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Abstract

Gangliosides, the major sialic-acid containing glycosphingolipids in the mammalian brain,

play important roles in brain development and neural functions. Here, we show that the b-

series ganglioside GD3 and its biosynthetic enzyme, GD3-synthase (GD3S), were up-regulated
predominantly in the microglia of mouse hippocampus from 2 to 7 days following global cerebral
ischemia (GCI). Interestingly, GD3S knockout (GD3S-KO) mice exhibited decreased hippocampal
neuronal loss following GCI, as compared to wild-type (WT) mice. While comparable levels of
astrogliosis and microglial proliferation were observed between WT and GD3S-KO mice, the
phagocytic capacity of the GD3S-KO microglia was significantly compromised after GCI. At 2
and 4 days following GCI, the GD3S-KO microglia demonstrated decreased amoebic morphology,
reduced neuronal material engulfment, and lower expression of the phagolysosome marker CD68,
as compared to the WT microglia. Finally, by using a microglia-primary neuron co-culture

model, we demonstrated that the GD3S-KO microglia isolated from mouse brains at 2 days

after GCI are less neurotoxic to co-cultured hippocampal neurons than the WT-GCI microglia.
Moreover, the percentage of microglia with engulfed neuronal elements in the co-cultured wells
was also significantly decreased in the GD3S-KO mice after GCI. Interestingly, the impaired
phagocytic capacity of GD3S-KO microglia could be partially restored by pre-treatment with
exogenous ganglioside GD3. Altogether, this study provides functional evidence that ganglioside
GD3 regulates phagocytosis by microglia in an ischemic stroke model. Our data also suggest that
the GD3-linked microglial phagocytosis may contribute to the mechanism of delayed neuronal
death following ischemic brain injury.
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INTRODUCTION

Gangliosides are a class of glycosphingolipids that contain one or more sialic acid residues.
The expression of gangliosides is found to be predominantly on the outer layer of the
cellular plasma membrane, and is particularly abundant in the central nervous system(Yu
et al. 2011). During brain development, maturation, and aging, the quantity and species of
gangliosides undergo dynamic changes in the mammalian brain (Ngamukote ef a/. 2007).
Although the more complex gangliosides, particularly GM1, GD1a, GD1b, and GT1b are
known to be the major ganglioside species in the adult brains, simple gangliosides, such as
GM3 and GM2, have been shown to be up-regulated in acute brain injury models, including
ischemic stroke (Caughlin et al. 2015; Woods et a/. 2013). Moreover, an increase in the
proportion of simple gangliosides and ganglioside metabolism imbalance has also been
reported in neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease
and Huntington’s disease (Kracun et al. 1992; Desplats et al. 2007; Chiricozzi et al. 2019).
However, the precise role of simple gangliosides, such as GD3 in brain injury has not been
well studied.

Global cerebral ischemia (GCI) is a widely used experimental stroke model that simulates
human ischemic stroke during cardiac arrest, shock, and asphyxia (Yonekura et a/. 2004).
The well-known pathology of GCI in both animals and humans is characterized by a
delayed loss of neuronal cells (3—7 days after ischemia) and progressive accumulation of
glial scar in the CAL region of the hippocampus (Baron et al. 2014). Various cell death
pathways have been invoked to explain the molecular mechanisms underlying the selective
hippocampal neuronal cell death following GCI, including excitotoxicity, oxidative stress,
and apoptosis-dependent mechanisms (Sims 1992). There is currently no effective treatment
that can prevent or reverse the neuronal damage after ischemia.

Microglia, the resident innate immune cell of the CNS, undergo rapid activation in response
to cerebral ischemia (Weinstein et a/. 2010) and a variety of neurodegenerative conditions,
including Alzheimer’s disease, Parkinson’s disease and Huntington’s disease(Savage et al.
2020) (Bartels et al. 2020). The activated microglia become highly hypertrophic, secreting
inflammatory cytokines, migrating to the lesion area, and phagocytosing cell debris or
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damaged neurons (Weinstein et al. 2010). Microglia-mediated phagocytosis after stroke

is thought to play a beneficial role in limiting the inflammatory reaction and promoting
neuronal repair by clearing harmful cellular components (Neumann et a/. 2009). This
conclusion is based on the assumption that only the dead or dying neurons can be

tagged with “eat-me” signals for the microglia to recognize and phagocytose (Ravichandran
2003). However, recent studies have revealed that in addition to damaged components and
pathogens, microglia may also engulf live neurons, neural progenitor cells, neutrophils,

and glioma cells in the brain (Brown & Neher 2014; Butler et a/. 2021). Importantly,

viable neurons subjected to sub-lethal stimuli, such as oxidative stress, ATP depletion,

and increased calcium level, may reversibly expose the “eat-me” signal phosphatidylserine,
which can be recognized by the activated microglia for phagocytosis (Mari et al. 2004).
The process of phagocytosis of viable cells is termed as “primary phagocytosis” or
“phagoptosis”, with the defining characteristics that inhibition of phagocytosis prevents cell
death (Brown & Neher 2012).

The ST8Sial gene encodes sialyltranferase 1l (ST-11, namely GD3-synthase/GD3S), an
enzyme that catalyzes the formation of ganglioside GD3 and its downstream b-series
gangliosides (Yu et al. 2011). In the current study, we analyzed the dynamic changes of
the brain ganglioside GD3 and GD3S expression in a mouse model of GCI. We detected

a significant increase of ganglioside GD3 and GD3S in the injured hippocampal region,
with the up-regulated GD3 primarily located in reactive microglia. To investigate the role
of GD3 in the regulation of glial function and neurological outcome after GCI, we used
GD3S-KO mice, in which b-series gangliosides, including GD3, are absent. Intriguingly,
we found that the number of surviving neurons in the hippocampal region of GD3S-KO
mouse brain was significantly increased at 2-day (R2d) and 4-day (R4d) following GClI
reperfusion. Consistently, /n-vitro study showed that the GD3S-KO microglia isolated from
mouse brains at 2 days after GCI are less neurotoxic to co-cultured hippocampal neurons
than the WT-GCI microglial. Meanwhile, microglia proliferation, astrocyte activation, and
microglial proliferation were not significantly affected by GD3S deletion. Further analysis
revealed an impairment of phagocytic capacity in GD3S-KO reactive microglia using both
in vivoand in vitro assays. The in-vitro compromised phagocytic capacity of GD3S-KO
microglia can be partially rescued by pre-treating the cells with exogenous GD3. These
findings suggest that the GD3-mediated microglial phagocytosis may contribute to the
delayed neuronal death after ischemic brain injury.

MATERIALS AND METHODS

Animals

All animal experiments were approved by the Augusta University Institutional Animal Care
and Use Committee (Protocol #2010-1035) and were performed in accordance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. The
original GD3S-KO (RRID:MMRRC_000037-MU) were kindly provided by the courtesy
of Dr. Richard Proia (NIDDK, NIH, Bethesda, MD). Heterozygous male and female mice
were mated, and PCR screening was performed for genotyping. Wild type littermates were
used as controls. Three to four-month-old male animals were used in this study. Mice were
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group-housed (5 mice maximum cage capacity) in environmentally controlled conditions
with 12:12/h light/dark cycle, and provided with food and water ad /ibitum. This study is
not pre-registered in institutional registration sites. The experiment details are described in a
flow sheet shown in Figure 1. In total 160 adult mice were used approximately.

Global Cerebral Ischemia

Two-vessel occlusion global cerebral ischemia was performed on WT and GD3S-KO mice
as described previously (Wang et al. 2020b). Briefly, mice were anesthetized with isoflurane
(4% induction, 1-2% maintenance). Via a midline incision of the neck, both common
carotid arteries (CCAs) were exposed and encircled loosely with 4-0 suture to enable later
occlusion with an aneurysm clip. Global ischemia was induced by bilateral occlusion of the
CCAs for 30 min. After ischemia, the clips were removed, and reperfusion was confirmed
by visual inspection of blood flow in CCAs. Five min after reperfusion, the incisions were
closed with wound clips, and isoflurane was discontinued. The core body temperature of
mice before, during and after ischemia was maintained at 37 °C by a homoeothermic
blanket, with rectal temperature recorded continuously. Before being returned to their cage
at room temperature, the mice were kept in a warm chamber at 33 °C for 2 h to maintain
body temperature of approximately 37 °C. For the sham controls, identical procedures were
performed, and CCAs were exposed without occlusion. Mice that showed dilated pupils
during GCI surgery, and lost the righting reflex for at least 1 minute after incision closure
were included for further experiments. In the GCI group, about 10% of the mice failed

to meet the above mentioned inclusion criteria, experienced seizures, or had weight loss
more than 15% of the original body weight were euthanatized with isoflurane overdoes and
excluded for data collection. 2 mg of carprofen (Rimadyl, formulated in a 5 g food tablet)
was given to each mouse 8 hours before surgery and after surgery for analgesia. Animals
are monitored twice daily for distress and response after surgery. Simple randomization was
employed to assign the mice to sham or GCI groups. The initial number of animal assigned
for sham groups was 4-6, and for GCI groups was 5-7. We marked the animal on the

tail with a number (e.g., from 1 to 20) in the beginning of the animal experiments. After
the surgery, the animals were randomly assigned to an experimental group (R1d, R2d R4d
or R7d) by the experiment conductor. No computerized randomization was performed to
allocate animals in this study.

Tissue Collection

All surgery experiments were started during the morning, and sample collection were
conducted at 48 hours (R2d) or 96 hour (R4d) after GCI. Mice were sacrificed by an
anesthetic overdose (5% isoflurane inhalation for 10 minutes) and transcardially perfused
with ice-cold saline, and brain tissues were then collected. For gRT-PCR, and Western blot
analyses, the hippocampus was dissected and processed as described in subsequent sections.
For immunohistochemistry, mice were transcardially perfused with 4% paraformaldehyde
followed by saline perfusion before decapitation. The brains were removed, fixed overnight
in 4% paraformaldehyde, and cryoprotected with 30% (w/v) sucrose in PBS for sectioning
on a cryostat.
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Total RNA was isolated from the cortex or hippocampus dissected from mouse brains
using the SV Total RNA Isolation System (Promega, Cat. Z3100). A sample of 400 ng

of RNA was used for reverse-transcription polymerase chain reaction (RT-PCR) using

the SuperScript 111 Platinum SYBR Green One-Step gRT-PCR Kit (Invitrogen, Grand
Island, N, USA, Cat. 11736051). The reaction was performed with QuantStudio™"

7 Flex Real-Time PCR System (ThermoFisher Scientific). The threshold cycle values

were first normalized to housekeeping gene encoding for GAPDH in the same sample.

The relative transcript levels for each gene were then reported as “fold changes

versus sham controls” by calculating the 2-AACT value. The sequences of primers

used were as follows: St8s/ai-forward: ATGCTAGCTCGGAAATTCCCG, St8slal-reverse:
CAGGGTCACAGCAGTCTTCC; Gapdhforward: CAACTCCCTCAAGATTGTCAGCAA,
Gapdh reverse: GGCATGGACTGTGGTCATGA.

Western Blot Analysis

Tissue samples from the hippocampus of sham/GCIl mouse brains or following magnetic-
activated cell sorting (MACS) were collected as previously described (Wang et a/. 2020b).
The isolated tissue or cell samples were frozen in liquid nitrogen or kept on ice for
immediate homogenization in RIPA buffer (50 mM TriseHCI at pH 7.4, 150 mM NaCl, 1%
Triton x-100, 1% sodium deoxycholate, 0.1%SDS, 1 mM EDTA) with cOmplete protease
inhibitor (Roche, REF 5892970001) and PhosphoSTOP (Roche, REF 4906845001) with

a tissue tearor followed by denaturation at 95°C for 10 min. Immunoblot analysis was
performed as previously described (Wang & Yu 2013). Antibodies used for Western blots
included GD3-synthase (sheep, 1:1000, R&D system, Cat. AF6716); GFAP (mouse, 1:2000,
Millipore, Cat. MAB360); Ibal (goat, 1:1000, Abcam, Cat. ab5076); GAPDH (mouse,
1:2000, Santa Cruz Biotechnology, Cat. sc-32233); Cleaved Caspase-3 (Asp175) (rabbit,
1:1000, Cell Signaling, Cat. 9661). Blots were visualized using a LI-COR Odyssey Imager,
and the ImageJ analysis software (Version 1.49; NIH, USA) was used to determine the
intensity of each band. Band densities for the indicated proteins were normalized to the
corresponding loading controls.

Immunohistochemistry (IHC) and histological analysis

Coronal sections (30 um thick, about a total of 60 sections) containing the hippocampal
structure were collected between —0.94 mm to —2.80 mm from bregma. IHC was performed
as previously described (Wang et al. 2017). For each immunostaining, at least 4 randomly
selected sections were chosen from each animal and processed for histological analysis.
Primary antibodies used are as follows: GFAP (goat, 1:2000, Abcam, Cat. ab53554);

Ibal (goat, 1:400, Abcam, Cat. ab5076); NeuN (rabbit, 1:1000, Millipore, Cat. ABN78);
GFAP (mouse, 1:800, Millipore, Cat. MAB360); Cleaved Caspase-3 (Asp175) (rabbit,
1:400, Cell Signaling, Cat. 9661). Following three washes with PBS, the sections were
incubated in secondary antibodies conjugated to Alexa 488 (RRID:AB_221544), Alexa 568
(RRID:AB_2535753) (1:500, Thermo Fisher Scientific). Sections were then mounted with
Vectashield antifade mounting medium with DAPI (VECTOR Laboratories) and examined
using confocal microscopy. Images were captured using a Zeiss 510 confocal microscope
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at 20x or 40x (Plan-Apochromat objective) with constant exposure for each marker in all
analyzed sections. DAB stains for anti-GD3 (R24, mouse, 1:200, Abcam, Cat. ab11779)

and anti-S100p (mouse, 1:400, Sigma, Cat. S2523) were conducted as previously described
(Wang et al. 2020a). Cresyl violet staining and counterstains were performed as previously
described (Wang et al. 2017). To build 3-D images of microglia, 30 um of brain sections
were subjected to Ibal staining. Confocal z-stack images with a step size of 0.5 um

were obtained under a 63x objective lens of LSM510 Zeiss confocal microscopy. 3-D
constructions were processed with AutoQuant X software, and cell volumes were measured
with Imaris software as previously described (Wang et al. 2020b). A cell with a volume

over 200 pm3 were included for analysis. Dispersion of MAP2 stained neurites in the
hippocampal CA1 region was measured by the Directionality plugin of the Image J software
as described previously (Lu et al. 2020). The hippocampal CA1 from at least 3 different
sections of each animal were used for analysis. Blinding were performed to all histologically
analysis and cell number counting. The experimenter was unware of the experimental groups
analyzed by given images hamed by number for counting or quantification.

Microglia isolation

Microglia were isolated as previously described (Wang et a/. 2017). Briefly, animals were
sacrificed by isoflurane euthanasia (5% isoflurane inhalation for 10 minutes). Then, the
brain hemispheres were freshly collected and dissociated into a single-cell suspension using
an adult brain dissociation kit (Miltenyi Biotec, Cat. 130-107-677). MACS using CD11b
MicroBeads (Miltenyi Biotec, Cat. 130-093-634) were used to positively select the CD11b
expression cells, which were subject to phagocytosis assay and Western blot analysis.
CD11b-negative cells were also collected and lysed for Western blot analysis.

Primary hippocampal neuron culture and co-culture with microglia

Primary hippocampal neurons culture were performed as described by Francesco T. et

al. (Tomassoni-Ardori et al. 2020). Neuron-microglial co-culture and LDH neurotoxicity
assay were performed as previously described with minor modifications (Wang et a/. 2017).
Briefly, the hippocampi from C57BL/6 mice on embryonic day 17.5-18.5 (E 17.5-18.5)
were micro-dissected. Cells from therein were dissociated and seeded at a density of ~2x
10%/ml in poly-D-lysine (Sigma-Aldrich, Cat.P7280) coated plates, followed by incubating
at 37°C in a humidified atmosphere of 5% CO> in air. When the neurons were /i1 vitro

for 7 days (DI1V, the primary microglia isolated from sham or GCI mouse brains were
plated on top of the neurons at a microglia to neuron ratio of 1:33. Immunocytochemistry
was performed for morphological and phagocytosis analysis at 72 hrs after the start of

the co-culture. Microglia-mediated neurotoxicity was measured with the LDH Cytotoxicity
Assay Kit (Thermo Scientific. Cat. C20301) following the manufacturer’s instruction. Data
were collected from two independent cultures, and each culture contained triplicated wells
for each group/treatment.

Phagocytosis assay

Phagocytosis assays of isolated microglia were conducted using a phagocytosis assay kit
from Abcam (Cat. ab21156) following the manufacturer’s instructions. Briefly, 1x10°
cell/ml microglia were seeded on a 96-well plate and incubated overnight. The next day,
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cells were treated with vehicle, 0.1 pg /ml, or 1ug /ml pre-dissolved GD3 (Avanti Polar
Lipids Inc, SKU# 860060P) for 2 hours. Afterwards, 10 pug of Zymaosan suspension was
added to each well (except the negative control) and incubated for 1 hour. After washing
with cold PBS, cells were fixed and permeabilized. Then the detection reagent, reaction
substrate, and stop solution were subsequently added. The signals of internalized Zymosan
were read by a microplate reader at OD 405nm, and the reading was normalized to the
negative control. Each group of treatment and the negative control were conducted in
triplicated wells, and two independent cultures were performed for the analysis.

Statistical Analysis

RESULTS

GraphPad Prism 6 software was used to analyze all the data. Data are presented as mean

+ SD. No test for outliers was conducted. For each statistical analysis, normality test was
performed using Shapiro-Wilk test in Prism, and the data were normally distributed. A
two-tailed unpaired Student t-test was performed when only comparing two groups (e.g.,
WT and GD3S-KO groups). A one-way ANOVA test was conducted to analyze differences
within sham and the different time points following GCI. Two-way ANOVAs were used

to compare the difference between WT and GD3S-KO in sham or after GCI. When the
ANOVA test was found to be significant, the posthoc test was conducted to make pairwise
comparisons between experimental groups. A value of p<0.05 was considered statistically
significant. The sample size for each experiment is determined by a power analysis (a=0.05,
(=0.02) of our pilot experiments, and also based on previous articles from our group (Wang
et al. 2020b). A summary of experimental procedures is shown in Figure 1.

Up-regulation of GD3-synthase in mouse hippocampal region after GCI

To understand the regulation of b-series gangliosides in the mouse brain after GCI, we
evaluated the mRNA level of the GD3S (also known as S785/al) gene, from 1 to 7

days after GCl-reperfusion (R1d to R7d). We first measured the mRNA levels of GD3S

in the hippocampal and cortical tissue samples. Quantitative real time-PCR (QRT-PCR)
revealed that the mRNA level of S785/al was modestly but not significantly increased

in the hippocampus at R1d as compared to the sham control, followed by a significant
increase at R2d and R4d, with the highest S785/a1 mRNA levels observed at R2d (Fig.
2A, F(4,19)=13.40, p<0.01, one-way ANOVA followed by Dunnett’s test). In the cortex,
there was no significant difference in GD3S gene expression detected between the sham
control group and the GCI groups at any time points examined (Fig. 2B, F(4 19)=1.677,
p=0.1969. One-way ANOVA followed by Dunnett’s test). We also conducted DAB staining
of the hippocampal sections using the anti-ganglioside GD3 (R24) monoclonal antibody,
and counterstained with cresyl violet. DAB staining revealed that the GD3 expression

was significantly enhanced in the hippocampal region from R2d to R7d after GCI (Fig.
2C). Consistent with the gRT-PCR and IHC results, Western blot analysis revealed that
hippocampal GD3S protein levels were significantly increased at R2d and R4d (Fig. 2D
and 2E, F(4,19)=7.476, p<0.01. one-way ANOVA followed by Dunnett’s test). The brain
hippocampal region is well known to be highly susceptible to GCl-induced neural damage,
characterized by a delayed loss of neuronal cells occurring 3 to 7 days after ischemia. The
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up-regulation of GD3S MRNA and enhanced ganglioside GD3 immunoreactive signals in
the hippocampal region indicates that the GD3 expression was specifically increased in the
damage-prone brain region. The up-regulated GD3S enzyme at both mRNA and protein
levels also suggests an increase of de-rovo b-series gangliosides synthesis in the mouse
hippocampal region following brain ischemia.

The up-regulated ganglioside GD3 and GD3S was predominantly localized in microglia

after GCI

To verify the authenticity of the immunostaining signal of the anti-GD3 antibody, we
stained the hippocampal section samples from WT and GD3S-KO brains using the DAB
staining method. In contrast to the prominent GD3 positive signal detected in the WT-

R2d hippocampus, no significant positive DAB signals were detected in the GD3S-KO
hippocampus at R2d (Fig. 3A). Interestingly, cells that show a high GD3 expression
exhibited a cellular morphology similar to that observed for reactive glial cells, e.g.,
enlarged soma volume and retracted cellular processes (Fig. 3A zoomed). Glial cells,
including astrocytes and microglia, can be activated and display hypertrophic morphology in
the injured brain region following ischemia. To investigate the specific cellular localization
of ganglioside GD3 and its potential biological function, we performed co-immunostaining
of GD3 with the astrocytic marker GLAST1 and the microglia marker CD11b. We chose
these two markers because both CD11b and GLAST are located on the cell surface and

can be stained without detergent treatment. The co-immunostaining results show that GD3
is predominantly localized in the CD11b expressing microglial cells, with a hypertrophic
“reactive” morphology (Fig.3B, upper row). As expected, immunostaining for GD3 and
CD11b in the GD3S-KO GCI hippocampus did not detect significant anti-GD3 signal or co-
localization with CD11b (Fig. 3B, lower row). However, no apparent co-localization of GD3
with the astrocyte marker GLAST1 was detected, indicating that ganglioside GD3 was not
significantly up-regulated in the reactive astrocytes (Fig. 3C). Co-immunostaining detected
localization of GD3 in CD11b+ cells in the mouse hippocampus (including CA1, CA3 and
the hilus of dentate gyrus (DG)) after GCI (Figure 3D). Quantification of the co-localization
co-efficiency of GD3 with CD11b demonstrates the most significant co-localization of these
two markers at R2d and R4d, and this coincides with the time point at which GD3 is most
highly expressed (Fig. 3E and 3F, F(4,1)=107.9, p<0.01, one-way ANOVA followed by
Dunnett’s test). To further confirm our findings, we acutely purified CD11b+ microglia and
CD11b- non-microglia from the control, R1d, R2d, and R4d hemispheres, and examined the
expression of GD3S by Western blot. Using these methods, we were able to obtain a purified
cell population of ~95% of CD11b+ cells, which has been confirmed by flow cytometry
(Wang et al. 2017). Western blot analysis using cell-specific markers also confirmed that the
microglial marker Ibal was highly expressed in the CD11b+ cell portion, and the astrocyte
cell marker GFAP was detected in the CD11b- cell portion (Fig. 3G). Blots of GD3-synthase
demonstrated that the expression of this enzyme was highly up-regulated in the CD11b+
microglia (Fig. 3G and 3H, F(3)=60.62, p<0.01, one-way ANOVA followed by Dunnett’s
test), but not in CD11b- cells at R1d to R4d (Fig. 3G and 3H, F(3g)=1.469, p=0.2943,
one-way ANOVA followed by Dunnett’s test). These results confirmed that ganglioside GD3
and GD3S were predominantly up-regulated in microglial cells after GCI.
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Increased survival neurons in the hippocampal CA1 of GD3S-KO mouse after GCI

To investigate the role of ganglioside GD3 in the brain under ischemic brain injury, we
conducted GCI models in the GD3S-KO mice and their WT littermates, and compared

the neuronal damage at R2d and R4d between the two groups. As determined by cresyl
violet staining of the coronal brain sections, significant neuronal damage/loss was detected
in the CA1 and CA3 regions of the hippocampus in WT mice. However, the neuronal
damage was less severe in the GD3S-KO-GCI hippocampus as compared to that in the
WT-GCI groups (Fig. 4A). Quantification of the CA1 cellularity demonstrated that number
of neurons in the GD3S-KO CAL1 was significantly increased as compared to WT after GCI
(Fig. 4B, F(2,24)=10.28, p<0.01, two-way ANOVA followed by Sidaks’s test), indicating
that the ischemia-induced neuronal damage is significantly less in GD3S-KO hippocampus
than in the WT hippocampus. To further confirm this observation by cresyl violet stain,

we conducted co-immunostaining of the neuronal marker NeuN and the apoptosis marker,
Cleaved-Caspase3, to measure hippocampal neuronal survival and apoptosis, respectively,
at the CA1 and CAS3 regions after GCI (Fig.4C and 4D). Quantification of survival

neuron number based on the NeuN staining demonstrated a 60.5% and 63.5% reduction

of hippocampal CAL neuron number in the WT mice after GCI at R2d and R4d respectively,
while the CA1 neuronal loss in GD3S-KO (R2d, 26.5%; R4d, 27.4%) was significantly less
severe (F(2,24y=14.26, p<0.01, two-way ANOVA followed by Sidaks’s test). Similarly, GCI
induced 32.1% (R2d) and 56.0% (R4d) neuronal loss in WT hippocampal CA3, while in
GD3S-KO mice a 17.6% (R2d) and 31.0% (R4d) reduction in CA3 neuron was detected
(F(2,24)=6.559, p<0.05, two-way ANOVA followed by Sidaks’s test). Accordingly, the
immunofluorescence (IF) intensity of Cleaved-Caspase 3 was significantly decreased in the
GD3S-KO hippocampal CA1 and CA3, as compared to WT at R2d and R4d after GCI (Fig.
4G and 4H, CAL: F(224=19.09, p<0.01; CA3: F (2,24)=15.29, p<0.01, two-way ANOVA
followed by Sidaks’s test). Consistently, Western blot analysis of the hippocampal tissue
lysates detected a significant decrease of the Cleaved-Caspase 3 level in the GD3S-KO
hippocampus as compared to WT at R4d after GCI (Fig. 41 and 4J, F(1,16)=36.97, p<0.01,
two-way ANOVA followed by Sidaks’s test). Taken together, these results suggest that loss
of GD3 and GD3S in the brain results in decreased neuronal damage and increased neuronal
survival after ischemic brain injury.

Astrogliosis and microglial proliferation after GCI are not affected by GD3S deletion.

Next, we examined the glial cell response to GCI in the WT and GD3S-KO hippocampi. At
R4d, significant astrogliosis was detected in the hippocampi of both the WT and GD3S-KO
mouse brains, characterized by enhanced expression of the glial fibrillary acidic protein
(GFAP) and hypertrophic change of the anti-GFAP stained cells (Fig. 5A). Quantification
of GFAP IF intensity in the hippocampus demonstrated enhanced GFAP expression level in
both WT and GD3S-KO at R4d as compared to sham controls (Fig. 5B, p<0.01, two-way
ANOVA followed by Sidaks’s test). However, there is no significant difference in the
GFAP IF intensity between WT and GD3S-KO in both sham and R4d (Fig. 5A and 5B,
F1,16)=2.521, p=0.1319, two-way ANOVA followed by Sidaks’s test). We also examined the
astrogliosis by DAB staining with another astrocyte marker, S1008 (Fig. 5C). Intensity
analysis revealed no significant difference between WT and GD3S-KO in both sham

and R4d (Fig.5D, F(1,16=0.6751, p=0.4233, two-way ANOVA followed by Sidaks’s test).
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Western blot analysis confirmed that the GFAP expression level in hippocampal samples
did not significantly differ between WT and GD3S-KO in sham animals or after GCI (Fig.
SE and 5F, F(1,16)=0.1523, p=0.7015, two-way ANOVA followed by Sidaks’s test). These
results suggest that GD3S deletion does not significantly affect astrogliosis in response to
GCI in the mouse brain.

We also examined the microglial response to GCI in the WT and GD3S-KO hippocampi.
Western blot analysis demonstrated that the Ibal expression level in the hippocampal
samples did not significantly differ between WT and GD3S-KO in sham mice or after

GCI (Fig. 5E and 5G, F(1,16)=3.913, p=0.0654, two-way ANOVA followed by Sidaks’s test).
Proliferation by cell division is a crucial cellular response of microglia to brain ischemia.

An increase in the cell population of microglia indicates an enhanced immune response
within the injured brain (Zhang 2019). We therefore examined the microglial proliferation
by immunostaining for the cell proliferation marker Ki67 and the microglial marker Ibal
from R1d-R7d. Following GCI, a robust microglial proliferation, as revealed by an increase
of 1bal*Ki67* cells, was detected in mouse hippocampus. The Ibal*Ki67* cell number
peaked at R2d, and decreased from R4d to R7d in the hippocampi (Fig. 5H and 5I). We

next compared the microglia proliferation and the microglial cell number between WT

and GD3S-KO in the hippocampus. In the sham and R2d hippocampi, the numbers of
Ibal*Ki67* cells and the Ibal™ cells do not show a statistical difference between WT

and GD3S-KO (Fig. 5J-5L, Ibal*Ki67* cell number, F(1,16)=2.111, p=0.1655; Ibal* cell
number, F(1,16)=0.005, p=0.9456; two-way ANOVA followed by Sidaks’s test). These results
support the concept that GD3S deletion does not significantly affect microglia proliferation
and the overall reactive response of microglia following GCI.

Phagocytic cells are decreased in the GD3S-KO hippocampus after GCI

Although the overall microglial activation is not significantly different between WT and
GD3S-KO after GCI, we noticed that the activated microglia in the WT and GD3S-KO
hippocampi demonstrated distinguishable morphological changes after GCI (Figure 6A). A
large amount of microglia in the WT hippocampus changed from ramified into amoeboid
morphology at R2d and R4d (Fig. 6A and 6C, upper row). Microglia in the GD3S-KO-GClI
hippocampus were hypertrophic with thicker branches, however, most of them demonstrated
bushy-like morphology rather than amoeboid shape (Fig. 6A and 6C, lower row). The
amoeboid shape allows microglia more free movement and also enhances their capacity

to fulfill their role as scavenger cells; therefore, the amoeboid microglia are considered
phagocytic microglia in the brain (Fu et al. 2014). We next performed a 3-D reconstruction
of confocal microscopy image of the Ibal immunostaining, and quantified the percentage
of amoeboid microglia in the hippocampus according to Kreutzberg’s classification of
microglia morphology (Kreutzberg 1996). In the GD3S-KO hippocampus, the rate of
amoeboid cells decreased by 39.4% at R2d and 28.5% at R4d as compared to WT after
GCI (Fig. 6A and 6B, F(2,24)=36.79, p<0.01, two-way ANOVA followed by Sidaks’s test).
This result indicates a decrease of amoeboid microglia in the GD3S-KO hippocampus after
GCl.
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A major function for microglial activation and recruitment in the brain ischemic injury
region is to clear cell debris and dying cells through phagocytosis. We therefore measured
the in-vivo phagocytosis of neurons in WT and GD3S-KO hippocampi in sham and

after GCI. Phagocytosis of neurons by microglia can be recognized by co-localization

of NeuN or MAP2 with Ibal analyzed by confocal microscopy (Neher et al. 2013). We

first conducted co-immunostaining of Ibal with the neuronal markers NeuN followed by
confocal microscopy. In the sham animals, no apparent co-localization of NeuN with Ibal
was detected in both WT and GD3S-KO hippocampi (Fig. 6C and 6D). After GCl, a
significant localization of NeuN in Ibal+ microglia was observed in the WT hippocampus at
R2d and R4d (Fig. 6C and 6D). However, in the GD3S-KO hippocampus, co-localization of
NeuN with Ibal was not significantly detected after GCI (Fig. 6C). Z-Stack analysis of co-
localization co-efficiency revealed a significant decrease of NeuN and Ibal co-localization
co-efficiency in GD3S-KO-GCI compared with WT-GCI at R2d and R4d (Fig. 6D,
F(2,24=26.99, p<0.01, two-way ANOVA followed by Sidaks’s test). We also conducted
co-immunostaining for I1bal with the neuronal cytoskeleton markers MAP2 followed by
confocal Z-stack and co-localization co-efficiency assay. Consistent with the Ibal and NeuN
co-localization study, enhanced localization of MAP2 in Ibal+ microglia was detected

in WT-GCI hippocampus but not in GD3S-KO-GCI hippocampus at R2d and R4d (Fig.

6E). Quantification analysis also demonstrated a significant decrease of the MAP2 and

Ibal co-localization co-efficiency in GD3S-KO after GCI (Fig. 6F, F(,24)=36.23, p<0.01,
two-way ANOVA followed by Sidaks’s test). Notice that a significant decrease of the MAP2
immunostaining dispersion was detected in GD3S-KO hippocampus at R2d and R4d after
GCl, indicating increased neurite integrity compared to the WT-GCI hippocampus (Fig.

6E and 6G, F(2,24)=19.50, p<0.01, two-way ANOVA followed by Sidaks’s test). All these
results indicate that the decreased phagocytosis of neurons in the GD3S-KO hippocampus is
associated with increased neurite integrity and neuronal survival after GCI.

We also examined the expression of the phagolysosome marker CD68 in WT and GD3S-KO
hippocampi. Quantification of the CD68+ cells demonstrated that GCI induced a robust
increase of phagocytic cells at R2d and R4d in WT mice (Fig. 7A and 7B, p<0.01, two-way
ANOVA followed by Sidaks’s test). Notably, the number of CD68+ cells in GD3S-KO-GCI
hippocampus was significantly decreased at R2d and R4d as compared to WT-GCI (Fig. 7A
and 7B, F(2,24)=43.18, p<0.01, two-way ANOVA followed by Sidaks’s test). The IF intensity
of CD68 also significantly decreased in GD3S-KO-GCI as compared to WT-GCI at R2d and
R4d (Fig. 7A and 7C, F(2,24)=27.07, p<0.01, two-way ANOVA followed by Sidaks’s test).
Western blot analysis confirmed that the expression of CD68 in the hippocampal tissue was
significantly decreased in GD3S-KO mice at R2d and R4d as compared to WT mice (R2d,
Fig. 7D and 7E, F(1,16)=21.27, p<0.01; R4d, Fig. 7F and 7G, F(;,16)=58.15, p<0.01; two-way
ANOVA followed by Sidaks’s test). These findings suggest that the phagocytic microglia
increased by GCI in WT hippocampus, and these cells were diminished in the GD3S-KO
hippocampus after GCI.
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Decreased neurotoxicity and phagocytic capacity of microglia from GD3S-KO mice after

GClI

To determine whether the phagocytic microglia are less neurotoxic in the absence of GD3,
we examined the microglial neurotoxicity using a primary neuron and microglia co-culture
model as previously described (Wang et a/. 2017). We prepared primary hippocampal
neurons from WT embryos (E17.5-18.5), and co-cultured the neurons (7 div) with WT

or GD3S-KO microglia in a 1:33 microglia to neuron ratio for 72 hours. When these
primary hippocampal neurons are co-cultured with microglia from sham animals, very low
neurotoxicity (<10%) were detected from both WT and GD3S-KO microglia (Fig. 8 A

and 8B). A robust increase of neurotoxicity was detected when neurons were co-cultured
with microglia from WT-GCI mouse brain. However, the neurotoxicity was significantly
decreased in the GD3S-KO-GCI microglia co-cultured group (Fig. 8A and 8B, 26.75%

in GDS3-KO-GCl vs. 40.72% in WT-GCI, F(1 20=23.10, p<0.01, two-way ANOVA).
Meanwhile, significant localization of neuronal element (Red, stained by anti-B-Tubulin
I11) was detected in WT-GCI microglia (green, stained by anti-Ibal), but not in GD3S-
KO-GCI microglial, indicating that the microglial phagocytic capacity was compromised
in the absence of GD3. We further measured the percentage of microglia with engulfed
neuronal elements in the co-culture wells. The quantification revealed a significant increase
in phagocytic microglia from WT-GCI mouse brain compared with sham (Fig. 8A and

8C, p<0.01, two-way ANOVA followed by Sidaks’s test). The percentage of phagocytic
microglia in the GD3S-KO-GCI microglia co-culture wells is significantly decreased than
that in the WT-GCI microglia co-culture group (Fig. 8A and 8C, F(1 20)=220.6, p<0.01,
two-way ANOVA followed by Sidaks’s test). The /n-vitro culture results mirror our in-vivo
findings, and support that microglia from GD3S-KO-GCI mice are less phagocytic and less
neurotoxic than that from the WT-GCI mice, which may contribute to the increased neuronal
survival in the GD3S-KO mice after GCI.

In the Zymosan based phagocytic capacity tests, we also detected a significant decrease

in the phagocytic capacity of GD3S-KO-GCI microglia compared to the WT-GCI, as
measured by both substrate colorimetric detection (Fig. 8D, F(320)=41.50, p<0.01, one-way
ANOVA followed by Tukey’s test), and internalized Zymosan particle quantification (Fig.
8E, F(3,20=21.22, p<0.01, one-way ANOVA followed by Tukey’s test). To test whether an
increase in the GD3 level could rescue the phagocytosis deficits in GD3S-KO microglia, we
pre-treated the KO-GCI microglia with 0.1 pg/ml or 1 pg/ml of exogenous GD3 for 2 hours
before the phagocytosis assay. Compared to the vehicle-treated GD3-KO-GCI microglia,

the phagocytic capacity of microglia pre-treated with 1 pg/ml of GD3 was significantly
increased (Fig. 8D, p<0.01, one-way ANOVA followed by Tukey’s test). However, this
rescue effect was not observed in the group with 0.1 ug/ml of GD3 treatment (Fig. 8D,
p>0.05, one-way ANOVA followed by Tukey’s test). Consistently, pre-treatment of GD3S-
KO-GCI microglia with 1 ug/ml but not 0.1 pg/ml of exogenous GD3 significantly increased
the phagocytosis of Zymosan particles (Fig. 8E, KO+GD3 (1 pg/ml) vs. KO-vehicle, p<0.01;
KO+GD3 (0.1 pg/ml) vs. KO-vehicle, p>0.05, one-way ANOVA followed by Tukey’s test).
Altogether, these results provide unequivocal evidence that ganglioside GD3 plays a crucial
role in mediating the phagocytosis activity of microglia upon reactivation.
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DISCUSSION

Gangliosides are the major sialic acid-containing glycosphingolipids in the mammalian
brain (Yu et al. 2004). They are predominantly localized on the outer layer of the plasma
membrane of nerve cells, with various sialic-acid-bearing glycan structures extending to the
extracellular space. These unique localization and structure properties enable gangliosides to
function as varied cell-surface markers or receptors with specific cell-cell recognition and
interaction capabilities. Gangliosides also interact laterally with adjacent surface-membrane
proteins, and regulate signal transduction of target proteins in response to stimuli from their
ligands (Lopez & Schnaar 2009). In the current study, we used a murine GCI model to study
the role of ganglioside in ischemic brain injury. We report for the first time that ganglioside
GDa3 is highly up-regulated in reactive microglia within the ischemic hippocampus. Our
results also revealed a novel role of GD3 in mediating microglial phagocytic capacity
following GCI.

Rapid activation of local innate immune cells, primarily microglia, is a key initial event

in the brain following an ischemic stroke. The switch of microglia from a “resting”
homeostatic state to an activated state involves morphological transformation, proliferation,
recruitment to the injury site, cytokine release, and other functional changes. Accompanying
microglia activation, ischemic brains may undergo progressive neuronal damage and
delayed neuronal loss at 3—7 days post-injury (Horn & Schlote 1992; Nitatori et al.

1995). The delayed neuronal loss following brain ischemia can be due to a variety of
molecular mechanisms, including excitotoxicity, oxidative stress, mitochondria damage, as
well as neuroinflammation, in which microglial activation plays a central role (Abe et

al. 1995). Activated microglia can either exacerbate ischemic injury (e.g., by releasing
proinflammatory cytokines and ROS) or help to limit and repair the damage — with the
effect observed depending on different signals controlled by neuron-glial communication
(Jayaraj et al. 2019; Al Mamun et al. 2020). The highly heterogeneous transcriptional and
functional profiles of activated microglia make them a multifaceted cell population in the
brain following an ischemic injury, allowing them to assume various roles as dictated by the
local microenvironment and associated cues (Jayaraj et al. 2019).

A key function of reactive microglia is phagocytosis of irreversibly damaged cell debris, and
cellular components, which may potentially be harmful to surviving neurons in the ischemic
brain. In the transient whole-brain hypoxia status, several previous studies have shown

that the microglia play a more predominant role in phagocytosis compared to macrophage
(Schilling et al. 2005; Denes et al. 2007). The phagocytosis of tissue debris is generally
considered to be a beneficial aspect of microglial reactivation, which can help to limit

the damage, and facilitate the reconstruction of the neuronal network. It has also been
proposed that phagocytosis may contribute to neuronal loss during ischemia by engulfing
stressed-but-viable neurons, which may express an “eat me” signal (Neher et al. 2013,
Butler et al. 2021). In support of this contention, mice deficient for the phagocytic proteins,
Mer receptor tyrosine kinase (MerTK) and Milk fat globule EGF-like factor 8 (MFG-ES8),
showed strongly reduced neuronal loss and significantly improved functional outcome after
cerebral ischemia. In the GD3S-KO mice, we detected a strikingly decreased neuronal

loss at R2d and R4d following GCI as compared to their WT littermates. Further analysis
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revealed that microglial proliferation and overall glial cell reactivation are not significantly
affected by GD3S deletion; however, the phagocytic capacity of GD3S-KO microglia was
robustly decreased as measured by in-vivo and in-vitro assays. These results are similar

to the finding in the MerTK and MFG-E8 knockout mice, indicating that up-regulation of
GD3 in microglia following GCI may play a role in facilitating the phagocytosis of stressed
neuron by microglia, thereby resulting in enhanced neuronal loss.

The glycosphingolipid composition of the mammalian brain can undergo dynamic changes
under conditions of neurological disease or injury. Gangliosides have also been proposed to
be an important messenger of the adaptive response to stress, such as apoptosis (d’Azzo et
al. 2006). Early studies have reported that ramified, as well as amoeboid microglia in adult
rat retina and cerebellum, express the ganglioside GD3 (Wolswijk 1995). Increased GD3
was found in plaques of multiple sclerosis (Yu et al. 1974), as well as brain tissue from
patients with neurodegenerative disorders (Ando et al. 1984), such as Creutzfeldt-Jakob
disease and subacute sclerosing panencephalitis. Findings in these studies suggest a role
for ganglioside GD3 in brain response to injury; however, the cellular localization and
specific function of the ganglioside have been controversial (Goldman & Reynolds 1996).
In the plaques of multiple sclerosis and glial scars, a few studies observed R24 (the anti-
GD3 antibody) binding to astrocytes (Kawai et a/. 1994; Goldman & Reynolds 1996).
However, in our murine GCI model, no apparent co-localization of R24 was detected to be
co-localized with the astrocyte marker GLAST-1 from R1d to R7d.

GD3 is a major sialic-acid containing glycosphingolipids of the developing CNS, and is
highly expressed in immature neuroectodermal cells; however, this expression dramatically
diminishes when the newborn cells become mature (Goldman ef a/. 1984). Previous work
from our group demonstrated an important role of ganglioside GD3 in maintaining adult
neurogenesis in the mouse brain (Wang & Yu 2013; Wang et al. 2014). In the previous study,
we detected a significant decrease of granular cell layer neurons in the DG of GD3S-KO
mice at 6-month old but not in younger age (Wang et a/. 2014). In the 3-month old mice,

we measured the CA1 and CA3 cellularity at basal level (without GCI), and detected no
significant changes in the CA1 and CA3 cellularity between WT and GD3S-KO mice (Fig.
4, sham groups). Therefore, the neuronal survival analysis between WT and GD3S-KO mice
after GCI should not be confounded by the regulatory effects of GD3 on neurogenesis.

It is worth noting that the embryonic origin of microglia is not from the neuroectoderm,
where other neuroglia are commonly derived from. Fate-mapping analysis has revealed that
adult murine microglia are derived from primitive macrophages, which originate in the

yolk sac and migrate to the brain at embryonic day 9.5 (Ginhoux et a/. 2010). Cellular
localization of GD3 in the microglia/macrophage after brain injury (Reynolds & Wilkin
1993; Simon et al. 2002) indicated that the expression of GD3 is not restricted to the
neuroectodermal lineage. In other studies, ganglioside GD3 has been proposed to induce cell
apoptosis through mitochondrial damage, although many of these studies are performed /n
vitro (Malisan & Testi 2002; Rippo et al. 2000). However, GD3 has also been suggested

to regulate mitochondria dynamics during adult neurogenesis by binding to a mitochondria
fusion protein (Tang et al. 2020). Therefore, the role of ganglioside GD3 in regulating
cellular functions depends on specific physiological and pathological conditions. In the
post-ischemic mouse brain, we cannot rule out the possibility that GD3 or other gangliosides
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may directly act on neurons and regulate the neurological outcome in response to brain
ischemia. It should be noted that the zymosan used in the /n-vitro phagocytosis analysis

is not a disease related substance. Therefore, the regulatory effects of GD3 in phagocytic
cells are not specific to live-neurons. To more conclusively confirm the role of ganglioside
GD3 in microglia phagocytosis of live neurons, further studies are needed. Future studies
could include the use using of an inducible microglia specific GD3S-KO mice, and labeled
neurons, as well as development and utilization of an inducible microglia-specific GD3S-KO
mouse model.

In conclusion, our study detected predominant up-regulation of GD3-synthase and
ganglioside GD3 in microglia following GCI. In a murine GCI model, we found that GD3S
deletion resulted in a decreased hippocampal neuronal loss after ischemia-reperfusion. We
also found that the phagocytic capacity of the GD3S-KO microglia was compromised /n
vivoand in vitro. These novel findings suggest that ganglioside GD3 regulates the functional
phagocytosis of microglia in the ischemic brain, which may link to the delayed neuronal cell
death in the hippocampus following ischemic brain injury.
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Figure 1. Scheme of animal use, experiments and corresponding figures.
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The initial number of animal assigned for sham was 4-6/group, and for GCI was 5-7/group.
In the sham group, no animal was excluded. In the GCI group, about 10% of mice failed

to meet the criteria of successful GCI surgery by showing dilated pupil, and loss of righting
reflex for at least 1 minutes after incision closure, or experienced seizure, severe bleeding
during surgery were excluded from further analysis. 2 animals in the GCI group experienced
weight loss over 15% of the original body weight during the first 3 days after surgery were

excluded.
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Figure 2. Up-regulation of ganglioside GD3 and GD3S expression in the hippocampus after GCI.
A and B. RT-PCR measurement of GD3-synthase gene mRNA levels in hippocampal (A)
and cortical (B) tissue collected in sham and at 1-7 day after GCI reperfusion (R1d to R7d).
C. Representative DAB immunostaining of anti-GD3 (brown) and counter stain of cresyl
violet (purple) on brain sections from sham and GCI R1d to R7d. D and E. Western blot
(D) and densitometry analysis (E) of GD3-synthase expression of sham and GCI R1d to
R7d hippocampal tissue lysates. Sham n=4 mice/group, GCI n=6 mice/group. Scale bars: 20
um. #p<0.05, #p<0.01 compared to sham, one-way ANOVA followed by post-hoc. ns, not
significant.
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Figure 3. Ischemia induced up-regulation of ganglioside GD3 and GD3Sin the hippocampus
occurred predominantly in microglia.

A. Representative DAB immunostaining images of anti-GD3 (brown) and counter stain

of cresyl violet (purple) on brain sections from WT and GD3S-KO hippocampus at R2d.

B. Representative IF image of GD3 and microglial marker CD11b on hippocampal brain
sections from WT and GD3S-KO mice at R2d. C. IF staining of GD3 and astrocyte

marker GLAST1 didn’t show significant co-localization. D. IF staining of GD3 and
microglial marker CD11b showed localization of ganglioside GD3 in microglial cells in

the injured hippocampal regions (CA1, CA3 and the hilus of dentate gyrus (DG)) after GCI.
Zoomed area showed representative images of CA1. E. Quantification on the co-localization
coefficiency of GD3 with CD11b showed a significant increase of the co-efficiency at 2

and 4 day after GCI (Sham n=4 mice/group, GCI n=6 mice/group). F. Quantification of

the mean IF intensity of GD3 in the hippocampus (Sham n=4 mice/group, GCI n=5-6 mice/
group). G and H. Western blot (G) and densitometry analysis (H) showed predominant
up-regulation of GD3-synthase in lysate of CD11b+ microglia but not CD11b- cells. n=6
mouse/group, 2 mouse brains were pooled for isolating 1 sample of CD11b+/CD11b- cell
lysates for Western blot. #p<0.05, #p<0.01 compared to sham. One-way ANOVA followed
by post-hoc. IF: Immunofluorescence. Scale bar: 20 um.
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Figure 4. Increased survival neuronsin the hippocampus of GD3S-KO mice after GCI.
A. Representative images of hippocampus and CAL region from WT and GD3S-KO brain

sections stained with cresyl violet in sham, R2d and R4d after GCI. B. Quantification of
hippocampal CA1 neuron number based on cresyl violet staining. C and D. Immunostaining
of NeuN and Cleaved-Caspase 3 (CI-Casp3) in the hippocampal CA1 (C) and CA3 (D)
regions in sham, R2d and R4d. E and F. Quantification of survival neuron number in
hippocampal CA1 (E) and CA3 (F) regions based on NeuN immunostaining. G and H.
Quantifications of Cleaved-Caspase 3 IF intensity in hippocampal CALl (G) and CA3 regions
(H) demonstrate a significant reduction of Cleaved-Caspase 3 expression in GD3S-KO mice
as compared to WT mice after GCI. |. Representative Western blot analysis of Cleaved-
Caspase 3 on the hippocampal tissue lysate collected from WT and GD3S-KO mice in

sham and R4d. J. Quantification of the relative expression level of Cleaved-Caspase 3 based
on densitometry analysis of Western blots. n=5 mice/group. **p<0.01 GD3S-KO vs. WT.
Two-way ANOVA followed by post-hoc. IF: Immunofluorescence. Scale bar: 20 pm.
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Figure 5. Astrogliosisand microglial proliferation after GCI isnot affected by GD3S deletion.
A. Representative images of co-immunostaining for NeuN (green) and GFAP (red) in

the sham and GCI-R4d hippocampus and CA1. B. Quantifications of GFAP IF intensity
in the hippocampus demonstrate no significant difference between WT and GD3S-KO
both in sham and after GCI. C. Representative images of DAB staining for S1008 in

the hippocampal CA1 region. D. Quantification of the intensity of S100p demonstrates
no significant difference between WT and GD3S-KO in sham and after GCI. E-G.
Representative Western blots (E) and quantification of GFAP (F) and Ibal (G) expression
in the hippocampal tissue samples. H-1. Representative image of co-immunostaining for
Ibal and Ki67 (H) and quantification of 1bal+Ki67+ cell number (1) in WT hippocampal

at different time points (R1d-R7d) after GCI (sham n=4 mice/group, GCI n=6 mice/group).

J. Representative image of co-immunostaining for Ibal and Ki67 in WT and GD3S-KO
hippocampus at R2d. K-L . Quantification of 1bal*Ki67* cell number (K) and Ibal* cell
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number (L) demonstrates no significant difference between WT and GD3S-KO in sham and
after GCI. n=5 mice/group except H and J. #p<0.05, #p<0.01 compared with sham group,
one-way ANOVA followed by post-hoc; ns. not significant, GD3S-KO vs WT. Two-way
ANOVA followed by post-hoc. IF; Immunofluorescence. Scale bar: A and H, 20 um; C and
J, 50 pm.
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Figure 6. Decreased phagocytic microgliain GD3S-KO hippocampus after GCI.
A. Representative images of immunostaining for Ibal in hippocampal CA1 region and

3-D reconstruction of con-focal images. B. Quantification of the percentage of amoeboid
cell number in the hippocampal CA1 region according to Kreutzberg’s classification of
microglia morphology. C-D. Representative images of immunostaining for NeuN and Ibal
in hippocampal CA1 (C) and confocal microscopy quantification of NeuN and Ibal co-
localization co-efficiency (D). E-F. Representative images of immunostaining for MAP2
and Ibal in the hippocampal CAL region (E), and confocal microscopy quantification of
NeuN and Ibal co-localization co-efficiency (F). G. Dispersion of MAP2 immunostaining
was analyzed and quantified on the images of the hippocampal CAL region by Image

J software. n=5 mice/group. **p<0.01 compared with sham or control group. Two-way
ANOVA followed by post-hoc. CC: co-localization co-efficiency. Scale bar: 20 um.
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Figure 7. Decreased phagolysosome expression in GD3S-KO hippocampus after GCI.
A. Representative images of immunostaining for Ibal and phagolysosome marker CD68 in

the hippocampal CAL. B-C. Quantification of CD68 IF intensity (B) and 1bal*CD68" cell
number (C) in hippocampal CAL. D-G. Western blots analysis of CD68 in hippocampal
tissue lysates in sham and at R2d (D) and R4d (F) after GCI. Densitometry analysis showing
relative CD68 expression level in hippocampal tissue samples after being normalized with
GAPDH intensity at R2d (E) and R4d (G). n=5 mice/group. **p<0.01 GD3S-KO vs. WT
group, Two-way ANOVA followed by post-hoc. IF: Immunofluorescence. Scale bar: 20 pm.
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Figure 8. Evidencethat ganglioside GD3 regulates the neurotoxicity and phagocytic capacity of
microgliain vitro.

A. Representative images of primary hippocampal neuron (B-tubulin 111, red) co-cultured
with microglia (MG) (Ibal, green) from sham or GCI-R2d mouse brain for 72 h. B.
Neurotoxicity of co-cultured microglia was measured by LDH assay compared between

the control wells without microglia co-culture. C. The percentage of phagocytic MG was
quantified by counting the number of MG with engulfed neuronal elements and dividing that
by the total number of MG in 10 randomized fields in each well. D. Phagocytic capacity

of primary microglia isolated from GCI-R2d mouse brain, with/without exogenous GD3
treatment were measured by Zymosan substrate assay at 48 hour in vitro. E. Phagocytic
capacity of primary microglia isolated from GCI-R2d mouse brain, with/without exogenous
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GD3 treatment were measured by quantification of the average Zymosan particles number
in each cell. Cells from 2 randomly captured images of each well were quantified. For the
each experiments, n=6 mice/group. 2 mouse brains were pooled for isolating 1 sample

of microglia for /n-vitro culture. 2 independent cell cultures were performed for the
neurotoxicity and phagocytic capacity assay, and data from triplicated wells were collected.
**n<0.01 GD3S-KO vs. WT. &&p<0.01 vs. KO (0 ug/ml GD3). ns, not significant. Two-way
ANOVA followed by post-hoc. Scale bar: 5 um.
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