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Although it was suggested that gangliosides play an important role in the binding of amyloid fragments
to neuronal cells, the exact role of gangliosides in Alzheimer’s disease (AD) pathology remains unclear. To
understand the role of gangliosides in AD pathology in vivo, we crossed st3gal5-deficient (ST3�/�) mice
that lack major brain gangliosides GM1, GD1a, GD3, GT1b, and GQ1b with 5XFAD transgenic mice that
overexpress 3 mutant human amyloid proteins AP695 and 2 presenilin PS1 genes. We found that ST3�/�

5XFAD mice have a significantly reduced burden of amyloid depositions, low level of neuroinflammation,
and did not exhibit neuronal loss or synaptic dysfunction. ST3�/� 5XFAD mice performed significantly
better in a cognitive test than wild-type (WT) 5XFAD mice, which was comparable with WT non-
transgenic mice. Treatment of WT 5XFAD mice with the sialic acidespecific Limax flavus agglutinin
resulted in substantial improvement of AD pathology to a level of ST3�/� 5XFAD mice. Thus, our findings
highlight an important role for gangliosides as a target for the treatment of AD.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer’s disease (AD) is a systemic neurodegenerative disor-
der of the central nervous system (CNS) that has a high prevalence in
the aging population. The disease is associated with synaptic
distinction, progressive loss of neurons, brain atrophy, and progres-
sive cognitive decline (Masters et al., 2015). An effective therapy for
the disease has still not been developed (Graham et al., 2017; Selkoe
and Hardy, 2016). Major hallmarks of the CNS pathology of AD
include extracellular depositions of polymerized aggregated frag-
ments of amyloid-b (Ab) and intracellular fibrillary tangles. Poly-
meric and oligomeric Ab species contribute to neuronal toxicity with
subsequent neurodegeneration (Selkoe and Hardy, 2016). Neuronal
amyloid precursor protein (APP) is expressed as a long trans-
membrane protein, which is cleaved by b-secretase and then by a g-
secretase complex consisting of 4 core proteins including presenilin
(PS-1) into short peptides that stay on the cell surface (Fig. 1SA)
(Selkoe and Hardy, 2016). Known mutations in human APP (hAPP)
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and PS-1 genes are associated with increased aggregation of amyloid
fragments and earlier onset of familial AD (FAD) (Shea et al., 2016).
The mouse model of AD used in the study was 5XFAD transgenic
mice that overexpress under neuronal Thy1 promoter 3 mutant
hAPPs and 2mutant PS-1 genes (Fig. S1B) (Oakley et al., 2006). These
mice have extracellular amyloid depositions in the brain starting at
3 months of age and represent the most severe mouse model of AD
(Oakley et al., 2006). Toxic fragments of human mutant APPs (e.g.,
Ab1-40 and Ab1-42 peptides) are present in the CNS of 5XFADmice and
have the ability to bind to neuronal lipid rafts (NLRs) (Hicks et al.,
2012; Oakley et al., 2006).

Neuronal membrane microdomains or NLRs are rigid parts of
the plasma membranes of neuronal cells that are stabilized with
intramembrane cholesterol and enriched with sialylated glyco-
sphingolipids (gangliosides) and glycoproteins with sialic acid
residues exposed to the surface (Fig. S1C) (Hicks et al., 2012). The
areas of neuronal cells that are enriched with NLRs are postsynaptic
density (PSD) membranes in neuronal synapses (Ponomarev, 2018;
Suzuki et al., 2011). Gangliosides modulate the functions of re-
ceptors at postsynaptic membranes (Hollmann and Seifert, 1986;
Posse de Chaves and Sipione, 2010), and the expression of gangli-
osides significantly changes in AD (Fukami et al., 2017). Brain tissue
is specifically enriched with gangliosides referred to as major brain
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gangliosides, including GM1, GD1a, GD1b, GT1b, and GQ1b
(Sotnikov et al., 2013; Sturgill et al., 2012; Vajn et al., 2013). Gan-
gliosides GM1, GD1a, GD1b, and GT1b account for 97% of all gan-
gliosides in the human brain (Ando, 1983). These 4 gangliosides
have the same core structure (Galb1-3GalNAcb1-4Galb1-4Glcb1-
10Cer), with one or two sialic acids attached to internal galactose in
GM1 and GD1b, and an additional sialic acid on the terminal
galactose of GD1a and GT1b (Yu et al., 2011b). We previously found
that gangliosides GM1, GD3, GT1b, and GQ1b within NLR are
recognized by platelets, leading to their degranulation and the
secretion of proinflammatory factors and neurotransmitters that
modulate the function of both neuronal and immune cells
(Ponomarev, 2018; Sotnikov et al., 2013; Starossom et al., 2015).
Gangliosides GM1 and GM2 have been shown to be accumulated in
the lipid rafts AD brains (Pernber et al., 2012) and serve as a binding
site for amyloid peptides, acting as a seed for Ab aggregation
(Yanagisawa, 2015). The other study showed the ganglioside loss as
a primary event in AD (Svennerholm, 1994). This was confirmed by
the other study where it was demonstrated that GM1 was not
accumulated in absolute units, but GM1 ratio to other gangliosides
was relatively increased in AD brains (Fukami et al., 2017). It was
also demonstrated that inhibition of ganglioside synthesis via the
inactivation of glucosylceramide synthase in neuronal cells resulted
in decreased susceptibility of mouse cortical neurons to Ab-induced
toxicity (Herzer et al., 2016). However, it is currently not clear how
Ab binding to neuronal gangliosides contributes to disease pa-
thology. The results of in vivo studies using hAPP transgenic ani-
mals that are partially deficient in certain gangliosides are
contradictory. One study used 1XFAD transgenic mice that lack
GM2-synthase (GM2S). These mice do not have gangliosides GM1,
GD1a, GD1b, GT1b, or GQ1b but do have GD3 and GM3. Surpris-
ingly, they have an increased amyloid plaque burden in the CNS
parenchyma and brain blood vessels (Oikawa et al., 2009). This
demonstrates that the remaining GD3 and GM3 gangliosides
exhibit compensatory upregulation and are still capable of pro-
moting AD pathology. Another study used 2XFAD (hAPP/PS-1) mice
with knockout of GD3-synthase (GD3S). These mice lack GD1b,
GD3, GT1b, and GQ1b but still have brain-abundant GM1, GD1a, and
GM3 gangliosides. In contrast to GM2S-deficient 1XFAD mice,
GD3S-deficient 2XFAD mice showed an amelioration of AD pa-
thology (Bernardo et al., 2009). Thus, the exact role of GM1 and the
other major brain gangliosides GD3, GT1b, and GQ1b in AD pa-
thology remains controversial.

Tounderstandthe roleofmajorbraingangliosides inADpathology
in vivo, we crossed 5XFADmicewith st3gal5-deficient (ST3�/�) mice
that lackGM3-synthase (a2,3-sialyltransferase), which is required for
the synthesis of all major brain gangliosides (which are gangliosides
of a-, b-, and c-series) in the CNS including GM1, GD1a, GD1b, GM3,
GD3, GT1b, and GQ1b (Fig. S1D) (Sturgill et al., 2012; Yoshikawa et al.,
2009). Thus, these mice a-, b-, and c-series ganglioside-deficient. We
found that 8-month-old ST3�/� 5XFADmice had a significantly lower
level of amyloid plaque burden when compared with a WT 5XFAD
control groupof thesameage. Furtheranalysis revealed thatmicroglia
actively phagocytized the amyloid plaques in these both groups.
However, the increased numbers and a higher level of microglial cell
activation were observed only in the brains of WT 5XFAD mice.
Notably, ST3�/� 5XFADmice did not display significant neuronal loss
and theyexhibited expressionof synapticmarkers and cognitive skills
comparable with WT and ST3�/� mice without 5XFAD transgenes.
Further treatment of 7-month-old WT 5XFAD mice with a sialic
acidebinding lectin (Limax flavus agglutinin [LFA]) that targets sialic
acid on major brain gangliosides resulted in a decreased level of
amyloid deposition, inhibited neuroinflammation, and elevated
expressionof synapticmarkerswith substantially improvedcognitive
functions. Thus, our findings demonstrate that targeting brain-
specific gangliosides is important for the amelioration of AD pathol-
ogy and the maintenance of neuronal functions during aging
(Fig. S1E).

2. Materials and methods

2.1. Mice

Colonies of B6 (C57BL/6), and st3gal5-deficient (ST3�/�) mice
(Sotnikov et al., 2013) were maintained at the Laboratory Animal
Service Centre of the Chinese University of Hong Kong. ST3�/� mice
were backcrossed to the B6 background for at least 12 generations.
WT 5XFAD transgenic mice (B6.Cg-Tg(APPSwFlLon,
PSEN1*M146L*L286V)6799Vas/Mmjax) were purchased from
Jackson Laboratories and maintained at Laboratory Animal Service
Centre. For our experiments, we crossed 5XFAD mice with ST3�/�

mice to generate ST3�/þ 5XFADmice, whichwere then crossedwith
ST3�/� mice to generate ST3�/� 5XFAD mice. Mouse genotyping
was performed by standard PCR according to the protocol provided
by Jackson Laboratories. The study was performed in accordance
with the recommendations of the ARRIVE guidelines (http://www.
nc3rs.org.uk/arrive-guidelines). All animal protocols were
approved by the Department of Health of the Government of Hong
Kong and the Chinese University of Hong Kong Animal Experi-
mentation Ethics Committee. For treatment with LFA, a group of
WT 5XFAD mice received i.p. injections of 0.2 mL PBS or 0.2 mL of
LFA (20 mg/kg) in PBS per mouse 3 times/week for 5 weeks, after
which the Barnes maze cognitive test was performed and the ani-
mals were euthanized for histology and real-time RT PCR assays.

2.2. Histochemistry and immunofluorescence

The 7-, 8-, or 12-month-old WT, ST3�/�, WT 5XFAD, and ST3�/�

5XFAD mice were perfused with cold PBS, and then 1% para-
formaldehyde in PBS. Their brains were dissected and fixed in 1%
paraformaldehyde in PBS for 24 hours, then dehydrated in 30%
sucrose in PBS for 3e5 days, embedded in Tissue Tek (Sakura) and
stored at �80 �C as in our previous studies (Sotnikov et al., 2013).
After this, 10-mm-thick frozen sections were prepared using Leica
cryotome and stained for Congo red, or FITC-conjugated Thioflavin
T (ThT-FITC), or Cresyl violet (all from Sigma) with hematoxyline,
and/or with DAPI (Thermo Scientific) according to the standard
protocols as we reported earlier (Dukhinova et al., 2018b;
Veremeyko et al., 2018). For immunofluorescence, the sections
were stained with goat antibodies for Iba1 (BioRad, cat#AHP2024;
dilution 1:200) combined with secondary donkey anti-goat anti-
bodies conjugated with AF594 (Abcam, Cat#ab150136; dilution
1:1000), or antibodies for b3-tubulin conjugated with AF488 (Mil-
lipore, cat#AB15708A4; dilution 1:1000), or rabbit antibodies for
the human APP (BioRad, cat#AHP664; dilution 1:400) that recog-
nizes all forms of full-length hAPP combined with secondary
donkey anti-rabbit (Invitrogen, cat#675498; dilution 1:1000) an-
tibodies conjugated with AF546. In addition, 6E10 antibodies that
recognize an Ab1-14 portion of APP were purchased from Biolegend
(cat#803014; dilution 1:400) and used with secondary antibodies
conjugated with AF594 (Thermo Fisher, cat#A-21203; dilution
1:1000). Carl Zeiss Axiophot-2 Microscope Integrated Biological
Imaging System and confocal system with an inverted microscope
(Olympus FV1000) were used for imaging.

2.3. Western blotting

Western blot analysis was performed according to a standard
protocol as previously reported (Ponomarev et al., 2011a;
Veremeyko et al., 2018a, b). Antibodies for b-Actin (cat#4967;
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dilution 1:1000) were purchased from Cell Signaling. Antibodies for
Ab1-14 (clone 6E10) were purchased from Biolegend (cat#803014;
dilution 1:1000).

2.4. Analysis of sialic acid content

Concentrations of sialic acid (Neu5Ac) were measured in the
brains of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD
mice using liquid chromatography combined with mass spectrom-
etry (LC/MS) using Agilent 6460 Triple Quadrupole LC/MS System
similarly as was described earlier (Dukhinova et al., 2018b; _Izzeto�glu
et al., 2014; Soya et al., 2017). Briefly, mice were euthanized by swift
decapitation, brains were dissected, washed in ice-cold PBS, the
homogenized brain tissues were dried, the residues were dissolved
in 2M aqueous acetic acid (5 mL per mg of residue), and kept at 80 �C
for 3 h to liberate sialic acids. Sialic acids were subjected to further
derivatization with 1,2-diamino-4,5-methylenediaoxy-benzene
dihydrochloride and determined by LC/MS according to previously
published protocol (Soya et al., 2017). Quantitative analysis was
performed by using the Agilent MassHunter software. Purified
Neu5Ac (Sigma) was used as a standard.

2.5. Ganglioside isolation and analysis

Analysis of ganglioside composition and its quantitation was
performed according to previously published protocols (Lopez et al.,
2017; Sturgill et al., 2012). Eight-month-old WT, ST3�/�, WT 5XFAD,
and ST3�/� 5XFAD mice were euthanized by swift decapitation,
brains were dissected, washed in ice-cold PBS, split into 2 halves,
frozen in dry ice, and kept at �80 �C. After several days, the half
brains were weighted (w0.2 g per one-half brain used per each
sample), thawed on ice, added 4 volumes of ice-cold water (w/v) and
homogenized by a glass-Teflon homogenizer. Methanol was then
added to the water phase at the ratio of 8 to 3. The suspension was
mixed by vortex, and chloroformwas added at the final proportion of
chloroform/methanol/water of 4:8:3. The suspension was then vor-
texed again and centrifuged at 1200 g for 10 minutes at room tem-
perature. The supernatant was collected, the volume was measured
with a pipette, and 0.173 volumes of water was added, vortexed, and
centrifuged again under the same conditions as aforementioned. The
upper phasewas collected and evaporated to dryness under a stream
of nitrogen gas. The pellet was later dissolved in 400 mL of chloro-
form/methanol/water (4:8:3) for further analysis. Thin-layer chro-
matography (TLC) was performed using Silicagel 70 TLC plates 5 �
10 cm (Wako, cat#199-17874). The 3 mL of each sample or standards
was applied on the TLC plate. As a developing solvent system, we
used chloroform/methanol/0.25% aqueous potassium chloride
(60:35:8) solution. Gangliosides were visualized by spraying resor-
cinol reagent at 125 �C for 20minutes. Purified GM1, GD3 (both from
Sigma), and GQ1b (Calbiochem) were used as standards.

2.6. Flow cytometry and cell sorting

Themicewere perfusedwith PBS, and the brains were dissected,
homogenized, and mononuclear cells were isolated using a 40%/
70% Percoll gradient as described previously (Dukhinova et al.,
2018a; Ponomarev et al., 2011a; Veremeyko et al., 2012). Brain
mononuclear cells were stained with anti-CD11b-AF488 (BD
Biosciences), anti-Ly6C-PE (BD Biosciences), anti-CD45-APC-Cy7
(Biolegend), anti-CD86-AF647 (Biolegend) and anti-MHC class II-
PerCP-Cy5.5 (Biolegend) antibodies and analyzed by 5-color flow
cytometry as previously described (Dukhinova et al., 2018a;
Ponomarev et al., 2000, 2011a; Sotnikov et al., 2013; Starossom
et al., 2015; Veremeyko et al., 2012, 2018b). Samples were
analyzed using a BD LSRFortessa Flow Cytometer (BD Biosciences).
For the cell sorting, mononuclear cells were isolated from brains
of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice,
stained for CD11b, and CD11bþ gated cells were sorted into
Eppendorf tubes with 700 mL of QIAzol Lysis Reagent (Qiagen) using
BD Aria Fusion Cell sorter (BD Biosciences) for subsequent RNA
isolation.

2.7. RNA isolation and real-time RT PCR

For RNA isolation from brain tissue and cultured cells, the
samples were homogenized and lysed using QIAzol Lysis Reagent
(Qiagen) as described previously (Pavlov et al., 2019; Ponomarev
et al., 2011a, b; Veremeyko et al., 2012). RNA purification with
DNase digestion was performed using a miRNeasy Mini Kit from
Qiagen. Real-time RT PCR was performed using ABI ViiA 7 and ABI
QuantStudio 7 (QS7) Flex Systems. For analysis of mRNA expression,
the following primers were used: PSD95 (forward 50-TCTGTGCGA-
GAGGTAGCAGA-30; reverse 50-AAGCACTCCGTGAACTCCTG-30),
Syn1a, (forward 50-CCGCCAGCTGCCTTC-30, reverse 50-TGCAGCC-
CAATGACCAAA-30), IL-1b (forward 50-CTTCCAGGATGAGGA-
CATGAGCAC-30, reverse 50-TCATCATCCCATGAGTCACAGAGG-30),
TNF (forward 50-AGCCGATGGGTTGTACCTTG-30, reverse 50-GTGGGT
GAGGAGCACGTAGTC-30). Relative expression was calculated using
the DCT method and normalized to the GAPDH housekeeping gene
(forward primer, 50-ATGACCACAGTCCATGCCATC-30; reverse
primer, 50-GAGCTTCCCGTTCAGCTCTG-30), and then the relative
level of expression was calculated in comparison with control
samples.

2.8. Barnes maze test

For the Barnes maze cognitive test, we used a white circular
platform (92 cm in diameter) with 20 equally spaced holes (5 cm
diameter; 7.5 cm between holes) according to a previously elabo-
rated protocol described in the following shared online resource:
https://www.nature.com/protocolexchange/protocols/349#.
Groups of 3e5 mice were trained to locate a hole through which
they could escape from the apparatus to an escape box during daily
training sessions for 4 days. Latency to escape was scored manually
on days 1e4. On day 5, a final trial was performed, in which the
animals could not escape the apparatus and their latency time to
finding the closed target hole and time spent in the area of the
closed target hole was evaluated offline using the Noldus Ethovi-
sion XT 11 software. Latency time was used as a measure of test
performance in the final trial.

2.9. Statistical analysis

The results are presented as bar graphs showing mean� S. E., or
as whisker plots with median and 10%/90% percentiles, and the
mean value indicated by a “þ” symbol as indicated in figure leg-
ends. Unpaired Student’s t-tests were used to determine signifi-
cance between 2 experimental groups. p values of less than 0.05
were considered significant. SigmaPlot and GraphPad Prizm soft-
warewere used to create the charts and perform statistical analysis.

3. Results

3.1. ST3�/� 5XFAD 8- and 12-month-old mice have a low amyloid
plaque burden and do not exhibit signs of brain atrophy

It is known from the literature that WT 5XFAD mice start to
exhibit widespread amyloid depositions in the cortex and decline in
cognitive function at 4e6months of age, whereas neuronal loss and
a decrease in the expression of synaptic markers PSD95 and Syn-1

https://www.nature.com/protocolexchange/protocols/349%23


M. Dukhinova et al. / Neurobiology of Aging 77 (2019) 128e143 131
has been observed at 9e12 months (Oakley et al., 2006). Based on
these data, we compared amyloid depositions in WT and ST3�/�

5XFAD mice at 8 and 12 months of age when all manifestations of
AD pathology were observed in theWT 5XFADmice. We found that
the density of amyloid plaques was 2-fold and 3-fold lower in the
cortex of ST3�/� 5XFADmice when compared withWT 5XFADmice
of 8 and 12 months of age, respectively (Fig. 1A and B). Although
amyloid plaqueswere still detected in very small numbers in ST3�/�

5XFAD mice, these plaques were smaller and/or less dense as
determined by Congo red staining (Fig. 1A). At 8 months of age, the
WT 5XFAD mice already exhibited clear signs of brain atrophy,
which was manifested by a decrease in average brain weight when
compared with age-matched WT control mice (Fig. 1C). Strikingly,
8-month-old ST3�/� 5XFAD mice did not exhibit signs of brain at-
rophy and had average brain weights comparable with age-
matched WT or ST3 control groups without FAD transgenes
Fig. 1. Analysis of amyloid plaque burden in the brain cortex and the brain weight of aged W
old control WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice were stained with Congo red a
depositions are indicated by arrows. Scale bar: 100 mm (B) Quantitative analysis of plaque n
ST3�/� 5XFAD mice. (C) Quantitative analysis of wet brain weight of 8-month-old WT, ST3�

laboratory scale after whole-body perfusion with PBS and subsequent dissection. Whisker pl
C (*, p < 0.05; **, p < 0.01). Mean values are indicated by “þ” symbols. (For interpretation of
this article.)
(Fig. 1C). These data reveal ameliorated AD pathology in
ganglioside-deficient 5XFAD mice.

3.2. ST3�/� 5XFAD mice have a low level of b-amyloid and its
fragments

Next, we compared the level of amyloid depositions in 8-month-
old WT versus st3gal5-deficient 5XFAD mice by using a combina-
tion of immunofluorescent stinging and western blot analysis and
6E10 antibody that recognizes Ab1-14. We found that WT 5XFAD
mice have a substantial level of Ab accumulation in hippocampal
area, which was very low in ST3�/� 5XFAD mice as well as WT and
ST3�/� mice without 5XFAD transgene (Fig. 2A and B). Western blot
analysis also demonstrated the presence of a substantial level of
4 kDa monomers for Ab in WT 5XFAD mice, which was 11-fold
lower in ST3�/� 5XFAD animals (Fig. 2C and D). This data further
T, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. (A) Brain histology sections of 8-month-
nd counterstained with hematoxylin as described in Materials and Methods. Amyloid
umbers in the brain cortical area of 8- and 12-month-old WT 5XFAD and age-matched
/�, WT 5XFAD, and ST3�/� 5XFAD mice. The weight of each brain was measured on a
ots with median and 10%/90% percentiles of 5e8 individual animals are shown in B and
the references to color in this figure legend, the reader is referred to the Web version of



Fig. 2. Analysis of amyloid depositions and sialic acid content in the brains of WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. (A, B) Brain histology sections of 8-month-old WT,
ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice were prepared and stained for amyloid depositions with 6E10 antibodies for Ab1-14 (red) and nuclear marker DAPI (blue) as described in
Materials and Methods. Scale bar: 100 mm. A representative image is shown in (A); quantitative analysis of 6E10þ covered area is shown in (B). (C, D) Western blot analysis for Ab
monomer content in the brains of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. For detection of 4 kDa Ab monomer, 6E10 antibody was used and staining for b-
Actin was used as a loading control as described in Materials and Methods. Representative images are shown in C for 2 individual mice (labeled as 1 and 2). Quantitative analysis is
shown in D. (E) Analysis of sialic acid content in the brains of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/�5XFAD mice. Quantitative analysis of sialic acid (Neu5Ac) was
performed using LC/MS methods as described in Materials and Methods. In B, D, and E, mean � S.D. is shown (n ¼ 5 mice; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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demonstrated a significant reduction in amyloid depositions in
ST3�/� 5XFAD mice.

3.3. ST3�/� 5XFAD mice have a reduced level of sialic acid in the
brain

We compared the composition of gangliosides in the brains of
8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. As
it was reported earlier (Yoshikawa et al., 2009), ST3�/� mice do
not have a-, b-, and c-series gangliosides, but have elevated
levels of GM1b and GD1a that were visualized as 2 major bands
for ST3�/� mice on TLC (Fig. S2A, WT vs. ST3�/�). WT 5XFAD and
ST3�/� 5XFAD had ganglioside compositions comparable with
WT and ST3�/� mice without 5XFAD transgenes, respectively
(Fig. S2A, WT 5XFAD, and ST3�/� 5XFAD). Quantitative analysis
indicated 2-fold decrease in ganglioside content in ST3�/� mice
(with or without 5XFAD transgene) when compared with WT
mice (with or without 5XFAD transgene, respectively) (Fig. S2B).
These data indicated that ST3�/� 5XFAD mice had a lower level of
gangliosides and sialic acid in general, which was further



Fig. 3. Comparison of the level of microglia activation in areas of amyloid depositions in the brain cortex of WT 5XFAD and ST3�/� 5XFAD mice. (A) Brain histology sections of 8-
month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice were prepared and stained for amyloid depositions with ThT-FITC (green), microglial cell marker Iba1 (red), and nuclear
marker DAPI (blue) as described in Materials and Methods. Sites of colocalization of amyloid depositions and microglia (yellow) are marked with arrows. Scale bars: 100 mm (lower
magnification) and 10 mm (higher magnification). (B) Quantitative analysis of Iba1þ microglial cell covered area in brain cortical areas where amyloid depositions were evident for
WT 5XFAD and ST3�/� 5XFAD mice. (C) Quantitative analysis of the percentage of Iba1þmicroglia colocalized with ThTþ amyloid depositions in the brain cortical areas where
amyloid depositions were evident for WT 5XFAD and ST3�/� 5XFAD mice. In B and C, analysis of sections from 3e4 animals with a total number of 15e20 section images is shown.
Whisker plots with median and 10%/90% percentiles of 15e20 images are shown (*, p < 0.05; **, p < 0.01). Mean values are indicated by “þ” symbols. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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confirmed by mass spectrometry analysis of sialic acid in the
brains of WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. This
analysis demonstrated a 3- to 4-fold reduction in the level of
sialic acid in the brain of st3gal5-deficient animals (Fig. 2E). It
was a slight reduction in sialic acid content in WT 5XFAD mice
when compared with WT animals (Fig. 2E), which could be
explained by the on-going process of neurodegeneration and
decrease in brain weight (Fig. 1C), as well as decreased level of
gangliosides (Fig. S2B; WT vs. WT 5XFAD). Thus, these data
demonstrated the reduction of the number of gangliosides and
sialic acid in ST3�/� 5XFAD mice.
3.4. ST3�/� 5XFAD mice do not demonstrate substantial
morphological changes associated with activation of microglia, but
these cells were still capable of amyloid phagocytosis

It is known that during AD, and in mouse models of the disease,
microglia become activated and there is AD-associated neuro-
inflammation (Hansen et al., 2018; Heneka et al., 2015). Therefore, we
evaluated morphological changes associated with microglia activation
and colocalizationwith amyloid deposits in the cortex of 8-month-old
WT 5XFAD and ST3�/� 5XFADmice (Fig. 3A; 5XFAD). Age-matchedWT
and ST3�/� mice without the FAD transgene were used as controls
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(Fig. 3A; no transgene). We found that in the CNS of WT 5XFAD mice
Iba1-positive microglial cells showed clear morphological signs of
activation when compared with WT controls, as determined by the
increases in cell size and cell number (Fig. 3A and B; WT 5XFAD). By
contrast, ST3�/� 5XFAD mice showed only mild signs of microglia
activationwhen compared with ST3�/� controls as determined by the
increases in cell size and cell number (Fig. 3A and B; ST3�/� 5XFAD). In
addition, the background level of microglia activation was lower in
ST3�/� mice than inWTmice without the FAD transgene (Fig. 3B; WT
and ST3�/�). However, the microglia in ST3�/� 5XFAD mice were still
co-colorized with ThT-positive amyloid depositions, indicating on-
going amyloid phagocytosis (Fig. 3A; ST3�/� 5XFAD). In the WT
5XFAD mice, w40% of microglia were phagocytizing ThT-positive
amyloid depositions, whereas 20% of microglia were phagocytizing
amyloid depositions in the ST3�/� 5XFAD mice (Fig. 3C). These data
indicate that microglia were less activated in ST3�/� 5XFAD, but still
capable of phagocytizing amyloid depositions.

3.5. ST3�/� 5XFAD mice have low levels of monocyte and
lymphocyte infiltration in the CNS

During neuroinflammation, other Iba1-positive cells, such as pe-
ripheral monocytes/macrophages, may be present in the CNS of 8-
month-old 5XFAD mice (Ponomarev et al., 2005). We, therefore,
evaluated the extent of infiltration of peripheral monocytes/macro-
phages and lymphocytes in the WT, ST3�/�, WT 5XFAD, and ST3�/�

5XFAD mice using multicolor flow cytometry to analyze the expres-
sion of CD11b, Ly6C, and CD45. According to previous studies, pe-
ripheral monocytes can be determined in the CNS as CD11bþLy6Cþ

cells, whereas lymphocytes can be determined as CD11bþCD45hi cells,
and microglia are represented by CD11bþCD45low/intLy6C� cells
(Dukhinova et al., 2018b; Mayo et al., 2014; Ponomarev et al., 2005).
Although Ly6C could clearly distinguish peripheralmonocytes in acute
models such as traumatic brain injury (Dukhinova et al., 2018b), Ly6C-
negative peripheral myeloid cells could be present in the CNS in a
chronic model of AD. We found that in the WT and ST3�/� mice, pe-
ripheral monocytes constituted 1%e2% of all brain mononuclear cells,
whereas in theWT 5XFADmice, their number increased to an average
of 4% but remained close to 2% in the ST3�/� 5XFADmice (Fig. 4A and
C). At the same time, the percentage of CD11bþLy6C� microglia was
increased in ST3�/� 5XFAD (92%) when compared with WT 5XFAD
animals (86%). Lymphocytes were present in the WT and ST3�/� mice
at a level of 2%e3% of all brainmononuclear cells, while their level was
increased to an average of 7% in the 5XFAD mice and to 4% in ST3�/�

5XFAD mice (Fig. 4B and D). Thus we found that the levels of pe-
ripheral monocytes and lymphocytes were low in theWT, ST3�/�, WT
FAD, and ST3�/� FADmice; and the levels of peripheralmonocytes and
lymphocytes were reducedw2-fold in the CNS of ST3�/� 5XFADmice
when compared with WT 5XFAD animals.

3.6. Microglia from ST3�/� 5XFAD mice have a low level of
expression of activation markers MHC class II and CD86

We further investigated the extent of activation of microglia. To
exclude peripheral monocytes/macrophages, we analyzed
CD11bþCD45low/intLy6C� gated cells for the expression of known
activation markers for microglia MHC class II (Fig. 5A and C) and
CD86 (Fig. 5B and D). The gating strategy is shown in Fig. S3. As we
motioned earlier, this strategy allows identifying most CNS-
resident microglial cells; however, Ly6C-negative peripheral cells
could be also present in this population. We found that both acti-
vation markers were upregulated in the WT 5XFAD mice when
compared with the WT controls, whereas in the ST3�/� 5XFAD
mice, the expression of MHC class II and CD86 decreasedw2-fold to
levels comparable with WT or ST3�/� controls (Fig. 5AeD). Thus,
the levels of expression of MHC class II and CD86 on microglia were
significantly reduced in the CNS of ST3�/� 5XFAD mice.

3.7. ST3�/� 5XFAD mice do not exhibit neuronal loss and have very
low levels of amyloid deposition in the brain

We found that the WT 5XFAD mice exhibited signs of brain at-
rophy as determined by a decrease in brain weight (Fig. 1C) (Esiri,
2007). Another sign of atrophy and cognitive decline is an in-
crease in the volume of the perivascular space (Favaretto et al.,
2017; Zhang et al., 2016). Using Cresyl violet staining, we found
an increased volume of perivascular space in the cortex of the WT
5XFAD mice compared with the WT and ST3�/� controls. The in-
crease in the volume of the perivascular space was much less
evident in the ST3�/� 5XFAD mice (Fig. 6A and C). To further eval-
uate neuronal loss in the area of amyloid depositions accumulation,
we stained for the neuronal marker b3-tubulin and human full-
length APP. We found that neuronal loss was evident in hAPP-
positive areas of the WT 5XFAD mice but not the ST3�/� 5XFAD
mice (Fig. 6B and D). We confirmed that hAPP load was significantly
lower in the areas of amyloid deposition in the ST3�/� 5XFAD mice
when compared with WT 5XFAD mice (Fig. 6B and E). These find-
ings demonstrate that ST3�/� mice do not exhibit a substantial
neuronal loss in the areas of amyloid deposition.

3.8. ST3�/� 5XFAD mice do not exhibit downregulated
proinflammatory cytokines IL-1b and TNF but have upregulated
synaptic markers PSD95 and Syn-1

In addition to assessing the infiltration of peripheral leukocytes,
microglia activation, and neuronal loss, we examined the expression
of 2 main proinflammatory cytokines, TNF and IL-1b, and 2 main
synapticmarkers, PSD95 and Syn1a. As expected, both TNF and IL-1b
were upregulated in the WT 5XFAD mice when compared with the
control WT group (Boza-Serrano et al., 2018; Landel et al., 2014).
However, the expression of TNF in the ST3�/� 5XFADmicewas at the
same level as in the WT 5XFAD mice, whereas expression of IL-1b
was elevatedw2-fold (Fig. 7A and B). These results were unexpected
because microglia in st3gal5-deficient animals had a lower level of
activation and it was less infiltrating CD11bþLyC6þ monocytes
(Figs. 4 and 5). To address this conundrum, we looked at the level of
IL-1b expression in CNS CD11bþ cells in WT, ST3, WT 5XFAD, and
ST3�/� 5XFAD mice. We found that CD11b cells in ST3�/� 5XFAD
mice had a comparable level of IL-1b expression (Fig. S4). Based on
these finding, we hypothesized that astrocytes produce more IL-1b
in ST3�/� 5XFAD mice. In support of our hypothesis, we have pre-
viously found that ST3�/� mice higher level of astrogliosis after brain
injury indicating a higher level of astroglial activation in these mice
when compared with WT animals (Dukhinova et al., 2018b).

Expression of PSD95 and Syn1a was reported to be decreased in
9-month-old WT 5XFAD mice (Oakley et al., 2006). We confirmed
this for 8-month-old WT 5XFAD mice, in which both markers were
decreased when comparedwith theWTcontrols (Fig. 7C and D;WT
and WT 5XFAD). The expressions of both markers were elevated in
the ST3�/� mice when compared with the WT mice (Fig. 7C and D;
WT and ST3�/�), and stayed high in the ST3�/� 5XFAD mice (Fig. 7C
and D; ST3�/� 5XFAD). These data demonstrate that in contrast to
the WT 5XFAD mice, the level of synaptic markers was not down-
regulated in the ST3�/� 5XFAD mice.

3.9. The cognitive performance of ST3�/� 5XFAD mice is comparable
with that of WT controls

As the ST3�/� 5XFAD mice had a low level of amyloid de-
positions, did not demonstrate significant neuronal loss, and had



Fig. 4. Comparison of extent of infiltration of peripheral monocytes and lymphocytes in the brain cortex of WT 5XFAD and ST3�/� 5XFAD mice. (A, B) Analysis of microglia activation
and macrophage infiltration in the brains of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. Mononuclear cells were isolated from the brain and analyzed for
expression of CD11b, Ly6C, and CD45 by flow cytometry. (A) Representative contour-plots for expression of Ly6C (x-axes) and CD11b (y-axes) are shown. The quadrants distinguish
populations of CD11bþLy6C� (microglia), CD11bþLy6Cþ (peripheral monocytes/macrophages), and CD11b�Ly6C� and CD11b�Ly6Cþ cells (both are lymphocytes). The percentage of
each population is shown in the corner of each quadrant. (B) Representative contour-plots for expression of CD45 (x-axes) and CD11b (y-axes) are shown. The quadrants distinguish
populations of CD11bþCD45low/int (microglia), CD11bþCD45hi (peripheral monocytes/macrophages), CD11b�CD45- (contaminating astroglial cells), and CD11b�CD45hi cells (lym-
phocytes). The percentage of each population is shown in the corner of each quadrant. In C and D, quantitative analysis of percentages of CD11bþLy6Cþ peripheral monocytes/
macrophages (C) and CD11b�CD45hi lymphocytes (D) is shown. The data are representative of 4 experiments with a total number of 12e15 mice. Whisker plots with median and
10%/90% percentiles of 12 (C) or 15 (D) individual animals are shown (**, p < 0.01; n ¼ 12e15 mice). Mean values are indicated by “þ” symbols.
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normal levels of synaptic markers, we expected that these mice
would have intact cognitive abilities. To test this, we used a Barnes
maze test that measures spatial learning and memory (Rosenfeld
and Ferguson, 2014). Interestingly, on day 1 of training, only the
WT mice had good performance, whereas the ST3�/� mice showed
the same delayed learning process as the WT 5XFAD and ST3�/�

5XFAD mice (Fig. 7E; Day 1). On day 2 of training, the st3gal5-
deficient mice showed the same performance as the WT mice,
whereas the ST3�/� 5XFAD mice still had a similar performance to
the WT 5XFAD mice (Fig. 7E; Day 2). On day 3, the performance of
the ST3�/� 5XFAD, but not the WT 5XFAD mice, was significantly
improved and reached a level close to that of the WT mice by day 4
(Fig. 7E; Day 3 and Day 4). In the final trial on day 5, the
performance of the ST3�/� 5XFAD mice was comparable with that
of the WT and ST3�/� controls (Fig. 7F). These results demonstrate
that the ST3�/� 5XFAD mice had spatial and memory functions
comparable with the WT controls.

3.10. Treatment of WT 5XFAD mice with sialic acidespecific lectin
results in improved performance on the cognitive test, decreased
amyloid depositions, normalized expression of synaptic markers,
and reduced neuroinflammation

As the absence of major brain gangliosides in the ST3�/� mice
was associated with significantly improved AD pathology, we hy-
pothesized that targeting the surface of gangliosides may be



Fig. 5. Comparison of the expression levels of microglia activation markers MHC class II and CD86 in the brain cortex of WT 5XFAD and ST3�/� 5XFAD mice. Analysis of microglia
activation in the brain of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. Mononuclear cells were isolated from the brain and analyzed for expression of CD11b, Ly6C,
CD45, MHC class II, and CD86 by five-color flow cytometry as described in Materials and Methods. Brain resident microglial cells were gated as CD11bþCD45low/intLy6C� and as
shown in Fig. S3 and analyzed for the expression of activation markers MHC class II and CD86. (A, B) Representative histograms for expressions of MHC class II (A) and CD86 (B) on
CD11bþCD45low/intLy6C� gated microglia are shown. The solid lines represent staining for MHC class II or CD86, and the dotted lines represent staining for isotype-matched controls.
Percentages of positive cells are shown below linear gates and mean fluorescent intensity (MFI) values are shown in the bottom left corner of each histogram. In CeD, the
quantitative analysis of MFI levels for MHC class II (C) and CD86 (D) is shown. Whisker plots with median and 10%/90% percentiles of 12 (C) and 5 (D) individual animals are shown
(**, p < 0.01). Mean values are indicated by “þ” symbols. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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beneficial for AD. It is known that sialic acid is exposed to the outer
surface of glycolipids and glycoproteins (Varki, 2008). Moreover,
sialic acid has been shown to be critical for the binding of amyloid
peptides to brain gangliosides (Ariga et al., 2001). In the CNS,w75%
of total sialic acid mass belongs to gangliosides (Schnaar et al.,
2014). Therefore, there is the possibility of blocking sialylated acid
on the surface of gangliosides using sialic acidespecific lectins. LFA
lectin specifically binds to sialic acid and has a low level of toxicity
(Knibbs et al., 1993; Sotnikov et al., 2013). We started treatment of
6-month-old WT 5XFAD, which are known to have distinct symp-
toms of AD as determined by definitive cognitive problems by the
age of 6 months (Oakley et al., 2006). We treated 6-month-old WT
5XFAD mice with i.p. injection of LFA 3 times a week for 5 weeks.
We then administered the cognitive test, to compare the functional
results with pathology analysis of brain tissues (Fig. 8A). We found
significantly improved performance in the LFA- versus PBS-treated
WT 5XFADmice on days 3 and 4 of training (Fig. 8B) and in the final
trial (Fig. 8C). When we analyzed the cortical areas of these mice,
we found a significant decrease in amyloid plaque burden in the
LFA-treated WT 5XFAD mice as determined by histology (Fig. 8D
and E) and western blot analysis of Ab monomers (Fig. 8F and G).
LFA treatment significantly upregulated expression of PSD95 and
Syn1a in WT 5XFAD mice to levels exceeding those of the WT
controls and similar to those of the ST3�/� and ST3�/� FAD mice
(Fig. 9A and B). Treatment of the WT 5XFAD mice with LFA
decreased expression of TNF 1.5-fold and expression of IL-1b 3-fold



Fig. 6. Analysis of extent of amyloid-related neuronal damage and atrophy in the brain cortex of WT 5XFAD and ST3�/� 5XFAD mice. (A) Brains of 8-month-old WT, ST3�/�, 5XFAD,
and ST3�/� 5XFAD were collected for histology analysis and stained with Cresyl violet dye as described in Materials and Methods. Representative images are shown. The centers of
representative perivascular areas are indicated by “*” symbols. Scale bar: 100 mm . (B) Brain histology sections of 8-month-old WT, ST3�/�, 5XFAD, and ST3�/� 5XFAD mice were
stained for neuronal marker (b3-tubulin; green), human APP (hAPP; red), and nuclei (DAPI; blue). Scale bar: 25 mm. In CeE, the quantification of Cresyl violetecovered (neuronal
tissue; C), the neuronal cell-covered (b3-tubulinþ; D) and full-length amyloid-covered (hAPPþ; E) areas in the brain sections of WT, ST3�/�, 5XFAD, and ST3�/� 5XFAD mice is shown.
Whisker plots with median and 10%/90% percentiles of 4e5 individual animals are shown (n ¼ 4-5; *, p < 0.05; **, p < 0.01; ***, p < 0.001). Mean values are indicated by “þ”

symbols. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

M. Dukhinova et al. / Neurobiology of Aging 77 (2019) 128e143 137
(Fig. 9C and D). Similarly, LFA treatment decreased activation of
microglia (Fig. 9E and F) and the percentage of microglia associated
with amyloid depositions (Fig. 9E and G). These findings demon-
strate that treatment of WT 5XFAD mice with LFA significantly
ameliorated AD pathology and neuroinflammation.

4. Discussion

In this study, we investigated the role of brain gangliosides in AD
pathology in a 5XFAD mouse model with overexpression of human
mutated APP and PS1 genes.We found that 5XFADmice that lack all
major brain gangliosides had significantly reduced levels of amyloid
depositions and decreased levels of both neurodegeneration and
CNS inflammation. Moreover, treating the WT 5XFAD mice with a
sialic acidespecific lectin for one month resulted in significant
improvement of AD pathology as determined by decreased levels of
amyloid depositions and neuroinflammation and upregulated
synaptic markers and significantly improved cognitive abilities.
Notably, LFA treatment resulted in a similar phenotype to that
observed in ST3�/� 5XFAD mice (Fig. S1E).



Fig. 7. Comparison of the expression levels of proinflammatory cytokines IL-1b and TNF and synaptic markers PSD95 and Syn-1 in the brain cortex of WT 5XFAD and ST3�/� 5XFAD
mice. (AeD) Analysis of mRNA expression levels of proinflammatory cytokines TNF (A) and IL-1b (B), and neuronal synaptic markers PSD95 (C) and Synapsin1A (D) in the brain of
WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice. The brains of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice were dissected after perfusion, mRNAwas isolated and
real-time RT PCR was performed as described in Materials and Methods. In AeD, means � S. E. of 3e4 individual animals are shown (*, p < 0.05; ***, p < 0.001). (E, F) Comparison of
cognitive abilities of 8-month-old WT, ST3�/�, WT 5XFAD, and ST3�/� 5XFAD mice by Barnes maze test. Over a 4-day period, mice were trained to perform the task, and on day 5,
the final trial was performed as described in Materials and Methods. The latency time was recorded during training on days 1e4 (E) and on the final trial on day 5 (F). In E, mean �
S.E. is shown for a group of 3e4 individual mice. In F, whisker plots with median and 10%/90% percentiles of 3e4 individual animals are shown (***, p < 0.001). Mean values are
indicated by “þ” symbols.
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Gangliosides share the same structure and composition in all
mammals from humans to rodents (Yu et al., 2011b). Therefore, in
contrast to protein targets, which are often not structurally iden-
tical between mammalian species, the targeting of gangliosides can
be modeled in mice or in in vitro model membrane systems. It was
proposed that GM1 serves as a binding site for amyloid fragments to
become a new center (seed) for aggregation (Yanagisawa, 2015;
Yanagisawa et al., 1995). Another study conducted in a mouse
model of AD confirmed that amyloid oligomeric peptides bind to
neuronal GM1 in vivo, but was not clear whether and how such
binding contributes to AD pathology (Hong et al., 2014). Studies
that inhibited glucosylceramide synthase demonstrated thatmouse
cortical and hippocampal neurons become less susceptible to
amyloid toxicity possibly by modulating expression of the insulin
receptor, which is important for neuronal survival and functions
(Herzer et al., 2016; Pomytkin et al., 2018). These studies suggested
that the binding of amyloid fragments to gangliosides contributes
to neurodegeneration and possibly to the progression of AD, but did
not provide definitive proof in vivo.

Further in vitro studies on model membrane systems demon-
strated that Ab1-40 peptides do not bind to isolated GM1 ganglio-
sides but rather to rigid GM1 clusters in membrane domains
stabilized by cholesterol (Kakio et al., 2001). These membrane do-
mains with ganglioside clusters and cholesterol are known to be
resistant to mild detergents such as 0.5% Triton X-100 and are
referred to as lipid rafts. Experiments with model membranes with



Fig. 8. Effects of administration of sialic acidespecific lectin LFA into 6-month-old WT 5XFAD mice for 5 weeks on cognitive abilities, the number of amyloid depositions, and Ab
monomers. (A) Scheme of systemic administration of LFA lectin (20 mg/kg) into 6-month-old WT 5XFAD mice 3 times a week for 5 weeks following Barnes maze test and analysis of
brain cortex for signs of AD pathology. (B, C) Comparison of cognitive abilities of 7-month-old WT 5XFAD mice treated with PBS or LFA for 5 weeks before Barnes maze test. Over a
4-day period, mice were trained to perform the task and on day 5 a final trial was performed as for Fig. 7. The latency time was recorded during training on days 1e4 (B) and on the
final trial on day 5 (C). (D) Comparison of images of the brain cortical area of PBS- versus LFA-treated WT 5xFAD mice. Brain sections were stained with Congo red to detect amyloid
plaques as for Fig. 1 and representative images are shown. Amyloid depositions are indicated by arrows. Scale bar: 100 mm. (E) Quantification of amyloid plaque numbers in the brain
cortical area of PBS- versus LFA-treated WT 5XFAD mice is shown. Quantification was performed as for Fig. 1. (F, G) Western blot analysis for Ab monomer content in brains of 7-
month-old WT 5XFAD treated for 5 weeks with PBS or LFA. For detection of 4 kDa Abmonomer, 6E10 antibody was used and staining for b-actin was used as a loading control as for
Fig. 2. Representative images are shown in F for 2 individual mice (labeled as 1 and 2). Quantitative analysis is shown in G. In B and G, mean �S.E. is shown for the group of 4e5
individual mice (***, p < 0.001). In C and E, whisker plots with median and 10%/90% percentiles of 4e5 individual animals are shown (; **, p < 0.01; ***, p < 0.001). Mean values are
indicated by “þ” symbols. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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modified GM1 demonstrated that amyloid peptide Ab1-40 binds
efficiently to lyso-GM1, which lacks one fatty acid chain, indicating
that the hydrophilic part of gangliosides is more important for
binding than the fatty acid chain (Utsumi et al., 2009). In support of
this, it was shown that binding of amyloid peptides Ab1-40 and
Ab1-42 to asialo-GM1 was greatly reduced or completely inhibited
(Ariga et al., 2001; Choo-Smith et al., 1997; Hong et al., 2014; Wil-
liamson et al., 2006). It was shown that Ab1-42 has a better ability to
bind gangliosides than does less toxic Ab1-40 (Ariga et al., 2001), and
the major brain poly-sialylated glycosphingolipids GQ1b, GT1b, and
GD3 have a better ability to bind amyloid peptides than mono-
sialylated GM1 or GD1a. These studies suggest a critical role for
sialic acid connected to internal galactose on a carbohydrate core
for amyloid peptide binding to major brain gangliosides; however,
sialic acid connected to terminal galactose could also contribute to
this binding (Ariga et al., 2001; Yu et al., 2011a). In support of this,
treatment of primary cultured hippocampal neurons with neur-
aminidase that removes sialic acid from the surface of lipid rafts



Fig. 9. Effect of administration of sialic acidespecific lectin LFA on the level of neuroinflammation and the expression of synaptic markers in WT 5XFAD mice. (AeD) Analysis of
mRNA expression levels of synaptic markers PSD95 (A) and Syn1a (B), as well as proinflammatory cytokines TNF (C) and IL-1b (D) in the brains of PBS- versus LFA-treated 7-month-
old WT 5XFAD mice. RNA isolation and real-time RT PCR was performed as for Fig. 7. (EeG) Brain histology sections of PBS- versus LFA-treated 7-month-old WT 5XFAD mice were
prepared and stained for amyloid depositions with ThT-FITC (green), microglial cell marker Iba1 (red), and nuclear marker DAPI (blue) as in Fig. 2. Sites of colocalization of amyloid
depositions and microglia (yellow color) are marked with arrows. Scale bars: 100 mm (lower magnification) and 10 mm (higher magnification). (F) Quantitative analysis of Iba1þ

microglial cell covered area in the brain cortical areas where amyloid depositions are evident. (G) Quantitative analysis of the percentage of Iba1þmicroglia colocalized with ThTþ

amyloid depositions in the brain cortical areas where amyloid depositions are evident. In (AeD), means � S. E. is shown for a group of 4e5 individual mice (*, p < 0.05; ***, p <

0.001; ****, p < 0.0001). In F and G, the analysis of sections from 3 animals with a total number of 15e20 section images is shown. Whisker plots with median and 10%/90%
percentiles of 15e20 images are shown (*, p < 0.05; ***, p < 0.001; ****, p < 0.0001). Mean values are indicated by “þ” symbols. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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significantly decreased the level of neurotoxicity of Ab1-42
(Malchiodi-Albedi et al., 2010; Wang et al., 2001). Moreover,
removal of the cholesterol that stabilizes neuronal lipid rafts also
decreased amyloid-induced neurotoxicity (Wang et al., 2001). In
addition, it was shown in acute hippocampal brain slice cultures
that blocking the GM1 sialic acid with Cholera toxin subunit B de-
creases Ab peptide oligomer-mediated LTP inhibition (Hong et al.,
2014). These in vitro data demonstrate the importance of ganglio-
sides within neuronal lipid rafts for the binding of amyloid frag-
ments to neurons, which in turn causes neurotoxicity and decreases
in neuronal synaptic activity.
Neuronal lipid rafts play an important role in normal and
pathological CNS functions (Hicks et al., 2012; Simons and Ehehalt,
2002). In neurons, lipid rafts are present mostly in mature neurons
in neurites and synapses and in the areas containing neurotrophic
receptors such as TrkB (Tsui-Pierchala et al., 2002). Lipid rafts are
also present in astroglial cells in the adult brain and are an integral
part of structures of the blood-brain barrier (BBB) (Sotnikov et al.,
2013). We have previously found that neuronal lipid rafts are
directly recognized by platelets that become degranulated and
produce a number of proinflammatory factors important for the
development of autoimmune CNS inflammation (Ponomarev, 2018;
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Sotnikov et al., 2013; Starossom et al., 2015). In AD pathology,
glycolipid composition and the function of neuronal lipid rafts
change as the disease progresses (reviewed by Yu et al., 2011a). It
has been shown that in humans, GM1 and GM2 are accumulated in
AD, whereas in 2XFAD mice with overexpression of hAPP/PS-1,
there is an accumulation of GT1a, which have a high capacity to
bind amyloid peptides (Ariga et al., 2001, 2010, 2013; Pernber et al.,
2012). Our study indicates that the gangliosides GM1, GM2, GM3,
GD1a, GD1b, GD2, GD3, GT1b, and GQ1b, which are absent in
ST3�/� mice, play a key role in the development of AD pathology.
However, ST3�/� mice still have gangliosides GM1b and GD1a
(Yoshikawa et al., 2009; Yu et al., 2011b). In contrast to major brain
gangliosides, GM1b and GD1a do not have internal galactose with
sialic acid, which is critical for the binding of amyloid peptides
(Ariga et al., 2001; Yu et al., 2011b). However, both GM1b and GD1a
have terminal galactose with sialic acid, which contributes to the
binding of amyloid peptides. Importantly, GD1a has sialic acid
connected to GalNAc, which significantly enhances the binding of
amyloid peptides (Ariga et al., 2001). Ganglioside GD1a is not
expressed in WT mice, but it is found in ST3�/� mice (Yoshikawa
et al., 2009). Thus, ST3�/� mice could still have binding sites for
amyloid peptides, especially GD1a, which is the likely mediator of
the residual AD pathology found in the ST3�/� 5XFAD mice in our
study.

Two previous studies have investigated the role of particular
gangliosides in vivo in mouse models of AD. The first study used
mice lacking GM2-synthase that were crossed with 1XFAD mice
that overexpress hAPP with Swedish and London mutations
(Oikawa et al., 2009). These mice still express GD3, GM3, and GT3
but do not have GM1, GM2, GD1a, GD1b, GD2, GT1b, GQ1b, GM1b,
or GD1a. Interestingly, GM2S�/� 1XFAD mice showed a significant
increase in amyloid depositions in the CNS parenchyma and areas of
CNS blood vessels with exacerbation of the disease (Oikawa et al.,
2009). These results are not that surprising because these mice
express GT3 and have a very high level of GD3 expression in blood
vessels (Matsuda et al., 2006; Wen et al., 1999). The second study
used GD3-synthaseedeficient mice crossed with 2XFAD mice that
overexpressed hAPP with a Swedish mutation and mutated human
PS-1 gene. GD3S-deficient 2XFAD mice do not have GD2, GD3,
GD1b, GT1b, or GQ1b but they have gangliosides GM1, GM2, GM3,
and GD1a. Ganglioside analysis in the brain of these mice showed
that the levels of GM1 and GD1a were significantly increased in
these mice (Bernardo et al., 2009), whereas another study
demonstrated an increase in GT1aa (Ariga et al., 2013). Similar to
our ST3�/� 5XFADmice that only had GM1b and GD1a, it was found
that GD3S�/� 2XAPP mice had reduced levels of amyloid de-
positions and improved cognitive abilities (Bernardo et al., 2009).
These results are quite surprising as GM1 has been shown in a
number of in vivo and in vitro studies to be critical for Ab binding
(Yanagisawa, 2015). The observed decrease in AD pathology in these
micemight be explained by a less robustmodel of AD in 2XFADmice,
which have 2 transgenes when compared with 5XFAD mice, which
have 5 transgenes. Because GT1b and GQ1b have higher affinity to
bind to Ab than GM1 (Ariga et al., 2001), we could speculate that
these gangliosides might play an important role in mouse models of
AD along with GM1 and other a-series gangliosides such as GT1aa as
it was reported in previous studies (Ariga et al., 2013; Bernardo et al.,
2009). We believe that targeting a- and/or b-series gangliosides may
be an effective AD therapy in the future.

It was reported that injection of Vibrio cholera sialidase that
hydrolyzes complex b-series gangliosides to GM1 has a neuro-
protective effect (Dhanushkodi and McDonald, 2011). It was also
described that intracerebroventricular administration of isolated
GM1 to patients with AD improved their condition (Svennerholm
et al., 2002). Thus, the role of GM1 in AD pathology appeared to
be complex. These contradictory results might be explained by the
fact that amyloid depositions are formed on lipid rafts that contain
many types of gangliosides and glycolipids besides GM1. The partial
removal of sialic acid by Vibrio cholera sialidase or administration of
naked GM1 could decrease binding of amyloid fragments to
neuronal lipid frats. This is likely due to the removal of sialic acid by
sialidase or competitive binding of amyloid fragments to adminis-
trated GM1.

To further verify the importance of targeting gangliosides
in vivo, we treated WT 5XFAD mice with the sialic acidespecific
lectin LFA. We observed that LFA, which specifically binds sialic
acid regardless of its linkage to carbohydrates (Knibbs et al., 1993),
was more potent in reducing the expression of proinflammatory
cytokines TNF and IL-1b, which were not reduced in the ST3�/�

5XFAD mice. This is because LFA has broader specificity when
compared with genetic elimination of gangliosides in ST3�/� mice
that still express gangliosides GM1b and GD1a (Yoshikawa et al.,
2009). We previously found that LFA effectively inhibited autoim-
mune neuroinflammation in a mouse model of experimental
autoimmune encephalomyelitis, indicating its strong anti-
inflammatory properties (Sotnikov et al., 2013). LFA has a molecu-
lar weight of 44 kDa and most likely do not pass intact BBB in
healthy animals. However, in the brains of 5XFAD mice, BBB is
disrupted especially at the sites of amyloid depositions (Kook et al.,
2012). Thus, LFA has a potential double action to reduce amyloid
depositions and inhibit AD-related neuroinflammation.

Microglia activation, infiltration of peripheral leukocytes, and
upregulation of proinflammatory cytokines have been shown to be
manifestations of AD-related neuroinflammation (Hansen et al.,
2018; Heneka et al., 2015). Our studies in ST3�/� 5XFAD mice
demonstrated that the level of microglia activation was reduced as
determined by the expression of MHC class II and CD86. Infiltration
of peripheral monocytes and lymphocytes was very low in WT
5XFADmice, indicating the major role of microglia activation in this
model. However, infiltration of peripheral leukocytes was still
significantly reduced in ST3�/� FAD mice. Our findings also indi-
cated that microglia in ST3�/� mice still underwent morphological
changes of activation and were capable of amyloid phagocytosis.
TNFwas not reduced in ST3�/�mice and the expression of IL-1bwas
even elevated. Furthermore, our analysis of IL-1b expression in
CD11b-positive cells of WT versus st3gal5-deficient mice demon-
strated a comparable level of expression of this cytokine. This in-
dicates that IL-1b is likely produced by other cell types such as
astrocytes in ST3�/� 5XFADmice. This hypothesis is in line with our
earlier discovery that st3gal5-deficient animals have a higher level
of astrocyte activation after injury (Dukhinova et al., 2018b). Thus,
ST3�/� mice could have a complex phenotype, indicating a possible
preference for other approaches besides genetic knockouts to target
sialic acid in the brain of AD mice. We used for this purpose LFA,
while other investigators successfully used sialidase NEU1 for AD
treatment in a mouse model (Annunziata et al., 2013). The role of
proinflammatory cytokines in AD pathology remains controversial.
On the one hand, cytokine IL-1b contributes to AD pathology
(Mariani et al., 2010). On the other hand, cytokine TNF has been
shown to be beneficial in AD (Montgomery et al., 2011). Moreover, it
was reported that IL-1b overexpression reduced amyloid plaque
burden (Shaftel et al., 2007). Our results clearly show that amelio-
rated AD pathology is associated with a decrease in microglia
activation markers MHC class II and CD86, but not proinflammatory
cytokines, in ST3�/� mice. However, when we treated mice with
LFA, TNF and IL-1b expression was reduced, as well as microglia
activation. This implies that the extent of AD-related CNS inflam-
mation is reduced when the disease is ameliorated.

Thus, our findings demonstrate the effectiveness of LFA treat-
ment, which significantly decreased amyloid depositions in the
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brain, possibly by binding to gangliosides in neuronal lipid rafts and
preventing the binding of amyloid peptides. LFA treatment also
inhibited neuroinflammation more effectively than deletion of the
st3gal5 gene. It is clear that LFA is quite a broad-spectrum agent
binding to sialic acid on different gangliosides and glycoproteins in
the CNS and periphery. However, in the CNS, more than 80% of all
glycans belong to glycolipids and 75% of sialic acid belongs to
gangliosides (Schnaar et al., 2014). Thus, we believe that in our
experiments, LFA mostly targeted brain gangliosides, reaching 80%
of their targets in the brain. Although LFA does not demonstrate
100% specificity, we believe that our results highlight a very
promising approach to specifically target sialylated brain-specific
gangliosides such as GT1b or GQ1b that are expressed mostly in
the brain. This approach has the potential to develop highly specific
and efficient AD therapy in the future.
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