stained and
intensity-based measurement of the cells has been
assessed with quantitative flow cytometry. A)
Representative panels show that cellular debri and
other non-cellular components have been gated out
and only whole cells were measured. B) Represen-
tative panels about the gating strategy for the
marker proteins labeling on starter, DIV7, 14, and
21 cultures. C) Quantification of cell populations
labelled with different cell type and activity
markers. Note the reducing numbers of the activity
marker positive populations and also GAL-1 positive
cells with time. Data were analyzed with one-way
ANOVA followed by Fisher LSD method (n = 3-6,
*p < 0.05; **p < 0.01; ***p < 0.001). Values are
presented as the mean + SEM.
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Fig. 4. Gal-1 protein is present on the cell surfaces of microglia. (A) Microglial cells were isolated from DIV7 rat primary mixed neuronal cell cultures. Cell surface-
bound Gal-1 was labeled with rabbit anti-Gal-1 antibody at 4 °C and anti-rabbit IgG Alexa Fluor 488. Fluorescence intensity derived from the cell surface-bound Gal-1
was increased, as shown in the histogram, after measurement of 5 x 10* cells by flow cytometry (B) Gal-1 antibody-derived immunofluorescence was present in the
microglia cells isolated from DIV7, DIV14, and DIV21 primary cultures. The median of the fluorescence intensity histogram was significantly increased in the DIV7,
DIV14, or DIV21 primary mixed neuronal culture-isolated microglial cells compared with the background non-labeled control microglial population. Data were
analyzed with one-way ANOVA followed by Holm-Sidak’s method (n = 3, p < 0.05). Values are presented as the mean + SEM.

ramified morphology and display subdued functional properties similar
to macrophages. However, in response to neural injury or infection,
microglia undergo activation, leading to various morphological, mo-
lecular, immunological, and functional changes (Kreutzberg, 1996;
Town et al., 2005).

During the aging process, almost all functions of microglia undergo
alterations. Microglia exhibit features of senescence (Streit and Xue,
2013), impaired phagocytic and movement capacities (Ritzel et al.,
2019), and changes in their protostatic functions, signaling capacity,
and morphology (Damani et al., 2011). These age-related changes
contribute to the altered functionality of microglia in the aging brain.

Single-cell analysis-based data have provided insights into the
complex gene expression patterns of microglia, revealing significant
changes during the aging process (Galatro et al., 2017). Through our in
silico single-cell analysis, we identified a distinct microglial population
characterized by a significant enrichment of Gal-1 expression, which is a
hallmark of the aged mouse brain. Aging is closely associated with
neuroinflammation, a process that plays a critical role in the develop-
ment of neurodegenerative diseases such as Alzheimer’s and Parkinson’s
diseases (Ownby, 2010; Lopez-Otin et al., 2013; Conde and Streit, 2006).

During the aging process, there is an increase in the levels of in-
flammatory cytokines such as IL-1 and IL-6, which contribute to neu-
roinflammation. Additionally, evidence suggests that certain anti-
inflammatory cytokines, including TGF and ILRa, also exhibit elevated
levels (Forsey et al., 2003; Cavallone et al., 2003; Minciullo et al., 2016).
These changes in cytokine levels further contribute to the inflammatory
milieu associated with aging and its impact on the CNS.

In vitro cultivation of microglial cells has been widely utilized as a
well-established model to study and compare the expression patterns of
activated amoeboid and inactivated ramified microglial cells. In mixed
cultures, the morphology of microglia cells undergoes continuous
transformation from an amoeboid to a ramified state between DIV10
and DIV28, primarily driven by the extensive loss of neurons. This dy-
namic process is attributed to the presence of neuronal cell debris in the
culture environment, which triggers overactivation of microglial cells
(Szabo and Gulya, 2013; Amur-Umarjee et al., 1990).

These morphological changes are accompanied by profound alter-
ations in the gene expression patterns of microglia, leading to a state of

exhaustion and reduced responsiveness to antigens. During the amoe-
boid stage, microglia retain intact phagocytic activity and immune
function associated with HLA-DP, -DQ, and -DR proteins. However, it
has been observed that prolonged culture duration can lead to a decline
in NF-kB activation and the expression of toll-like receptor 2 and 4
(Caldeira et al., 2014). These changes suggest that long-term culture
conditions can impact the activation status and immune-related func-
tions of microglial cells, potentially influencing their ability to respond
to inflammatory stimuli.

Our hypothesis posits that the depletion of Gal-1, a well-
characterized member of the galectin family known for its anti-
inflammatory properties, may contribute to the emergence of a re-
fractory microglial phenotype.

Concurrently with the increase in the number of microglial cells
throughout the culturing period in the primary mixed neuronal culture
(Szabo and Gulya, 2013), the level of Gal-1 within the culture exhibited
a decrement, suggesting a correlation between Gal-1 expression and
microglial activation state. The administration of LPS, a commonly used
immunostimulant known to induce the expression of tolerogenic
signaling molecules and Gal-1 in bone marrow-derived dendritic cells
(Zhou et al, 2014), confirmed the activation-dependent expression of
Gal-1. This was further supported by Western blot analysis, which
demonstrated an elevated level of Gal-1 in microglia-enriched cultures
upon exposure to LPS. Our comprehensive immunocytochemistry-based
investigation also substantiated that Gal-1 expression was linked to the
amoeboid activated morphology of microglial cells rather than the
ramified cells.

Prior investigations have elucidated the involvement of beta-
galactoside-binding lectin, specifically Gal-1, in the cellular immune
response in various tissues (Perillo et al., 1995). In the context of
autoimmune neuroinflammation, the exogenous addition of Gal-1 has
demonstrated neuroprotective effects by preventing neurodegeneration
and inducing microglial deactivation, thereby activating their neuro-
protective functions (Starossom et al., 2012).

While Gal-1 can be found intracellularly (Liu et al., 2002; Park et al.,
2001) and extracellularly, the majority of its biological functions are
associated with its membrane-bound, extracellular form (Camby et al.,
2006). Our findings indicate that a subset of microglial cells expresses
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Fig. 5. CD11b/c -expressing microglia cells (DIV21) displayed branched morphology and were devoid of the Gal-1 expression. Primary mixed neuronal cell cultures
derived from newborn rats were plated and cultured for 7, 14, or 21 days (DIV7, DIV14, or DIV21). Cells were fixed, and Gal-1 protein was labeled with rabbit anti-
Gal-1 antibody and visualized with anti-rabbit IgG Alexa Fluor 568 (red, A, E, and I). CD11b/c-positive microglial cells were labeled with mouse anti-CD11b/c
(0X42) antibody and anti-mouse IgG Alexa Fluor 488 (green, B, F, and J). Nuclei were labeled with Hoechst dye (C, G, and K). Scale bar: 25 pm. M) The
0X42+ and the Ox42+/Gal+ microglial cells were counted on 30 slides derived from three independent cultures at all culturing time points. The percentage of
0X42+/Gal-1+ from total OX42+ microglial cells decreased dramatically until DIV21.Statistical analysis were performed with using one-way ANOVA followed by
Dunns’s method for pairwise multiple comparisons of differences between (n=30, p < 0.05). Values are presented as mean + SEM. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Gal-1 on their cell surface. Gal-1 exhibits a strong affinity for its ligands
(He and Baum, 2006; Fajka-Boja et al., 2016). Notably, cell surface-
localized Gal-1 on tumor cells has been shown to induce cell death in
activated T cells more effectively than the soluble form of Gal-1 (Kovacs-
Solyom et al., 2010). Carbohydrate recognition molecules that are
bound to the cell surface play a crucial role in regulating microglial
activation since microglial cells continually monitor the glycosylation
patterns of neighboring cells using their cell surface-bound carbohydrate
recognition proteins. Removal of the terminal sialic acid structure trig-
gers microglial activation through the immunoreceptor tyrosine-based
activation motif-coupled activation of complement receptors, thereby
enhancing the binding affinity of Gal-1 to the desialylated glycan
structure (Schnaar, 2004; Linnartz and Neumann, 2013; Linnartz et al.,
2012).

5. Limitations

This study possesses several limitations that necessitate careful
consideration when interpreting the findings. Firstly, although there are
notable similarities in the gene expression patterns of microglia between
humans and rodents (evidenced by shared expression levels of Iba-1,
DAP12, MCSF-receptors, among others), it is crucial to recognize the
significant differences in gene expression (such as the presence of syalic
acid binding lectin, Siglecs, exclusively in humans) and inflammatory
response reactions. These disparities hinder the clinical applicability of
experimental data derived from rodent microglia (Smith and Dragunow,
2014). Consequently, these differences play a significant role in
explaining the discrepancies observed in gene annotation studies be-
tween humans and mice, underscoring the importance of parallel utili-
zation of human and rodent experimental data.

Secondly, while standard statistical methods were employed during
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A Fig. 6. Quantitative analysis of cultured microglia
indicated that the cell area, perimeter, and TI values
increased during replicative aging as the cells became
more ramified (DIV21). These branched, ramified
cells were negative for Gal-1 antigen. The cell images
of 30 cells derived from three independent cultiva-
tions were transformed into binary replicas (silhou-
ettes) using automatic thresholding procedures (A).
The area (B) and the perimeter (C) of the binary sil-
houettes were measured using ImageJ. From these
data, the Ti value (D) was calculated (TI = perimeter
(pm)2/4n cell area (pmz)). Smaller Ti values at DIV7.
DIV14 and DIV21 indicated amoeboid and activated
cell phenotype, and higher Ti values at DIV21 indi-
cated that microglial cells had lost their activation
status during the long culturing time. Statistical ana-
lyses were performed with one-way ANOVA on ranks,
followed by Tukey’s post hoc test (p < 0.05). Values
are presented as mean + SEM.
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the in silico single-cell RNASeq analysis, it is imperative to acknowledge
that the clustering of cells heavily relies on the specific configuration of
the statistical system. Even minor adjustments to the setup can yield
distinct clustering patterns among cell populations.

Thirdly, although long-term cultivation of cells can induce gene
expression changes reminiscent of cellular senescence (Caldeira et al.,
2014), it is worth noting that the primary cells used in the in vitro ex-
periments were obtained from newborn rats. Therefore, their genetic
status may not directly correspond to that of aged microglia in vivo.

The fourth limitation concerns the experimental procedures
employed, which did not permit direct assessment of Gal-1's functional
role. No actual functional tests were conducted to evaluate the regula-
tion of Gal-1 secretion or the consequences of Gal-1 binding to nervous
tissue cells. Thus, while the results clearly indicate that morphologically
active amoeboid microglial cells express Gal-1, the specific functional
implications of this Gal-1 expression within the context of aging con-
ditions and its effects on microglial populations remain to be elucidated.

Lastly, despite the noticeable differences in Gal-1-induced fluores-
cence signal intensity observed between amoeboid and ramified cells
using widefield and confocal microscopic systems, it is essential to
consider that comparing fluorescence intensity signals may not accu-
rately convey information about the total signal amount in cells with
distinct morphologies and volumes.

Given these limitations, the present study proposes that Gal-1
expression acts as a bystander effect in aging conditions within a spe-
cific population of microglial cells. However, further investigations are
warranted to fully comprehend the functional implications and signifi-
cance of Gal-1 in microglial biology.
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Fig. 7. The Gal-1 positive microglial cells shows
amoeboid morphology and express more Gal-1.
The Cd11b/c and Gal- proteins in the microglial
cells derived from primary mixed culture at
DIV21 were labelled with rabbit derived poly-
clonal anti-Gal-1 and mouse derived anti-CD11b/
¢ (0Ox42) antibodies. The bound antibodies were
visualized with the help of Alexa 488 conjugated
anti mouse IgG (green, A, I) and Alexa 568 con-
jugated anti-rabbit IgG (red, B and G). The cell
nuclei were labelled with DAPI (blue, C and H).
The pictures were taken by Leica Stellaris
confocal microscope. J, Ti number from at least
200 Gal-1 and Ox42 labelled cells were deter-
mined, and the fluorescence intensities of Gal-1
derived channel were compared from the amoe-
boid (Ti<2) and the ramified cells (Tigreater
than2) cells. The data were analyzed with Man-
Whitney Rank sum test (p< 0,05). Values are
presented as mean + SEM. (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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6. Conclusion

The delicate equilibrium between pro-inflammatory and anti-
inflammatory signals plays a crucial role in dictating the progression
of various diseases characterized by inflammation with relapsing-
remitting phenotypes, such as multiple sclerosis (Lublin et al, 2014).
However, this balance becomes disrupted during the neuro-
inflammatory processes associated with aging. In accordance with our
hypothesis, not only the expression of anti-inflammatory cytokine-like
molecules undergoes changes during microglial activation but also the
presence of immunoregulatory carbohydrate-binding molecules, such as
Gal-1. Remarkably, Gal-1 expression selectively marks microglial pop-
ulations associated with aging in the brain. Furthermore, the expression
of Gal-1 is linked to the activated phenotype of microglial cells. Our
findings, in concordance with existing literature, suggest that Gal-1-
expressing activated microglia may play a significant role in regu-
lating neuroinflammation associated with aging and the development of
age-related neurodegenerative disorders. Consequently, the modulation
of Gal-1 expression in the microglial population within the aging brain
represents a promising therapeutic target for mitigating neurodegener-
ative processes (Li et al., 2020).
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