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Aging is a significant risk factor associated with the progression of CNS neurodegenerative diseases including multiple sclero-
sis (MS). Microglia, the resident macrophages of the CNS parenchyma, are a major population of immune cells that accumu-
late in MS lesions. While they normally regulate tissue homeostasis and facilitate the clearance of neurotoxic molecules
including oxidized phosphatidylcholines (OxPCs), their transcriptome and neuroprotective functions are reprogrammed by
aging. Thus, determining the factors that instigate aging associated microglia dysfunction can lead to new insights for pro-
moting CNS repair and for halting MS disease progression. Through single-cell RNA sequencing (scRNAseq), we identified
Lgals3, which encodes for galectin-3 (Gal3), as an age upregulated gene by microglia responding to OxPC. Consistently, excess
Gal3 accumulated in OxPC and lysolecithin-induced focal spinal cord white matter (SCWM) lesions of middle-aged mice com-
pared with young mice. Gal3 was also elevated in mouse experimental autoimmune encephalomyelitis (EAE) lesions and
more importantly in MS brain lesions from two male and one female individuals. While Gal3 delivery alone into the mouse
spinal cord did not induce damage, its co-delivery with OxPC increased cleaved caspase 3 and IL-1b within white matter
lesions and exacerbated OxPC-induced injury. Conversely, OxPC-mediated neurodegeneration was reduced in Gal32/2 mice
compared with Gal31/1 mice. Thus, Gal3 is associated with increased neuroinflammation and neurodegeneration and its
overexpression by microglia/macrophages may be detrimental for lesions within the aging CNS.
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Significance Statement

Aging accelerates the progression of neurodegenerative diseases such as multiple sclerosis (MS). Understanding the molecular
mechanisms of aging that increases the susceptibility of the CNS to damage could lead to new strategies to manage MS pro-
gression. Here, we highlight that microglia/macrophage-associated galectin-3 (Gal3) was upregulated with age exacerbated
neurodegeneration in the mouse spinal cord white matter (SCWM) and in MS lesions. More importantly, co-injection of Gal3
with oxidized phosphatidylcholines (OxPCs), which are neurotoxic lipids found in MS lesions, caused greater neurodegenera-
tion compared with injection of OxPC alone, whereas genetic loss of Gal3 reduced OxPC damage. These results demonstrate
that Gal3 overexpression is detrimental to CNS lesions and suggest its deposition in MS lesions may contribute to
neurodegeneration.
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Introduction
Aging is a natural process that increases the risk and progression
of neurodegenerative diseases such as multiple sclerosis (MS),
where pain and disability impact longevity and the quality of life
(Hou et al., 2019). Determining what mediates age-related proc-
esses that accelerate neurodegeneration and disease progression
will provide critical insights for managing and treating MS.
Microglia are long-lived, self-renewing tissue resident macro-
phages found in the parenchyma of the CNS (Dong and Yong,
2019). They regulate CNS homeostasis and perform important
custodial functions including tissue surveillance (Madry et al.,
2018), synaptic remodeling (Parkhurst et al., 2013), and cell de-
bris clearance (Diaz-Aparicio et al., 2020). Microglia also rapidly
respond to insults (Davalos et al., 2005), and they accumulate in
large numbers at sites of damage such as within active lesions or
around the border of slowly-expanding and chronic active
lesions found in the brains of people with MS (Zrzavy et al.,
2017; Jäckle et al., 2020; Yong and Yong, 2022).

While microglia normally clear debris to limit damage in the
CNS (Mandrekar et al., 2009; Lampron et al., 2015; Keren-Shaul
et al., 2017; Bellver-Landete et al., 2019; Herzog et al., 2019;
Cignarella et al., 2020; Willis et al., 2020; Dong et al., 2021b;
Ennerfelt et al., 2022), their neuroprotective functions may be
impaired by aging. Single-cell RNA sequencing (scRNAseq) stud-
ies demonstrate aging microglia have significantly altered tran-
scriptomes (Hammond et al., 2019; Olah et al., 2020; Safaiyan et
al., 2021; Dong et al., 2022). Functionally, aging microglia are
more proinflammatory (von Leden et al., 2017; Michaels et al.,
2020; Kaya et al., 2022), less motile (Damani et al., 2011;
Hefendehl et al., 2014), and fail to properly neutralize lipids
and cell debris during injury (Cantuti-Castelvetri et al., 2018;
Rawji et al., 2018; Dong et al., 2022). Since these results dem-
onstrate microglia dysfunction contributes to a worse disease
outcome in the aging CNS, investigating what causes these
impairments could lead to new treatments for age associated
progression of neurodegeneration in MS.

We recently found that aging exacerbates neurodegenera-
tion in the mouse spinal cord white matter (SCWM) after ste-
reotactic injection of oxidized phosphatidylcholines (OxPCs;
Dong et al., 2022), which is a neurotoxic lipid peroxidation
product found in MS and other neurologic diseases (Haider et
al., 2011; Dong et al., 2021b; Muñoz et al., 2022; Zrzavy et al.,
2021). Using scRNAseq and spatial RNAseq, we also com-
pared microglia transcriptomic changes in response to aging
and OxPC-mediated neurodegeneration, and we found Lgals3
overexpression by aging microglia from OxPC lesions (Dong
et al., 2022). Lgals3 encodes for galectin-3 (Gal3), a b -galacto-
side-binding lectin which is associated with microglia activa-
tion, neurodegeneration, and CNS vascular injury (Barake et
al., 2020; Puigdellívol et al., 2020; Mehina et al., 2021; Tan et
al., 2021; Boza-Serrano et al., 2022). Indeed, microglia-secreted
Gal3 may act as an endogenous toll-like receptor 4 (TLR) ligand
(Burguillos et al., 2015) whereas Gal3 deficiency reduces neuro-
inflammation (Jiang et al., 2009) and increases neuron survival
(Margeta et al., 2022) in mice. These studies highlight a detri-
mental role for Gal3 accumulation in the CNS during disease
and suggest Gal3 overexpression by aging microglia may increase
CNS tissue’s susceptibility to inflammation and injury. However,
data to support the detrimental role for Gal3 remain sparse.

In this study, we aimed to investigate the relationship between
Gal3 and neuroinflammation or neurodegeneration in the CNS
by comparing its expression in young (six weeks) and middle-

aged (52 weeks) mice with focal SCWM lesions or with experi-
mental autoimmune encephalomyelitis (EAE) lesions, as well as
in postmortem MS lesions. We also provide new evidence that
Gal3 increases neuroinflammation and neurodegeneration in
response to OxPC deposition. Since OxPC accumulate in MS
and other neurologic diseases (Dong and Yong, 2022) and cause
worse damage in the aging CNS (Dong et al., 2022), these results
suggest therapeutically targeting Gal3 may attenuate OxPC-
mediated injuries and help to slow the progression of neurode-
generation in diseases such as MS.

Materials and Methods
MS specimens
Frozen brain tissue from postmortem patients with secondary progres-
sive MS were obtained from the Multiple Sclerosis and Parkinson’s
Tissue Bank located at Imperial College, London (www.ukmstissuebank.
imperial.ac.uk). The brain lesions stained for this project originated
from two males (45 and 43 years old), and one female (42 years old). The
use of the MS specimens is approved by The Conjoint Health Research
Ethics Board at the University of Calgary.

Mice
All experiments were conducted with ethics approval (protocol number
AC21-0154 and AC21-0174) from the Animal Care Committee at the
University of Calgary under regulations of the Canadian Council of
Animal Care. Female six- and 52-week-old C57Bl/6J mice were acquired
from The Jackson Laboratory for in vivo experiments assessing Gal3 in
aging OxPC and lysophosphatidylcholine (LPC) SCWM lesions, whereas
10- to 12-week-old mice were used for EAE experiments. Female C57Bl/
6 mice six- to eight-week-old from Charles River were used for the
OxPC and Gal3 co-injection experiments. Eight- to 10-week-old female
C57Bl/6 (Gal31/1) and B6.Cg-Lgals3tm1Poi/J (Gal3�/�) mice from The
Jackson Laboratory were used to compare OxPC lesions with or without
Gal3 expression. Mice were maintained on a regular diet in low humidity
environment on a 12/12 h light/dark cycle at 21–23°C with unlimited
access to food and water. Mice and littermates were randomly assigned
to different experimental groups.

Spinal cord surgery
The surgical procedure for stereotactic spinal cord injection was per-
formed as described from previous studies (Dong et al., 2021a, b, 2022).
Briefly, six- and 52-week-old mice were anesthetized and injected with
5mg of 1-palmitoyl-2-azelaoyl-sn-glycero-3-phosphocholine (PAzePC;
Sigma), or with 1% LPC (Sigma), resuspended in 0.5-ml sterile PBS at
10mg/ml into the ventral SCWM between the T3 and T4 vertebra. PBS
alone was injected as the sham control. Gal31/1 and Gal3�/� mice were
injected with 1mg PAzePC in PBS using the same procedure. Alternatively,
1 mg PAzePC, 500ng of mouse recombinant Gal3 (Biolegend), or 1mg
PAzePC and 500ng of Gal3 in PBS were injected for experiments determin-
ing the effect of excess Gal3 in the SCWM using the same procedure. After
the injection, the needle was left in place for 2min to prevent back flow, and
then the mouse was sutured and placed in a thermally controlled environ-
ment for recovery.

Spinal cord isolation and processing
As described previously (Dong et al., 2021a, b, 2022), spinal cords were
isolated from mice euthanized 3 or 7 d after OxPC, Gal3, or OxPC and
Gal3 injections, or after 7 or 14d following LPC injection. After over-
night fixation in 4% paraformaldehyde at 4°C, tissues were dehydrated
in 30% sucrose solution for at least 48 h and frozen in FSC22 Frozen
Section Media (Leica). The spinal cord tissue was then cut coronally into
20-mm sections using a cryostat (Thermo Fisher Scientific), collected on
to Superfrost Plus microscope slides (VWR), and stored at�20°C before
staining and analysis.

Experimental autoimmune encephalomyelitis (EAE)
Ten- to 12-week-old C57Bl/6 female mice (The Jackson Laboratory) were
subcutaneously injected with 50mg per 100ml myelin oligodendrocyte
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glycoprotein (MOG) 35–55 peptide (Protein and Nucleic Acid Facility,
Stanford University School of Medicine) in complete Freund’s adjuvant
supplemented with 4mg/ml heat-inactivated Mycobacterium tuberculo-
sis H37Ra (Sigma-Aldrich). A total of 50-ml emulsion was deposited on
either side of the tail base. Pertussis toxin (300ng per 200ml; 180, List
Biological Laboratories) was intraperitoneally injected on days 0 and 2
after MOG immunization. Daily monitoring of EAE mice was per-
formed, and the mice were scored on a scale of 0–15. EAE mice during
peak disease (days 16–18) were euthanized and spinal cords were dis-
sected and as stated above for the spinal cord injections. Alternatively,
EAE was induced in young (eight-week) and aging (52-week) female
C57BL/6 wild-type mice (The Jackson Laboratory). Spinal cord tissues
were dissected from EAEmice 12d after onset of clinical signs with average
EAE score of 7.8 (young) versus 7.6 (aging) of a 15-point scale. Mice were
euthanized with ketamine (100mg/kg) and xylazine (10mg/kg) injected in-
traperitoneally and then perfused with PBS through the left ventricle of the
heart. Following PBS perfusion, thoracic spinal cord was dissected for
immunohistochemistry.

Primary mouse neuron culture
Primary mouse cortical neurons from embryonic day 15–16 pups were
isolated and grown in Neurobasal Plus media (Invitrogen) with B27 Plus
supplement (Invitrogen) as detailed (Cua et al., 2013; Dong et al.,
2021a). Neurons were stimulated with or without 10mg/ml of Gal3 for
24 h. Four replicate wells were used per experimental condition. After 24 h,
cells were fixed with 4% PFA for 10min, permeabilized with 0.2% Triton
X-100 in PBS for 10min, blocked with Odyssey blocking buffer (LI-COR)
for 45min, labeled with primary antibodies overnight at 4°, washed once
with PBS, then labeled with secondary antibodies and DAPI at 1mg/ml
for 30min, washed once with PBS, and resuspended in 100ml of PBS for
quantitative fluorescence microscopy analysis.

Antibodies
The following primary antibodies were used for immunofluorescence mi-
croscopy: chicken anti-mouse glial fibrillary acidic protein (GFAP; clone
SMI24, 1:1000 dilution, Biolegend), mouse anti-Gal3 (clone A3A12, 1:200
dilution, Abcam), rat anti-Gal3 (clone eBioM3/38, 1:200 dilution, Thermo
Fisher Scientific), rat anti-mouse/human CD45 (clone 30-F11, 1:500 dilu-
tion, Thermo Fisher Scientific), rabbit anti-human/mouse IBA1 (catalog
#019-19741, 1:1000 dilution, Fujifilm Wako), rat anti-mouse CD16/32
(clone 2.4G2, 1:1000 dilution, BD Pharmigen), goat anti-mouse/human
IBA1 (catalog #PA5-18039, 1:1000 dilution, Thermo Fisher Scientific), rab-
bit anti-mouse neurofilament heavy chain (NFH, catalog #RPCA-NF-H,
1:1000 dilution, Encor Biotechnology), chicken anti-mouse neurofi-
lament heavy chain (catalog #CPCA-NF-H, 1:2000 dilution, Encor
Biotechnology), rat anti-mouse myelin basic protein (MBP; clone 12,
1:500 dilution, Abcam), goat anti-mouse IL-1b (catalog #AF-401,
1:40, R&D Systems), rat anti-mouse-induced nitric oxide synthase
(iNOS, clone CXNFT, 1:200, Invitrogen), rabbit anti-mouse arginase
1 (Arg1, clone D3E3M, 1:200, Cell Signaling Technology), goat anti-
mouse oligodendrocyte transcription factor 2 (OLIG2, catalog #AF2418,
1:1000, R&D Systems), rabbit anti-mouse cleaved caspase-3 (clone Asp175,
1:200, Cell Signaling Technology), mouse anti-Tubulin b 3 (TUJ1, clone
Tuj1, 1:500, Biolegend), rabbit anti-amyloid-b precursor protein (bAPP,
catalog #36-6900, 1:200, Thermo Fisher Scientific).

The following secondary antibodies from Jackson ImmunoResearch
were used at 1:400 dilution: Alexa Fluor 488 donkey anti-mouse IgG,
cyanine Cy3 donkey anti-chicken IgY, Alexa Fluor 647 donkey anti-rat
IgG, cyanine Cy3 donkey anti-rat IgG, Alexa Fluor 488 donkey anti-goat
IgG, Alexa Fluor 647 donkey anti-rabbit IgG.

Mouse spinal cord histology
Spinal cords sections were stained with eriochrome cyanine (EC; 10%
FeCl3) and neutral red (NR, 1%) to visualize demyelinated spinal cord
lesions as described in previous studies (Dong et al., 2021b, 2022).
Brightfield images were then acquired with 10� 0.4NA air objective
using the Olympus VS110 Slidescanner. Region of interest (ROI) con-
taining SCWM lesions were selected using demyelinated areas that have
lower EC staining and higher NR staining in the ventral SCWM and

their areas were quantified using the CEllSens Dimension software
(Olympus). Total spinal cord lesion volume was estimated by multiply-
ing the sum of all lesion ROIs in serial spinal cord sections from each
sample by the distance separating each serial section (400mm).

Labeling tissues for immunofluorescence confocal microscopy
Microscope slides containing mouse spinal cord samples were processed
for confocal microscopy as previously described (Dong et al., 2021b,
2022). Briefly, slides were warmed to room temperature (RT) for 10min.
For myelin basic protein (MBP) labeling, slides were first delipidated by
successive wash of 50%, 70%, 90%, 95%, 100%, 95%, 90%, 70%, and 50%
ethanol. Slides were then rehydrated in PBS (10min), permeabilized
with 0.2% Triton X-100 in PBS (10min), and blocked with horse block-
ing solution (PBS, 10% horse serum, 1% BSA, 0.1% cold fish stain gela-
tion, 0.1% Triton X-100, 0.05% Tween 20) for 1 h at RT. Samples were
then incubated overnight with primary antibodies in antibody dilution
buffer (PBS, 1% BSA, 0.1% cold fish stain gelation, 0.1% Triton X-100) at
4°C. The next day, slides were then washed thrice with 0.2% Tween 20 in
PBS (5min each), and then incubated with secondary antibodies and 1mg/
ml of DAPI resuspended in the antibody dilution buffer for 1 h at RT. The
slides were washed thrice more as above, and coverslips were mounted onto
the slides using Fluoromount-G solution (SouthernBiotech).

For postmortem MS tissue samples, after slides were warmed to RT,
they were fixed with 4% paraformaldehyde for 10min, then washed in
PBS for 10min to remove excess PFA. The remaining steps were the
same as mouse spinal cord samples stated.

Confocal microscopy
Laser confocal immunofluorescence images were acquired using the
Leica TCS Sp8 laser confocal microscope at RT, using the 25� 0.95NA
water objective. The 405-, 488-, 552-, and 640-nm lasers were used to
excite the fluorophores from antibodies bound to samples and detected
by two low dark current Hamamatsu PMT detectors and two high sensi-
tivity hybrid detectors. Images were acquired in 8-bits, in a z-stack using
unidirectional scanning, 1 airy unit pinhole, 0.75� zoom, and 0.57-mm
optical sections and 2048� 2048 pixels xy resolution. Alternatively,
images were acquired using the Zeiss LSM700 confocal microscope with
a 20� 0.8NA air objective using similar settings. Equal laser, gain, and
offset settings to maximize contrast and minimize saturation were consis-
tently used for all samples within experiment sets. A sample slide stained
with only the secondary antibodies and DAPI was used for each experi-
ment to control for nonspecific secondary immunofluorescence. Leica
Application Suite X or Zeiss Zen (black edition) was used for image acqui-
sition, ImageJ was used for image threshold and particle analysis.

Confocal image analysis
Z-stack confocal images of spinal cords were analyzed with ImageJ (Fiji,
NIH) as in previous study (Dong et al., 2021b, 2022). For each chan-
nel/marker z-stack, maximum intensity projections were created and
converted from eight-bit to RGB. The lesion ROI or equivalent area
in PBS sham controls or the contralateral normal appear white matter
(NAWM) was drawn. The area outside the ROI was not analyzed.
Positive signal was determined using the color brightness threshold
set consistently using a predetermined value by comparing the sec-
ondary antibody-stained control and PBS sham controls. ROI for
lesions were drawn based on CD16/32, IBA1, MBP, or other lesion
associated markers in the SCWM. The analyze particles function was
used to create a mask to quantify the positive signals in each ROI.
The threshold values for setting the positive signal, as well as the size
and circularity settings for particle analysis, were used consistently
across all samples for each experimental set to avoid bias. For repre-
sentative images shown, maximum intensity projection of each chan-
nel/marker in a z-stack were merged and displayed using pseudo
colors in ImageJ. Only brightness and contrast settings were adjusted,
and consistently between samples for better displaying the images.

Quantitative fluorescence microscopy analysis
Primary mouse neurons cultured in 96-well flat bottom black/clear
plates were imaged using the 10�/0.5 NA air objective on the
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ImageXpress Micro XLS High-Content Analysis System (Molecular
Devices). DAPI excitation 387/11 – emission 447/60 and FITC exci-
tation 482/35 – emission 536/40 filter sets were used for image acqui-
sition. For each well, 12 field of views (FOVs) were acquired neuron
survival quantitation by multiwavelength cell scoring analysis using
the MetaXpress High-Content Image Acquisition and Analysis
Software (Molecular Devices). The number of DAPI1 Tuj11 neurons
in each sample was divided by the mean of the control samples to
give the fold change value, which were plotted for statistical analysis.
For representative images shown, DAPI and TUJ1 channels for the
sample were merged and displayed in pseudo colors using ImageJ.
Only brightness and contrast settings were adjusted, and consistently
between samples for better displaying the images.

Lgals3 analysis using scRNAseq datasets
Previously generated scRNAseq datasets as detailed in (Dong et al., 2022;
Dong and Yong, 2022) were analyzed using Seurat v3 in R and R studio
(Butler et al., 2018) to compare Lgals3 expression between six- and 52-week
mice injected with PBS or PAzePC. Specifically, Lgals3 expression was
assessed in a previously generated Seurat object containing subsets of micro-
glia, border-associated macrophages (BAMs), and dendritic cells (DCs)/
monocytes. The FeaturePlot and VlnPlot functions were used to generate
plots visualizing Lgals3 expression in cell clusters or sample groups.

Experimental design and statistical analysis
Data were collated in Microsoft Excel and graphs were generated in
GraphPad Prism 9.2. Data shown are the individual data points where
each point on a graph represents a separate mouse, as well as mean6
SD. Sample size for experiments was determined based on previously
published results (Dong et al., 2021b, 2022), the cost of experiment, the
feasibility of the experiment, as well as the availability of sex (females)
and age (six and 52 weeks) matched mice. One aging LPC sample was
omitted because of imaging error, otherwise, no data were excluded
from experimental analyses. Sample sizes are reported in the figure
legends and only one measurement is recorded per sample. Littermate
mice were randomly selected for each experimental condition and treat-
ment. Blinding was not conducted. Quantification was performed con-
sistently using equal settings for all samples. One-way ANOVA with
Tukey’s multiple comparison test was used to analyze statistically signifi-
cant differences between the means of two or more treatment groups
against the control group. For data with only two groups, significance
was determined by Welch’s unequal variances t test. As stated in the fig-
ure legends, asterisks indicate significance where *p , 0.05, **p , 0.01,
***p, 0.001. All experimental data are available on reasonable request.

Data availability
ScRNASeq datasets used in this paper are available to download from
the NCBI Sequence Read Archive (SRA) with BioProject accession num-
bers: PRJNA648663 and PRJNA734097.

Results
Aging microglia overexpress Lgals3 in response to OxPC-
mediated neurodegeneration
We previously used scRNAseq to analyze microglia isolated
from six- or 52-week mice stereotactically injected with PBS
(sham) or PAzePC (a purified OxPC) and determined their tran-
scriptomic changes in response to aging and/or OxPC deposition
after 7 d (Dong et al., 2022). Notably, Lgals3 was a top aging-up-
regulated gene in mononuclear phagocytes isolated from 52-
week mice with OxPC lesions in the SCWM compared with cells
fromOxPC lesions in six-week mice (Fig. 1A). By comparing dif-
ferential gene expression in cells from the four experimental
groups, we identified clusters of steady-state, OxPC lesion associ-
ated, or proliferating microglia, as well as border-associated mac-
rophages (BAMs), and dendritic cells (DCs)/monocyte (Fig. 1B).
While BAM and DC/monocyte clusters had similar Lgals3
expression regardless of age or OxPC lesion, Lgal3 expression

and aging associated Lgals3 upregulation was mostly found in lesion
associated and proliferating microglia but not in steady-state micro-
glia (Fig. 1C,D). These observations are consistent with recent stud-
ies (Krasemann et al., 2017; Hammond et al., 2019; Pluvinage et al.,
2019; Plemel et al., 2020; Safaiyan et al., 2021; Boza-Serrano et al.,
2022; Margeta et al., 2022), albeit not emphasized in these reports,
of a close association of Lgals3 expression by microglia with neuro-
inflammation and neurodegeneration (Fig. 1E).

Aging promotes greater Gal3 accumulation in focal SCWM
lesions
To determine whether aging induced elevation of Lgals3 trans-
lated into excess Gal3 protein accumulation, we first com-
pared between OxPC SCWM lesions of six- and 52-week
mice. PAzePC was stereotactically injected into the SCWM of
six- and 52-week mice and spinal cord tissue sections were an-
alyzed after 3 and 7 d. EC and NR histologic analysis showed
significantly greater OxPC lesion expansion (Welch’s t test,
t = 2.84, p = 0.0293) in the SCWM of 52-week mice compared
with six-week mice after 7 d (Fig. 2A–C). We then used Gal3
specific antibodies (Extended Data Fig. 2-1) and immunofluo-
rescence confocal microscopy to compare Gal3 expression
between the SCWM lesions and the contralateral NAWM of
six- and 52-week mice. While Gal3 immunofluorescence was
minimal in the NAWM of six- and 52-week mice, it was sig-
nificantly increased in the 52-week lesion compared with the
six-week lesion at both day 3 (one-way ANOVA, F= 4.658,
p = 0.0297 52-week NAWM vs 52-week lesion, p = 0.0342 six-
week lesion vs 52-week lesion) and day 7 (one-way ANOVA,
F = 14.32, p, 0.0001 52-week NAWM vs 52-week lesion,
p = 0.0022 six-week lesion vs 52-week lesion) after OxPC
injection (Fig. 2D,F,H,J). And although there were less CD16/
321 microglia/macrophages in 52-week lesion at day 3 (one-
way ANOVA, F = 43.52, p, 0.0001 six-week NAWM vs six-
week lesion, p, 0.0001 52-week NAWM vs 52-week lesion,
p = 0.0003 six-week lesion vs 52-week lesion) and day 7 (one-
way ANOVA, F = 38.32, p, 0.0001 six-week NAWM vs six-
week lesion, p = 0.0002 52-week NAWM vs 52-week lesion,
p = 0.0066 six-week lesion vs 52-week lesion), a majority of
these cells (Welch’s t test, t = 6.332 and p = 0.0006 for day 3,
t = 4.126 and p = 0.0073 for day 7) associated with Gal3 immu-
noreactivity (Fig. 2D,E,G–I,K).

We also compared Gal3 levels between six- and 52-week
mice in the LPC-induced focal SCWM lesion, a model for de-
myelination and remyelination in MS (Plemel et al., 2018). At
7 d following stereotactic LPC injection, there was a similar
age-associated significant increase in Gal3 immunoreactivity
(one-way ANOVA, F= 9.720, p = 0.0012 52-week NAWM vs
52-week lesion, p = 0.0020 six-week lesion vs 52-week lesion)
in areas where CD16/321 microglia/macrophage accumulated
within the SCWM lesions (Fig. 3A,B). Similarly, day 14 LPC
lesions in 52-week mice also had significantly greater (Welch’s
t test, t = 3.386, p = 0.0040) Gal3 immunoreactivity compared
with lesions from six-week mice (Fig. 3C,D). Thus, aging increases
Gal3 deposition in OxPC and LPC-induced focal SCWM lesions.

Gal3 alone does not promote inflammation or injury in the
CNS
To investigate whether Gal3 overexpression may impact CNS
homeostasis, we first treated primary mouse neurons with or
without Gal3. Neuronal survival was assessed by quantitative im-
munofluorescence microscopy analysis and Gal3 did not induce
any loss of TUJ11 neurons after 24 h in culture (Fig. 4A,B). We
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also injected PBS or mouse recombinant Gal3 into the SCWM of
mice. Three days following injection, the SCWM of PBS and
Gal3-injected mice appeared similar (Fig. 4C). Gal3 also did not
cause any accumulation of IBA11 microglia/macrophages (Fig.
4D) nor any reactivity from GFAP1 astrocytes (Fig. 4E). Thus,
increasing Gal3 in the context of the healthy CNS did not pro-
mote neurotoxicity or inflammation.

Excess Gal3 exacerbates OxPC-mediated neuroinflammation
and neurodegeneration
Since aging microglia overexpressed Gal3 in response to OxPC-
mediated neurodegeneration in the SCWM (Figs. 1, 2), and Gal3

is associated with microglia reactivity and CNS damage (Jiang
et al., 2009; Burguillos et al., 2015; Krasemann et al., 2017;
Hammond et al., 2019; Pluvinage et al., 2019; Plemel et al., 2020;
Mehina et al., 2021; Safaiyan et al., 2021; Boza-Serrano et al.,
2022; Margeta et al., 2022), excessive Gal3 deposition in the CNS
may contribute to aging-associated exacerbation of OxPC-medi-
ated neurodegeneration (Dong et al., 2022). To test this hypothe-
sis, we injected either PAzePC alone or PAzePC 1 Gal3 into the
SCWM of mice. Using confocal microscopy analysis, we found
Gal3 did not change the accumulation of IBA11 microglia/mac-
rophage to PAzePC lesions and it did not alter the amount of
Arg1 in the lesions (Fig. 5A,G,I). However, there was a trend of
increased iNOS and significantly increased total IL-1b (Welch’s

Figure 1. Lgals3 is upregulated in microglia during disease and aging. A, Violin plot of scRNAseq comparing Lgals3 mRNA expression in microglia isolated from the spinal cords of six- and
52-week mice 7 d after injection with PBS (sham control) or PAzePC (purified OxPC). B, Annotated UMAP showing grouped clusters of steady-state (blue), OxPC lesion associated (red), and pro-
liferating (orange) microglia, as well as border-associated macrophage (BAM; dark green) and DC/monocyte (light green). C, D, Feature maps (C) and violin plot (D) comparing the distribution
and levels of Lgals3 expression between different cell clusters and between experimental groups. For scRNAseq, the sample size was n= 3 per experimental group (each n represents a pool of
4 spinal cords for a total of 12 mice per group). E, Table summarizing recent studies that report microglia Gal3 upregulation during disease and aging.
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Figure 2. Gal3 is elevated in OxPC lesions of aging mice and is associated with aging microglia/macrophages. A, Representative eriochrome cyanine (EC) and neutral red (NR) labeling of se-
rial spinal cord sections from six- and 52-week mice 7 d after PAzePC injection. Black dashed lines indicate the ROI used for quantitative analyses. B, C, Graphs comparing day 7 spinal cord
lesion spread (B) and total lesion volume (C) between six- and 52-week mice. D, Representative confocal immunofluorescence images of six- and 52-week SCWM lesions or the contralateral
NAWM labeled with DAPI (blue), GFAP (magenta), Gal3 (green), and CD16/32 (red) 3 d after PAzePC injection. White dashed lines indicate the ROI used for quantitative analyses. E–G, Graphs
comparing the percent of lesion or NAWM ROI that is CD16/321 (E), Gal31 (F), and CD16/321 Gal31 over CD16/321 proportions (G) three days after PAzePC injection. H, Representative con-
focal images of six- and 52-week SCWM lesion or NAWM labeled with DAPI, GFAP, Gal3, and CD16/32 7 d after PAzePC injection. I–K, Graphs comparing the percent of lesion or NAWM ROI
that is CD16/321 (I), Gal31 (J), and CD16/321 Gal31 over CD16/321 proportions (K) 7 d after PAzePC injection. Data were acquired from two separate experiments, sample size n= 6 per ex-
perimental group. Significance indicated as *p, 0.05, **p, 0.01, ***p, 0.001. One-way ANOVA with Tukey’s multiple comparison was used for E, F, I, J; Welch’s unequal variances t test
was used for C, G, K. Data are represented as mean6 SD. Data are represented as mean6 SD. See Extended Data Figure 2-1.
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t test, t=3.843, p= 0.0027) in the PAzePC 1 Gal3 lesions com-
pared with PAzePC alone lesions (Fig. 5A,B,H,J). In addition, while
the amount of myelin disruption measured by MBP, IBA11 micro-
glia/macrophage accumulation, NFH1 axon density, and OLIG21

cells were similar between PAzePC alone and PAzePC 1 Gal3
lesion epicenters (Fig. 5C,D,K–M), the latter contained significantly
greater immunoreactivity (Welch’s t test, t=3.034, p=0.0135) for
cleaved caspase 3 and had a significantly greater density (Welch’s t
test, t=3.813, p=0.0033) of cleaved caspase 31 TUJ11 axons (Fig.
5D–E,N–P), a marker of cell death (Namura et al., 1998). Moreover,
PAzePC 1 Gal3 lesions had significantly higher amounts (Welch’s
t test, t=2.692, p=0.0364) of bAPP accumulation. bAPP also sig-
nificantly (Welch’s t test, t=3.969, p=0.0089) overlapped with
CD16/321 microglia/macrophages in PazePC1 Gal3 lesions com-
pared with PazePC alone lesions (Fig. 5F,Q–S). More importantly,
EC and NR histologic analyses of the PAzePC alone and the
PAzePC 1 Gal3 lesions found Gal3 promoted significantly greater
(Welch’s t test, t=2.545, p=0.0316) OxPC lesion volume (Fig. 6A–
C). Unlike at the lesion epicenter, the proportional change of NFH1

axon density between PAzePC alone or PAzePC 1 Gal3 lesions
and their respective contralateral NAWM along the entire volume
of the lesion suggested PAzePC1 Gal3 induced a greater extent of
axon loss compared with PAzePC alone (Fig. 6D,E). Thus, excess
Gal3 increased neuroinflammation during OxPC injury and more
importantly exacerbated OxPC-induced neurodegeneration.

Gal3 deficiency ameliorates OxPC-mediated damage
We next performed a loss-of-function experiment by comparing
how wild-type and Gal3 deficient mice (Fig. 7A) responded to
OxPC. Seven days after PazePC injection, spinal cords from
Gal3�/� mice had less lesion spread and significantly reduced
total lesion volume (Welch’s t test, t= 4.703, p=0.0004) com-
pared with Gal31/1 mice (Fig. 7B,C). In addition, the Gal3�/�

lesion epicenters were significantly smaller (Welch’s t test,
t= 3.238, p=0.0060) and contained significantly greater density
(Welch’s t test, t=2.832, p=0.0135) of NFH1 axons compare to
Gal31/1 lesion epicenters (Fig. 7D–F). These results further demon-
strated a detrimental role for Gal3 during neurodegeneration.

Gal3 is increased during EAE and MS
Finally, we assessed Gal3 expression in EAE, an antigen driven
model of MS and neuroinflammation (Glatigny and Bettelli,
2018). While Gal3 was absent in the contralateral NAWM of
OxPC or LPC injected spinal cords (Figs. 2, 3), noninflamed
(low accumulation of CD16/321 cells) NAWM of EAE spinal
cords contained CD16/32- GFAP- Gal31 cells (Fig. 8A,C).
Nevertheless, inflammatory EAE lesions highlighted by sig-
nificant CD16/321 microglia/macrophage accumulation (Welch’s t
test, t=6.990, p=0.0002; Fig. 8B) had significantly elevated Gal3 im-
munoreactivity (Welch’s t test, t=3.815, p=0.0036) compared with
adjacent noninflamed NAWM (Fig. 8C). In addition, ;60% of
CD16/321 cells in EAE lesions overlapped with Gal31 (Fig. 8D),
suggesting microglia/macrophage increased Gal3 expres-
sion. Moreover, there was a significant increase of IBA11

microglia/macrophages (Welch’s t test, t= 3.757, p= 0.0183) as
well as a trend of increased Gal3 immunoreactivity (Welch’s t
test, t= 2.387, p= 0.0682) in EAE lesions from 52-week-old
mice compared with lesions 8wk old mice (Extended Data Fig.
8-1), implicating Gal3 upregulation also associated with aging
and greater immune cell accumulation during EAE.

Finally, to confirm whether Gal3 upregulation is relevant for
CNS disease activity in humans, we measured its expression in
MS. In tissue sections from three separate postmortem MS
brains, there was greater Gal3 expression in lesion areas marked
by increased accumulation of CD451 IBA11 ameboid leuko-
cytes compared with the NAWM that mostly contained CD451

Figure 3. Gal3 is upregulated in aging LPC lesions. A, Representative confocal images of six- and 52-week LPC SCWM lesions or the contralateral NAWM labeled with DAPI (blue), GFAP (ma-
genta), Gal3 (green), and CD16/32 (red) 7 d after LPC injection. White dashed lines indicate the ROI of lesion used for quantitative analyses. B, Graph comparing the percent of lesion or NAWM
ROI that is Gal31 7 d after LPC injection. Data were acquired from two separate experiments, sample size n= 6 per experimental group. C, Representative confocal images of six- and 52-week
LPC SCWM lesions labeled with DAPI (blue), GFAP (magenta), Gal3 (green), and IBA1 (red) 14 d after LPC injection. D, Graph comparing the percent of lesion ROI that is Gal31 7 d after LPC
injection. Data were acquired from three separate experiments, sample size n= 11 per experimental group. Data are represented as mean6 SD. One-way ANOVA with Tukey’s multiple com-
parison was used for B, Welch’s unequal variances t test was used for D.
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IBA11 ramified microglia (Fig. 8E–H). Collectively, these
observations indicate Gal3 upregulation and its association
with microglia/macrophages are associated with aging and dis-
ease activity in the CNS.

Discussion
In this study, we show that Gal3 was upregulated and overex-
pressed in focal SCWM lesions of middle-aged mice, in EAE
lesions, as well as in MS lesions. While Gal3 on its own did not
cause damage to primary neurons or to the SCWM, the addition
of excess Gal3 elevated IL-1b and exacerbated neurodegenera-
tion in OxPC-induced SCWM lesions. OxPC are neurotoxic
lipid peroxidation products found in MS lesions that require
microglia-mediated clearance (Dong et al., 2021b). Unlike the
addition of excess Gal3, OxPC-mediated damage was amelio-
rated in Gal3 deficient mice compared with normal mice.
Collectively, our results suggest Gal3 overexpression by aging
microglia may be a contributing factor to age-induced exacerba-
tion of OxPC-mediated neurodegeneration (Dong et al., 2022).

Similar to our scRNAseq results that showed Lgals3 over-
expression by aging microglia during OxPC injury, recent
studies also highlight Lgal3 upregulation as a signature of
aging and disease associated microglia (Krasemann et al.,
2017; Hammond et al., 2019; Pluvinage et al., 2019; Plemel et
al., 2020; Safaiyan et al., 2021; Boza-Serrano et al., 2022;
Margeta et al., 2022). Interestingly, scRNAseq also showed

BAM and monocyte/DC populations to express higher Lgals3
than microglia from OxPC lesions and this is consistent with a
recent study implicating Gal3 as a marker of peripheral derived
cells in the CNS (Hohsfield et al., 2022). These cells may also be
the same population of phagocytic Gal31 macrophages that as-
sociate with blood vessel injury in the brain (Mehina et al.,
2021). However, since most immune cells accumulating in day
7 OxPC lesions are CNS resident microglia (Dong et al., 2021b,
2022), the Lgals3hi BAM and monocyte/DC are unlikely the
major Gal3 producers in aging OxPC lesions. Their Lgals3
expression was also not impacted by age nor by OxPC, indicat-
ing they were not involved in the lesion response. However,
these cells may be Gal3 reservoirs, and if they infiltrate into the
CNS parenchyma because of blood brain barrier damage caused
by EAE (Dias et al., 2021) or MS (Alvarez et al., 2011), they may
release excess Gal3 into the lesion microenvironment. Indeed,
while Gal3 was overexpressed in OxPC and lysolecithin focal
SCWM lesions of 52-week-old middle-aged mice, there was
minimal Gal3 in the lesions of six-week-old young mice. In
contrast, there was abundant Gal3 immunoreactivity in EAE
spinal cord lesions both 10- to 12-week-old young mice and 52-
week-old middle-aged mice. Since monocytes and monocyte-
derived cells are major drivers of EAE (Ajami et al., 2011;
Yamasaki et al., 2014; Croxford et al., 2015), they are likely a
major source of Gal3 which could contribute to disease pathol-
ogy. Similarly, an increased number of monocyte and monocyte
derived macrophages in the CNS because of advanced aging

Figure 4. Gal3 alone is not neurotoxic. A, Representative immunofluorescence images of primary mouse cortical neurons cultured in the presence or absence of 10mg/ml of Gal3 for 24 h, la-
beled with DAPI (blue) and TUJ (TUJ1, green). B, Representative graph comparing the fold difference in number of TUJ11 cells 24 h after control (Ctrl) or Gal3 treatment. Data shown four rep-
licate samples, representative of two separate experiments, and shown as mean6 SD. Welch’s unequal variances t test was used for statistical comparison. C, Representative confocal images
of SCWM from mice 3 d after PBS or mouse recombinant Gal3 injection, labeled with GFAP (gray), and IBA1 (red). D, E, Graphs comparing the percent IBA11 macrophages/microglia (D) and
GFAP1 astrocytes (E) in PBS and Gal3 injected SCWM. Data were acquired from two separate experiments, sample size n= 4 for PBS, n= 8 for Gal3, and represented as mean6 SD. Welch’s
unequal variances t test was used for statistical comparison.
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Figure 5. Gal3 elevates IL-1b , cleaved-caspase 3, and b APP in OxPC lesions. A–F, Representative confocal immunofluorescence images of day 3 SCWM lesions from PazePC alone or
PazePC1 Gal3 injected mice labeled with IBA1 (gray), Arg1 (red), and iNOS (green), or (B) with IBA1 (red) and IL-1b (green), or (C) with MBP (gray), IBA1 (red), and NFH (magenta) or (D)
with MBP (gray), OLIG2 (red), and cleaved-caspase 3 (green), or (E) with CD16/32 (gray), TUJ1 (red), and cleaved-caspase 3 (green), or (F) with CD16/32 (gray), NFH (red), and b APP (green).
White dashed lines indicate the ROI used for quantitative analyses. G–S, Graphs comparing IBA1 (G), iNOS (H), Arg1 (I), IL-1b (J), MBP (K), OLIG2 (L), NFH density (M), cleaved-caspase 3 par-
ticle density (N), proportion of cleaved-caspase 3 overlapping with TUJ11 axons (O) or with CD16/321 microglia/macrophages (P), b APP (Q), as well as proportion of b APP overlapping
with NFH1 axons (R) or with CD16/321 microglia/macrophages (S) between PAzePC alone or PAzePC1 Gal3 lesions. Data were acquired from 2 separate experiments, sample size n= 7 or 8
per experimental group for all dataset, except in (F) and (Q–S) which had n= 6 per experimental group, and represented as mean6 SD. Significance indicated as *p, 0.05, **p, 0.001,
Welch’s unequal variances t test.
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(Silvin et al., 2022) may produce Gal3 which inadvertently
increase the susceptibility of the aging CNS to chronic neurode-
generation. Interestingly, some Gal3 immunoreactivity was also
detected in GFAP- CD16/32- amoeboid cells in the EAE spinal
cord. The identity of these cells and how they interact with
Gal31 microglia/macrophages need additional study; but they
may be neurons (Yoo et al., 2017) or even pericytes responding
to injury (Özen et al., 2014). Whether Gal3 expression also
exacerbates EAE pathology in the context of aging is an out-
standing question and may be addressed by future studies com-
paring EAE in young and aging Gal31/1 and Gal3�/� mice.
Finally, we provide new evidence of immune cell associated
Gal3 within MS lesions, although our sample size was small and
the data do not address different phases of MS disease progres-
sion. Thus, additional investigation is needed to clarify how
the cell specificity and the spatiotemporal dynamics of Gal3
production by microglia, BAM, or monocytes and monocyte
derived cells regulate neuroinflammation and neurodegenera-
tion. These studies could lead to the identification of therapeu-
tically targetable cell populations involved in MS progression or
other neurodegenerative diseases.

The functional outcome of Gal3 deposition in the CNS dur-
ing disease is not well understood. Gal3 may act as an endoge-
nous TLR4 ligand for microglia (Burguillos et al., 2015) and this
could explain why Gal3 deficiency attenuates neuroinflammation
and neurodegeneration (Jiang et al., 2009; Margeta et al., 2022),
as well as OxPC-mediated damage. However, direct injection of
Gal3 into the SCWM did not promote astrocyte and microglia

reactivity. This observation is more consistent with studies show-
ing the ability of Gal3 to oligomerize and interact with lipopoly-
saccharide (LPS) to enhance inflammasome activation (Li et al.,
2008; Fermino et al., 2011; Lo et al., 2021), rather than acting as a
potent TLR4 ligand on its own. Since OxPC is also involved in
TLR4 signaling (Di Gioia et al., 2020) and inflammasome activa-
tion (Yeon et al., 2017), Gal3 may amplify these signals in micro-
glia from OxPC lesions. Although we did not specifically
quantify cleaved IL-1b , the increased amount of total IL-1b and
cleaved caspase 3 in OxPC lesions because of Gal3 addition
resembles how Gal3 enhanced LPS-induced IL-1b production
and caspase 4/11 activation (Lo et al., 2021). Interestingly, OxPC
and Gal3 can both inhibit LPS-induced inflammation. OxPC
compete with LPS for CD14 binding (Erridge et al., 2008),
whereas Gal3 directly binds LPS (Li et al., 2008). Thus, additional
studies are required to determine whether Gal3 directly interact
with OxPC during injury and, if so, what are the signaling mech-
anisms involved.

Alternatively, Gal3 deposition in the CNS may act as a mono-
cyte/macrophage chemoattractant (Sano et al., 2000). Indeed,
Gal3 deficiency reduced immune cell infiltration into the CNS
during EAE (Jiang et al., 2009) and Theiler’s murine encephalo-
myelitis virus model of MS (James et al., 2016). Together with
these studies, our results implicate Gal3 deposition in the CNS is
detrimental, at least during the acute and inflammatory phases of
disease. Given we show Gal3 accumulate with immune cells in
MS lesions and other studies report its upregulation in neuro-
logic conditions such as Alzheimer’s disease (Boza-Serrano et al.,

Figure 6. Gal3 increases OxPC-mediated neurodegeneration. A, Representative EC and NR labeling of serial spinal cord sections from mice 3 d after PAzePC alone or PAzePC and Gal3 injec-
tion. Black dashed lines indicate the ROI used for quantitative analyses. B–C) Graphs comparing day 3 spinal cord lesion spread (B) and total lesion volume (C) between PAzePC alone and
PAzePC 1 Gal3 injected mice. D, Representative confocal images of serial spinal cord sections from mice 3 d after PAzePC alone or PAzePC and Gal3 injection, labeled with MBP (gray) and
NFH (red). Numbers in inset represent the number of NFH1 axons per mm2 within the lesion area. E, Graph comparing fold difference of NFH1 axon density in the PAzePC alone lesions or
PAzePC and Gal3 lesions versus their respective contralateral NAWM, as a measure of the extent of overall axon loss. Data were acquired from two separate experiments, sample size n= 8 per
experimental group, and represented as mean6 SD. Significance indicated as *p, 0.05, Welch’s unequal variances t test.
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Figure 8. Gal3 is elevated in EAE and MS lesions. A, Representative confocal images of inflamed EAE lesions or the noninflamed NAWM labeled with DAPI (blue), GFAP (magenta), Gal3
(green), and CD16/32 (red) 16–18 d after induction. White dashed lines indicate the ROI used for quantitative analyses. B–D, Graph comparing the percent of lesion or NAWM ROI that is
CD16/321 (B), Gal31 (C), and CD16/321 Gal31 over CD16/321 proportions (D) in inflamed EAE lesions. Data were acquired from two separate experiments, sample size n= 8 per experimen-
tal group. E, Representative confocal images of the lesion or the adjacent NAWM of postmortem MS brain sections labeled with CD45 (gray), IBA1 (red), and Gal3 (green). F–H, Graph compar-
ing the percent of lesion or NAWM ROI that is CD451 (F), IBA11 (G), and Gal31 (H) in postmortem MS brain sections. Data were acquired from 3 different postmortem MS brains. Data are
represented as mean6 SD for EAE data or as paired dots for MS data. Significance indicated as **p, 0.01, ***p, 0.001. Welch’s unequal variances t test was used for B–D. See Extended
Data Figure 8-1.

Figure 7. Gal3 deficiency reduces OxPC-mediated neurodegeneration. A, Representative confocal immunofluorescence images of day 7 SCWM lesions from Gal31/1 or Gal3�/� mice
injected with PazePC labeled with IBA1 (gray), mouse anti-Gal3 (red), and rat anti-Gal3 (green). B, C, Graphs comparing day 7 OxPC lesion spread (B) and total lesion volume (C) between
Gal31/1 or Gal3�/� mice. D, Representative confocal images of lesions from Gal31/1 or Gal3�/� mice labeled with NFH (red) and MBP (green). E, F, Graphs comparing day 7 OxPC lesion
area (E) and lesional NFH1 axon density (F) between Gal31/1 or Gal3�/� mice. Data were acquired from two separate experiments, sample size n= 8 per experimental group, and repre-
sented as mean6 SD. Significance indicated as *p, 0.05, **p, 0.01, Welch’s unequal variances t test.
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2022), frontotemporal dementia (Huang et al., 2020), amyo-
trophic lateral sclerosis (Zhou et al., 2010) and glaucoma
(Margeta et al., 2022), Gal3 may be an enticing therapeutic tar-
get. However, this requires additional careful investigation as
Gal3 may also promote neuroprotective microglia/macrophage
response during reparative phases of disease (Lalancette-Hébert
et al., 2012; Quenum Zangbede et al., 2018).

In summary, we demonstrate elevated Gal3 deposition in
OxPC and lysolecithin-induced focal SCWM lesions of aging
mice, in EAE spinal cord lesions, and in MS brain lesions. Aging
and disease associated Gal3 upregulation was closely associated
with microglia/macrophages, but Gal3 on its own did not pro-
mote inflammation and injury in the CNS. However, excess Gal3
exacerbated OxPC-induced neurodegeneration and increased
IL-1b levels in OxPC lesions whereas Gal3 deficiency amelio-
rated the damage. Thus, aging upregulated Gal3 may be involved
in mechanisms that are detrimental to neurodegeneration and
MS progression.
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