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Abstract

reduced surface content of polysialic acid.

Sialic acid

Background: The extension of sepsis encompassing the preterm newborn’s brain is often overlooked due to technical
challenges in this highly vulnerable population, yet it leads to substantial long-term neurodevelopmental disabilities.

In this study, we demonstrate how neonatal neuroinflammation following postnatal £. coli lipopolysaccharide (LPS)
exposure in rat pups results in persistent reduction in sialylation of cerebral glycoproteins.

Methods: Male Sprague-Dawley rat pups at postnatal day 3 (P3) were injected in the corpus callosum with saline or
LPS. Twenty-four hours (P4) or 21 days (P24) following injection, brains were extracted and analyzed for neuraminidase
activity and expression as well as for sialylation of cerebral glycoproteins and glycolipids.

Results: At both P4 and P24, we detected a significant increase of the acidic neuraminidase activity in LPS-exposed
rats. It correlated with significantly increased neuraminidase 1 (Neul) mRNA in LPS-treated brains at P4 and with
neuraminidases 1 and 4 at P24 suggesting that these enzymes were responsible for the rise of neuraminidase
activity. At both P4 and P24, sialylation of N-glycans on brain glycoproteins decreased according to both mass-
spectrometry analysis and lectin blotting, but the ganglioside composition remained intact. Finally, at P24, analysis of
brain tissues by immunohistochemistry showed that neurons in the upper layers (ll-lll) of somatosensory cortex had a

Conclusions: Together, our data demonstrate that neonatal LPS exposure results in specific and sustained induction
of NeuT and Neu4, causing long-lasting negative changes in sialylation of glycoproteins on brain cells. Considering the
important roles played by sialoglycoproteins in CNS function, we speculate that observed re-programming of the brain
sialome constitutes an important part of pathophysiological consequences in perinatal infectious exposure.
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Background

Sialoglycoconjugates (SGC) are found in abundance on
the surface as well as on the inner sides of lysosomal
and endosomal membranes of mammalian cells, forming
a dense and diverse array of complex sialylated glycans,
referred to as the sialome [1]. The SGC are not evenly
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distributed on the membrane, but rather form dynamic
domains enriched in gangliosides and sialylated mem-
brane proteins [2-7]. In mammals, the content of SGC
strongly depends on the cell and tissue type and signifi-
cantly changes during development [7]. Due to their di-
verse physical and chemical properties, sialic acids are
involved in a surprising variety of biological processes
mainly by modulating recognition events during cell
differentiation, interaction, migration, and adhesion
(reviewed in [8—10]. Glycosynapses mediate cell signal-
ing and participate in processes such as cell adhesion,
motility, and growth (reviewed in [6]).

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12974-018-1367-2&domain=pdf
http://orcid.org/0000-0001-8431-4979
mailto:alexei.pchejetski@umontreal.ca
mailto:ga.lodygensky@umontreal.ca
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Demina et al. Journal of Neuroinflammation (2018) 15:336

In the central nervous system, two types of SGC, gan-
gliosides and proteins containing polysialic acid (PSA),
play determining roles (reviewed in [11]). The ganglio-
sides are essential for myelination, neuritogenesis, synap-
tic plasticity, and transmission of nervous impulses.
They associate laterally with membrane proteins, includ-
ing receptors and ion channels, to modulate their activ-
ities. Ganglioside glycans extend into the extracellular
space and interact with glycan-binding proteins to medi-
ate cell-protein and cell-cell interactions. As for PSA,
they are attached to a number of brain glycoproteins, in-
cluding the neural cell adhesion molecule (NCAM), and
have been implicated in the control of cell-cell and
cell-matrix interactions, essential for appropriate brain
development, adult brain plasticity, and nerve regener-
ation. Dysregulation of PSA has been associated with
multiple psychiatric disorders, including schizophrenia,
bipolar disorder, and autism spectrum disorders [12, 13].

Infection during the perinatal period is associated with
substantial long-term neurodevelopmental disabilities
[14, 15], especially in the case of meningeal involvement
[16, 17] with evidence on MRI of direct white matter in-
jury [18]. Due to the lack of physiological stability in vul-
nerable preterm infants, lumbar puncture is performed
in only 20% of neonatal sepsis [19, 20], so that the true
incidence of such cases is not available. In line with this
frequent clinical situation, a robust model of inflamma-
tory brain injury in the immature rats has been devel-
oped using an injection of lipopolysaccharide (LPS) into
the corpus callosum [21-25]. Interestingly, our prelimin-
ary data showed high resemblance between the patho-
logical changes observed in LPS-treated neonatal rat
brains and neurological lysosomal storage disorders
(LSD), progressive childhood diseases caused by inborn
errors of catabolism. Multiple studies in animal models
of LSD demonstrated that lysosomal storage of unde-
graded macromolecules (especially glycans and ganglio-
sides caused by deficiencies of glycosidases) induced
neuroinflammation by activating Toll-like receptors
(TLR) of microglia cells (reviewed in [26, 27]). This re-
sults in the release of cytokines such as TNF-a and
MIP-1-a known to cause mitochondrial damage in neu-
rons through formation of reactive oxygen species and
oxidative stress [28—31] and eventually leads to neuronal
death. We hypothesized that exposure of a neonatal
brain to proinflammatory compounds could cause a
similar focal response.

The aim of the current study was to characterize
changes in lysosomal catabolism of glycans in the neo-
natal brain during and after the acute inflammation
period. Unexpectedly, we observed that neonatal inflam-
mation resulted in a significant sustained increase of
neuronal neuraminidase 1 (NEU1) expression and activ-
ity with no apparent differences for other lysosomal
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enzymes and proteins. NEU1 induction was associated
with the desialylation of glycoproteins on cortical brain
cells (including polysialylated neuronal glycoproteins)
potentially leading to long-term alterations of neuronal
plasticity and CNS homeostasis.

Materials and methods

Animals

Sprague-Dawley male rats (Charles River, QC, Canada)
and Hgsnat-Geo male mice (the mouse model of human
lysosomal neurological disease Mucopolysaccharidosis
ITIIC [32]) were maintained at the Canadian Council on
Animal Care (CCAC)-accredited animal facilities of the
Montreal Heart Institute and of the CHU Sainte-Justine
Research Centre, respectively, according to the CCAC
guidelines. Animals were housed in an enriched environ-
ment, with nesting materials, chew toy and a black cylin-
der open at both ends, with continuous access to food
and water, under constant temperature and humidity, on
a 12-h light/dark cycle.

Each rat in a litter was randomly assigned to either saline
or LPS groups. Three days postnatal (P3) pups (n=22)
were anesthetized with isoflurane and injected under ultra-
sound guidance with 0.5pL of LPS (1 mg/mL) from
Escherichia coli 055:B5 (Sigma, St Louis, MO) suspension
prepared in sterile saline. The pups in the Sham group (n
= 15) were injected with the same volume of sterile saline.
The injection was placed in the left corpus callosum at the
level equivalent to P-7, ¢9 (Ramachandra RST, 2011, Atlas
of the Neonatal Rat Brain, CRC Press, Boca Raton, FL). In-
jections were made with a micropipette mounted on a
microprocessor-controlled injector (Nanoliter 2000; World
Precision Instruments, Aston, Stevenage, UK). To increase
the efficiency of the intervention, the injections were visu-
alized by ultrasonography (Vevo LAZR imaging system,
Fujifilm VisualSonics, Canada) [25]. Of 22 male pups
injected with LPS, 2 died; all 15 pups injected with saline
alone survived. Rats were kept with dams until brains were
removed and processed for studies.

For RNA extraction, enzyme activity assays, and lectin
blots, rat pups were sacrificed by overdose of isoflurane
and transcardially perfused with saline. Twenty-four
hours (P4) or 21 days after the injection (P24), the brains
were dissected in halves and the left and right hemi-
spheres were frozen in liquid nitrogen.

To collect brains for cryosectioning, rat pups were
deeply anesthetized with isoflurane and transcardially
perfused with saline, followed by phosphate-buffered 4%
paraformaldehyde. The brains were immersed in para-
formaldehyde for 24 h, transferred to 30% sucrose solu-
tion and kept at 4°C before embedding with Optimal
Cutting Temperature (OCT) compound at — 20 °C.

For the mouse experiment, wild-type C57Bl6 mice and
previously described Hgsnat-Geo mice (the mouse model



Demina et al. Journal of Neuroinflammation (2018) 15:336

of lysosomal storage disease mucopolysaccharidosis I1IC
[32]) were kept at the animal facility of CHU Sainte-Jus-
tine Research Center until the sacrifice at the age of 8
months; their right brain hemispheres were dissected
and frozen for enzyme activity assays.

Enzyme activity assays in brain homogenates

The right hemispheres of rat brains were coronally dis-
sected into blocks of tissue, containing areas contralat-
eral to the injection site 1 to —1.80mm from the
bregma at P4 and 1 to —4.16 mm from the bregma at
P24. The tissue blocks of rat brain or whole hemispheres
of mouse brains were homogenized in water using a mo-
torized pestle.

Enzymatic assays of sialidase, [-galactosidase, and
[-hexosaminidase activities in brain homogenates were
performed according to the previously described protocols
[33]. Protein concentration was measured using a Brad-
ford kit (Bio-Rad laboratories, Mississauga, ON, Canada).

Quantitative RT-PCR

In rats, quantification of Neul, Neu3, and Neu4 mRNA ex-
pression in the left brain hemispheres was performed using
the LightCycler 96 system (Roche Life Science). Brains
were extracted, and the ipsilateral hemisphere was
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snap-frozen on dry ice. The brain tissue adjacent to the
point of injection, — 1 to — 1.80 mm from the bregma at P4
and 1 to - 4.16 mm from the bregma at P24, was reduced
to powder by grinding in liquid nitrogen. Total RNA was
extracted with the RNeasy mini-kit according to the manu-
facturer’s instructions (Qiagen, Hilden, Germany). RNA
quality and concentration were assessed by spectropho-
tometry using the Nanodrop apparatus (Thermo Scientific,
Wilmington, DE, USA). Total RNA (1 ug) was subjected to
reverse transcription using the iScript™ cDNA synthesis kit
(Bio-Rad, Hercules, CA, USA). RT-qPCR was performed in
triplicate for each sample using SYBR Green Supermix
(Bio-Rad, Hercules, CA, USA) for 40cycles with a
three-step program (20 s of denaturation at 95°C, 30s of
annealing at 58°C, and 30s of extension at 72°C) using
the primers indicated in Table 1. Amplification specificity
was assessed with a melting curve analysis. The
fold-change expression was determined by the comparative
cycle threshold (CT) method 27221y and normalized to
the housekeeping gene Gapdh.

Lectin blotting

Lectin blot analyses were conducted using biotinylated
peanut agglutinin (PNA, Vector Laboratories, Burlington,
ON, Canada), specific to carbohydrate sequence Gal-p (1-

Table 1 List of primers used in quantitative RT-PCR analysis, antibodies and lectins used in the experiments and their working

dilutions
Gene Forward (5" to 3') Reverse (5" to 3') Reference

Gapdh AAGGTCGGTGTGAACGGATT TGAACTTGCCGTGGGTAGAG [63]

Neul GTAGCACGTGGTCCTCTACG ATCGTGATCGTGTTTGGGCT Primer Blast

Neu3 CTCAGTCAGAGATGAGGATGCT GTGAGACATAGTAGGCATAGGC  [64]

Neu4 CCGGACTGTGGTTGGTAGAC ACCAGGGAGCGTAAAGCAAT Primer Blast
Antibody/lectin Working dilution Catalog number, company

Anti GFAP (GA5), mouse mAb

Anti-PSA, mouse mAb

Anti-NeuN, mouse mAb

Anti-NeuN, guinea pig polyclonal
Anti-LAMP1 antibody—lysosome marker

Goat anti-rabbit IgG (H+L) highly cross-adsorbed secondary
antibody, Alexa Fluor 488

Goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody,
Alexa Fluor 555

Goat anti-mouse IgG (H+L), cross-adsorbed secondary antibody,
Alexa Fluor 488

Donkey anti-guinea pig IgG antibody, Cy3 conjugate 555

Isolectin GS-IB4 from Griffonia simplicifolia, Alexa Fluor® 568
conjugate

Biotinylated peanut agglutinin lectin
Biotinylated Maackia amurensis lectin |l

Streptavidin-horseradish peroxidase conjugate

1:300
1:600
1:200
1:300
1:1500
1:1500

1:1500

1:500

1:750
1:200

1:10,000
1:20,000
1:1000

3670, Cell Signaling Technology
[65]

MAB377, EMD Millipore Corporation
ABN9OP. EMD Millipore Corporation
ab24170, Abcam

A-11034, Thermo Fisher Scientific

A-21422, Thermo Fisher Scientific

A11001, Invitrogen

AP193C, EMD Millipore Corporation
121412, Thermo Fisher Scientific

B-1075, Vector Laboratories
B-1265, Vector Laboratories
RPN1231-100UL, GE Healthcare Life Sciences
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3)-GalNAc, and biotinylated Maackia amurensis lectin 11
(MAL-II, Vector Laboratories), specific for a2—3-linked si-
alic acid. Twenty-five micrograms of protein from each rat
brain homogenate was resolved on an 8% SDS-PAGE gel
and transferred to nitrocellulose membranes. Blots were
blocked with 3% bovine serum albumin and then incu-
bated overnight at 4°C with biotinylated lectins (see
Table 1 for dilutions used). Subsequently, membranes
were incubated with streptavidin-horseradish peroxidase
conjugate (1:1000; GE Healthcare Life Sciences, Baie-
d'Urfé, QC, Canada). Lectin reactivity was detected by en-
hanced chemiluminescence (ECL) using the Pierce™ ECL
Western Blotting Substrate (Thermo Fisher Scientific Inc.,
Rockford, USA). The total intensities of the stained pro-
tein bands were quantified by Image] software (Rasband,
W.S., Image], U.S. National Institutes of Health, Bethesda,
Maryland, USA, https://imagej.net/, 1997-2016) and nor-
malized for the combined intensity of protein bands on
the same lane stained with Ponceau Red.

Histochemistry and immunohistochemistry

In rats, coronal brain sections of 50 um were cut from
OCT-embedded frozen brains using a CM3050 S Micro-
tome (Leica). For histochemical visualization of sialidase
activity in the rat brain, slices were incubated with
0.2 mM sialidase substrate 1, 5-bromo-4-chloroindol-
3-yl 5-acetamido-3,5-dideoxy-a-D-glycero-D-galacto-2-
nonulopyranosidonic acid (X-Neu5Ac, Sigma Aldrich)
at pH4.7 in the absence or presence of pan-sialidase
inhibitor 2,3-didehydro-2-deoxy-N-acetylneuraminic acid
(DANA, 0.5 mM) for 1h. The reaction was stopped after
60 min of incubation by addition of 1 mL of 0.4 M glycine
buffer, pH 10.7. After staining, sections were rinsed in PBS
and mounted on Super Frost glass slides (Thermo Fisher
Scientific) using a Vectashield mounting medium (Vector
Labs).

For fluorescent confocal microscopy, brain sections
were blocked with goat serum containing Triton™ X-100
in PBS and incubated overnight at 4°C with primary
antibodies (Table 1). Sections were further washed with
PBS, incubated with the appropriate secondary anti-
bodies containing the nuclear staining DRAQ5 (1:400,
Thermo Fisher Scientific) and after another wash with
PBS, mounted on SuperFrost Plus slides, using Fluorogel
(EMS, Cedarlane, Burlington, ON, Canada) or a Vecta-
shield mounting medium (Vector Labs). In the case of
the Griffonia simplicifolia I isolectin B4 (ILB4; Thermo
Fisher Scientific, Table 1), which has an Alexa Fluor 568
dye conjugate, the conjugate was added during the sec-
ondary antibody incubation.

Sections were analyzed and photographed using a
LSM510 Meta Laser inverted confocal microscope
(Zeiss, x63 oil objective, N.A. 1.4). Images were
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processed and quantified using the LSM image browser
software (Zeiss) and Image] software.

Glycoprotein sialylation analysis in rat brain homogenates
Protein extraction

Brain homogenate samples (20 mg per mL) were centri-
fuged at 14,000xg for 2 min. The 50 uL aliquots of su-
pernatants were transferred to 1.5-mL tubes and mixed
with 400 pL of 4:3:1 methanol/water/chloroform. The
sample was vortexed for 20 s and centrifuged (10,000xg,
2 min). The upper phase was carefully removed and re-
placed with 200 uL of methanol. The sample was vor-
texed for 10s and then centrifuged at 10,000xg for 2
min. The supernatant was removed, and the pellet was
washed with methanol and dried under vacuum after
freezing on dry ice.

Release and labeling of glycosylamines

The dried protein residues were mixed with 6 pL aliquots
of 5% (w/v) solution of RapiGest SF in Rapid Buffer (Wa-
ters, ON, Canada) and heated at 90 °C for 3 min. The sam-
ples were cooled to ambient temperature, mixed with
1.2 uL. of Rapid PNGase F and 22.5pL of Rapid Buffer
(Waters, ON, Canada), incubated at 50 °C for 5 min and
cooled to ambient temperature. In each sample, glycans
were labeled with RapiFluor-MS reagent and enriched
using a GlycoWorks HILIC pElution Plate following the
manufacturer’s protocol (Waters, ON, Canada).

Analysis of samples by LC-MS

For glycan profiling, liquid chromatography followed by
detection by fluorescence and mass spectrometry
(HPLC-FLD-MS) was performed using an Agilent 1200
SL HPLC System with a Glycan PAC AXH-1 analytical
column, 2.1 x 150 mm, 1.9 pm particle size (Thermo Sci-
entific), with precolumn thermostatted at 40 °C. A buffer
gradient system composed of acetonitrile and water
(96:4) as mobile phase A and 80 mM ammonium for-
mate, pH 4.45, in water as mobile phase B was used. An
aliquot of the sample was loaded onto the column at a
flow rate of 0.4 mL min~ ' and an initial buffer compos-
ition of 90% mobile phase A and 10% mobile phase B.
The column was washed for 1 min under these condi-
tions. Glycans were eluted with a linear gradient from 10
to 20% of mobile phase B over a period of 4 min, 20 to
30% over 40 min, 30 to 45% over 5 min, and 45 to 55%
over 5 min. Flow was split 1:1 between fluorescence and
MS detectors. Fluorescence signals were recorded using
excitation at 265 nm and emission at 425 nm. Mass spec-
tra were acquired in a positive ionization mode using an
Agilent 6220 Accurate-Mass TOF HPLC/MS system
(Santa Clara, CA, USA) equipped with a dual sprayer
electrospray ionization source. Mass correction was per-
formed for every individual spectrum using peaks at m/z
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121.0509 and 922.0098 from the reference solution.
Mass spectrometric conditions were as follows: drying
gas 10 L per min at 325 °C, nebulizer 20 psi, mass range
100-3200 Da, acquisition rate of ~ 1.03 spectra/s, frag-
mentor 175V, skimmer 65V, capillary 3800V, instru-
ment state 4 GHz High Resolution. Data were analyzed
using the Agilent MassHunter Qualitative Analysis soft-
ware package version B.07.01.

Ganglioside composition analysis

Expression and purification of recombinant
endoglycoceramidase (EGCase I)

Recombinant EGCase I tagged with N-terminal His tag
has been expressed in E. coli and purified using Ni-NTA
superflow column as described [34]. The activity of puri-
fied EGCase I was tested using GM3 as a substrate. One
unit of EGCase I was defined as the amount of enzyme
that hydrolyzed 1 pumol of GM3 per minute at 30 °C.

Extraction of gangliosides from rat brains

Extraction and purification of gangliosides was performed
following the method of Schnaar and co-workers [35]. Es-
sentially, rat brain homogenates (LPS or Sham treated,
10 uL aliquots each) were diluted with four volumes of
ice-cold water (4mL g™ ', based on tissue weight) and ho-
mogenized. Methanol was then added to a final ratio of
methanol/water of 8:3. After mixing, the suspension was
brought to room temperature and chloroform was added
to the final ratio of chloroform/methanol/water 4:8:3 (v/v/
v). The mixture was then subjected to centrifugation on a
tabletop centrifuge (5424, Eppendorf, Germany) at 1500
rpm for 15min. The supernatant was transferred to a
fresh centrifugation tube, and 0.173 volumes of water were
added. After mixing, the resulting two-phase solution was
centrifuged again at 1500rpm for 15min. The upper
phase (~80% of the total volume) was recovered and
transferred to a fresh, capped tube. The recovered extract
was then purified using a Waters Sep-Pak C18 cartridge,
evaporated to dryness under a stream of nitrogen, and
re-dissolved in methanol at a concentration of 20 pL/mg
of original tissue weight.

EGCase | digestion

The final methanol extract was dried under a stream of
nitrogen, and the residue was re-suspended in a 50 mM
sodium acetate buffer (pH 5.2) at a concentration of 1
mg/mL of buffer. Gangliosides were then incubated for
18 h at 30 °C with 0.086 U EGCase to release the corre-
sponding glycans.

Fluorescent labeling and analysis of glycans

Glycans were subsequently labeled with 20 pL of a re-
agent mixture (30 mg anthranilic acid, 20 mg boric acid,
45 mg sodium acetate in 1 mL of methanol) at 80 °C for
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45 min. After cooling the reaction mixture, 1 mL of
acetonitrile/water (97:3, v/v) was added. The mixture
was vortexed and purified on a Discovery DPA-6S SPE
amide column (Supelco) as described [36]. The final
eluent was reduced under vacuum before further use.
Labeled glycans were analyzed by LC-MS (negative-ion
mode) using a normal-phase column (Accucore-150-A-
mide-HILIC, 2.6 um, 2.1 x 150 mm, Thermo Fisher). The
fluorescence detector was set to monitor excitation at
320 nm and emission at 420 nm, and all chromatography
was performed at 40°C. The binary solvent system
followed a linear gradient with a flow rate of 0.4 mL
min~' (Solvent A: 100 mM ammonium formate, pH
4.45; Solvent B: acetonitrile). Mass spectrometry (MS)
was used to assign and confirm the identity of fluores-
cent peaks of labeled glycans. Quantification of relative
glycan concentrations was done using normalized inte-
grations from the fluorescence chromatogram.

Statistics

Statistical analysis has been performed by Mann-Whit-
ney or Kruskal Wallis statistical tests using GraphPad
Prism. All data are presented as mean + SD of at least
two independent experiments. Statistical significance
was set at p < 0.05.

Results

Postnatal inflammatory exposure causes specific
induction of cerebral NEU1

The majority of lysosomal storage diseases, especially
those caused by deficiencies of glycosidases, are associ-
ated with progressive neuroinflammation presumably
caused by autophagy impairment and increased produc-
tion of lysosomes and their exocytosis triggering activa-
tion of microglial cells (reviewed in [26, 27]). In order to
test for a similar connection between neuroinflammation
and lysosomal induction, we measured levels of lyso-
somal enzymes and protein markers in the brains of
male Sprague-Dawley rat pups exposed to LPS.

First, by Western blot, we studied the levels of the
lysosome-associated membrane protein 1 (LAMP-1). Our
results (Fig. 1a, b) indicated that average LAMP-1 protein
levels in brain homogenates were increased following
LPS exposure. Moreover, immunostaining showed that
NeuN-positive neurons showed similar distribution, size
and levels of LAMP-1-positive lysosomal puncta (Fig. 1c)
whereas the increased levels of LAMP-1 protein were ob-
served only in activated microglia cells positively stained
for ILB4 (Fig. 1d).

To test if LPS treatment increased the activity of lyso-
somal hydrolases, we measured levels of several enzymes
in the homogenates of rat brain tissues adjacent to the site
of LPS or saline injections. The changes in the enzyme ac-
tivity levels were compared with those induced by the
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lysosomal storage in the brain of the mouse model of
neurological LSD, mucopolysaccharidosis IIIC (MPSIIIC)
previously generated in our lab [32]. We found that, in
contrast with the MPSIIIC mouse brain that showed re-
markable increase of lysosomal [-galactosidase and
B-hexosaminidase activities, there was no apparent differ-
ences in activities of these enzymes between LPS-exposed
and Sham rat pups (Fig. 2a, b). Yet, at both P4 and P24, we
saw a significantly increased acidic a-neuraminidase (sialid-
ase) activity in the LPS-exposed rat pups (Fig. 2c). At 24h
post-injection, the neuraminidase activity (nmoles/h/mg)
reached 6.13+1.00 in LPS-exposed brains as compared

with 2.87 + 0.57 in control (p = 0.0134); at P24, the sialidase
activity was increased to 4.08 +0.26 in LPS-exposed as
compared with 1.42 + 0.24 in control (p < 0.0001).

To confirm the results of enzymatic assays in the tis-
sue homogenates and to localize the areas of brain with
increased neuraminidase activity, we stained coronal
brain sections of the LPS-injected and Sham rats with
the histochemical neuraminidase substrate X-NeuNAc.
At both P4 and P24, we observed a drastic increase in
staining in the LPS-exposed animals in several brain re-
gions including periventricular areas, and superficial
cortex (Fig. 3a—d). Pre-treatment of the brain sections
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and in retrosplenial granular cortex (RSGb, left and
right) (Fig. 3f). Such distribution of the increased neur-
aminidase activity differed from that of ILB4-positive
activated microglia, which is highly expressed in the
vicinity of the white matter (Fig. 3g).

To discriminate between the three major neuraminid-
ase isoenzymes (Neul, Neu3, and Neu4) present in the
rodent brain, we measured levels of the corresponding
mRNAs by RT-PCR. After both 24h and 21 days after
LPS injection, a significant increase of Neul mRNA in
LPS-exposed animals was observed which suggested that
this enzyme is responsible for the increase of the sialid-
ase activity (Fig. 4). In contrast, the Neu4 mRNA was
significantly decreased at P4 and increased at P24, while
there was no difference in the expression of the Neu3
gene between the LPS-injected and Sham groups at both
P4 and P24 (Fig. 4).

Neu1 induction in LPS-exposed rat pups is associated
with sustained desialylation of cerebral glycoproteins
without detectable changes in ganglioside profiles

To determine if the persistent increase in the Neul ex-
pression and neuraminidase activity in the brain tissues
of LPS-exposed rat pups caused any changes in sialyla-
tion of brain tissue proteins or lipids, we analyzed abun-
dance of sialic acid residues in sialoglycoconjugates of
brain tissues by LC-MS. Our results show that although
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the ganglioside composition of the rat brains was differ-
ent between P4 and P24 samples, reflecting changes pre-
viously associated with development [37], no difference
was observed between the brains of LPS-exposed and
Sham animals (Fig. 5).

In contrast, LC-MS analysis of N-linked protein gly-
cans showed changes in the sialylation between the
LPS-exposed and Sham animals at P24. The glycans with
two or more sialic acids were completely eliminated, and
the levels of monosialylated glycans reduced upon LPS
treatment (Fig. 6).

To confirm changes in the sialylation of glycopro-
teins in LPS-exposed brains, we analyzed total brain
proteins by lectin blotting. We detected a significantly
reduced MAL II and increased PNA staining of mul-
tiple protein bands consistent with the removal of the
terminal sialic acid residues from the Gal-p (1-
3)-GalNAc groups in the glycan chains of brain glyco-
proteins (Fig. 7). Together, the LC-MS analysis and
lectin blotting data were consistent with an increased
NEU1 activity modifying brain glycoproteins while
having no effect on glycolipids.

Specific reduction of polysialic acids on the surface of
cortical neurons from LPS-treated rat pups

Modification with PSA occurring on a number of brain
glycoproteins, including the neural cell adhesion molecule
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(NCAM), is implicated in several brain functions such as
synaptic connections and plasticity as well as axonal
growth and regeneration (reviewed in [11]). To detect if
PSA levels are affected in the brains of LPS-exposed rat
pups, we performed immunofluorescent analysis of fixed
brain sections from LPS-exposed and Sham rat pups col-
lected at P24 using monoclonal antibodies specific against
PSA, counter-stained with NeuN (Fig. 8). The confocal
high-resolution imaging showed that PSA was reduced in
NeuN-positive neurons, while quantification of the immu-
nostaining in multiple cortical regions revealed that, 21
days after LPS exposure, neurons in the upper cortical
layers (layers II-III) have a significant reduction in PSA
immunostaining (p < 0.0001) compared to the saline-
treated rats whereas differences were not significant (p =
0.1081) for the lower cortical layers (V-VI) (Fig. 8).

Discussion
Brain SGC are synthesized by a family of sialyltrans-
ferases [38] and removed by the enzymes of
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neuraminidase family (NEU1-4) with different tissue ex-
pression, intracellular localization, and substrate specifi-
city. Importantly, besides catabolism of SGC,
neuraminidases are involved in “trimming” sialic acid
residues from glycoconjugates on the plasma membrane
[39, 40]. Gangliosides and glycoproteins may also
undergo rapid re-sialylation by plasma
membrane-associated sialyltransferases [40]. Thus, sialy-
lation is a dynamic modification, modulated by the inter-
play of sialyltransferases and neuraminidases in response
to external or internal stimuli [41]. Recently, induction
of neutral brain neuraminidase (presumably Neu4) was
detected in rat brain hippocampus in response to mem-
ory processing [42]. Moreover, desialylation of SGC in
neurons was detected during hippocampus-dependent
memory formation in a contextual fear-conditioning
paradigm [43]. Rare, but severe, human genetic disorders
of sialic acid and SGC metabolism caused by mutations
in the genes encoding enzymes and channels involved in
SGC and sialic acid production, degradation, and
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Fig. 5 a-d Representative HPLC chromatograms of glycan chains of rat brain GSLs labelled with anthranilic acid. Panels show representative
chromatograms of P4 Sham (n=2) (@), P24 Sham (n=2) (b), P4 LPS (n=2) (c) and P24 LPS (n=2) (d) samples, with fluorescence intensity (arbitrary)
shown on the y-axis. e, f Levels of gangliosides measured by quantification of HPLC chromatograms. (e) Comparison of relative compositions of
LacCer, GM3, GM1, GD3, GD1a, GD1b, GT1a, GT1b and GQ1 gangliosides in P4 LPS and Sham brains. (f) Relative compositions of LacCer, GM3,
GM1, GD3, GD1a, GD1b, GT1a and GT1b gangliosides in P24 LPS and Sham brains. Values represent means + S.D. of duplicate (P4) or triplicate
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trafficking manifest with systematic CNS involvement
[44, 45]. Single nucleotide polymorphisms (SNPs) of sia-
lyltransferase ST8SIA2/STX, involved in production of
PSA, are linked with psychiatric disorders, such as
schizophrenia, bipolar disorder, and autism spectrum
disorders [46]. Mutations in the NEUI gene resulting in
impaired catabolism of SGC, their lysosomal storage,
and increased sialylation of cellular proteins cause de-
fects in autophagy, accumulation of misfolded protein
aggregates in the neurons, and neurodegeneration [47].
Besides, the Neu3/Neu4 double-knockout mice and
Neu4 knockdown rats show learning impairment associ-
ated with changes in the composition of brain ganglio-
sides [42, 48].

In the current study, we have demonstrated that an in-
crease of brain NEU1 activity and decreased levels of si-
alic acids, including PSA, on neuronal glycoproteins
were associated with an acute CNS inflammation injury.
We show that in the rat neonatal model, LPS-induced
neuroinflammation is accompanied by long-lasting (at
least 21 days) increases of acidic neuraminidase activity.
According to immunohistochemical staining, the highest
levels of activity were observed in the periventricular
areas, cortex, corpus callosum, and white matter. Previous
work by Sumida et al. [49] established that microglia acti-
vated by LPS rapidly release extracellular vesicles contain-
ing NEU1, which could suggest that the increased
neuraminidase activity we observe in LPS-treated rats
originated from activated microglial cells. However, since
in our experiments the patterns of activated microglia

were different from those of neuraminidase activity, we
speculate that the neuraminidase was increased in neur-
onal cells. The increase of pan-neuraminidase activity
could be attributed to the induction of the expression of
any of the three genes encoding for rat brain neuramini-
dases Neul, Neu3, and Neu4. Although these enzymes
have different substrates in vivo (NEULI is primarily active
against sialylated glycoproteins whereas NEU3 and NEU4
have preference for sialylated glycosphingolipids, ganglio-
sides [33, 48]), all three neuraminidases are active against
synthetic substrates 4MU-NANA and X-NeuNAc. Our data
show that Neul mRNA level (but not Neu3) was signifi-
cantly increased at both 24 h and 21 days after LPS expos-
ure, linking induction of Neul expression with the
augmented neuraminidase activity following LPS-induced
inflammation. Neu4 may also play a role following the acute
injury, as it was shown to be increased only at P21. Previ-
ously, we and others demonstrated that in both human and
mouse cells, LPS action on TLR4 receptors caused rapid in-
crease of surface NEU1 activity and that this activity was es-
sential for feedback activation of TLR signaling and
cytokine production [50-54]. NEU1 induction occurred
rapidly (within several minutes following TLR stimulation)
and was most likely caused by translocation of an endoso-
mal/lysosomal pool of NEU1L to the plasma membranes.
Our present data demonstrate that in the cerebral neurons,
LPS caused a long-term induction of Neul expression
resulting in sustained levels of elevated NEU1 activity.
Analysis of brain sialoglycoconjugates by LC-MS and
blotting with Sia-binding MAL-2 lectin and Gal-GalNAc-
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binding PNA lectin demonstrated significant reduction in
sialylated N-linked glycans in LPS-exposed brains, sug-
gesting that they are desialylated by overexpressed Neu1.
In contrast, no changes were observed in composition of
brain gangliosides. These results suggest that the
LPS-triggered NEU1 induction does not alter sialylation
of brain gangliosides consistent with our previous data
showing normal ganglioside patterns in the Newul knock-
out mice [48]. Most importantly, immunohistochemical
analysis with anti-PSA antibodies demonstrated a drastic
loss of PSA on cortical neurons.

Further studies are necessary to determine short- and
long-term effects of these changes in the N-linked sia-
lome on CNS function. However, it is tempting to
speculate that NEU1 activity-dependent desialylation of
glycoproteins on the neuronal surface may interfere with
sialic acid signaling-dependent neural activities, includ-
ing synaptic plasticity [55, 56], hippocampal memory
[55, 56], neurotransmission, neural cell adhesion [55—
57], and AMPA receptor trafficking [57, 58], and was as-
sociated with epilepsy [11, 59, 60], developmental delay,

and neuropsychiatric disorders [56, 57, 61] such as
schizophrenia and bipolar disorder observed in the pa-
tients with neonatal white matter injury. Interestingly,
milk containing sialic acid in the form of sialyllactose
given to suckling piglets was shown to increase levels of
bound sialic acid in the prefrontal cortex and free sialic
acid levels in the hippocampus with changes in white mat-
ter microstructure assessed by diffusion tensor imaging
[62]. Moreover, feeding piglets a protein-bound source of
sialic acid during early development also enhanced work-
ing memory and increased expression of genes associated
with learning [63]. Thus, NEU1 modulation or sialic acid
supplementation may constitute a novel therapeutic target
for premature infants exposed to neuroinflammation.

Conclusion

Neonatal cerebral LPS exposure in rat pups resulted in
specific and sustained induction of Neul and Neu4,
causing long-lasting negative changes in sialylation of
glycoproteins on brain cells. In contrast, gangliosides
were not altered by early inflammatory exposure.
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Reduction of sialylation was shown to affect neuronal
layers II-III of the somatosensory cortex. Considering the
important roles played by sialoglycoproteins in CNS func-
tion, we speculate that observed re-programming of the
brain sialome constitutes an important part of patho-
physiological consequences in perinatal infectious
exposure.

Abbreviations

EGCase I: Recombinant endoglycoceramidase; ILB4: Griffonia simplicifolia |
isolectin B4; LAMP-1: Lysosome-associated membrane protein 1;

LPS: Lipopolysaccharide; LSD: Lysosomal storage disorders; MAL-Il: Maackia
amurensis lectin Il; MPSIIIC: Mucopolysaccharidosis IlIC; NCAM: Neural cell
adhesion molecule; NEUT: Neuronal neuraminidase 1; PNA: Peanut
agglutinin; PSA: Polysialic acid; SGC: Sialoglycoconjugates; TLR: Toll-like
receptor; WT: Wild-type; X-Neu5Ac: 1, 5-Bromo-4-chloroindol-3-yl 5-
acetamido-3,5-dideoxy-a-D-glycero-p-galacto-2-nonulopyranosidonic acid

Acknowledgements

The authors acknowledge Dr. Rita Gerardy-Schahn for the gift of antibodies
against polysialic acid and Martin Gourment for the help with quantification
of histochemical images.

Funding

This work was supported by grants from the Canadian Institutes of Health
Research (http://www.cihr-irsc.gc.ca/) — Institute of Human Development,
Child and Youth Health (IHDCYH) (136908 to G.A.L) and Institute of Genetics
(153375 to GAL and AV.P, 148863 to AV.P.), from the Canadian Glycomics
Network to AV.P and CW.C, and from the Alberta Glycomics Centre to
CW.C. GAL. is supported by a start-up grant from the Research Center of
CHU Sainte-Justine and partly by salary award from Fonds de recherche du
Québec-Santé.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

ED participated in data acquisition, data analysis, and manuscript draft and
reviewed and revised the manuscript. IL, WP, and AN contributed to the
study preparation, data acquisition, and manuscript preparation. BR, CXZ, RC,
and CWC contributed to data acquisition and analysis and manuscript
preparation. GAL and AP conceptualized and designed the study, contributed
to data acquisition, supervised the data analysis, wrote, reviewed, and revised
the manuscript. All authors read and approved the final manuscript.

Authors’ information
Not applicable.


http://www.cihr-irsc.gc.ca/

Demina et al. Journal of Neuroinflammation (2018) 15:336

Ethics approval

Approval for the animal experimentation was granted by the Animal Care
and Use Committee of the Montreal Heart Institute and by the Animal Care
and Use Committee of the CHU Sainte-Justine.

Consent for publication

All authors approved the final manuscript as submitted and agree to be
accountable for all aspects of the work. All authors gave their consent for
this publication.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Paediatrics, Sainte-Justine Hospital Research Center,
Université de Montréal, Montreal H3T 1C5, QC, Canada. *Alberta Glycomics
Centre and Department of Chemistry, University of Alberta, Edmonton T6G
2G2, AB, Canada. *Department of Anatomy and Cell Biology, McGill
University, Montreal H3A0C7, QC, Canada. “Department of Pharmacology
and Physiology, Université de Montréal, Montreal H3T 1J4, QC, Canada.
*Montreal Heart Institute, Montreal H1T 1C8, QC, Canada. ®Centre de
recherche, CHU Sainte-Justine, 3175 Cote-Sainte-Catherine, Montreal, QC H3T
1C5, Canada.

Received: 21 June 2018 Accepted: 14 November 2018
Published online: 05 December 2018

References

1. Cohen M, Varki A. The sialome--far more than the sum of its parts. OMICS.
2010;14:455-64.

2. Varki A, Angata T. Siglecs—-the major subfamily of I-type lectins.
Glycobiology. 2006;16:1R-27R.

3. Cohen M, Hurtado-Ziola N, Varki A. ABO blood group glycans modulate
sialic acid recognition on erythrocytes. Blood. 2009;114:3668-76.

4. Hakomori S. Structure, organization, and function of glycosphingolipids in
membrane. Curr Opin Hematol. 2003;10:16-24.

5. Hakomori S. Carbohydrate-to-carbohydrate interaction, through
glycosynapse, as a basis of cell recognition and membrane organization.
Glycoconj J. 2004;21:125-37.

6. Regina Todeschini A, Hakomori SI. Functional role of glycosphingolipids and
gangliosides in control of cell adhesion, motility, and growth, through
glycosynaptic microdomains. Biochim Biophys Acta. 2008;1780:421-33.

7. Jones CJ, Aplin JD, Mulholland J, Glasser SR. Patterns of sialylation in
differentiating rat decidual cells as revealed by lectin histochemistry. J
Reprod Fertil. 1993;99:635-45.

8. Kelm 'S, Schauer R. Sialic acids in molecular and cellular interactions. Int Rev
Cytol. 1997;175:137-240.

9. Lehmann F, Tiralongo E, Tiralongo J. Sialic acid-specific lectins: occurrence,
specificity and function. Cell Mol Life Sci. 2006,63:1331-54.

10.  Allende ML, Proia RL. Lubricating cell signaling pathways with gangliosides.
Curr Opin Struct Biol. 2002;12:587-92.

11, Schnaar RL, Gerardy-Schahn R, Hildebrandt H. Sialic acids in the brain:
gangliosides and polysialic acid in nervous system development, stability,
disease, and regeneration. Physiol Rev. 2014;94:461-518.

12. Brennaman LH, Maness PF. Developmental regulation of GABAergic
interneuron branching and synaptic development in the prefrontal cortex

by soluble neural cell adhesion molecule. Mol Cell Neurosci. 2008,37:781-93.

13. Vawter MP. Dysregulation of the neural cell adhesion molecule and
neuropsychiatric disorders. Eur J Pharmacol. 2000;405:385-95.

14.  Schlapbach LJ, Aebischer M, Adams M, Natalucci G, Bonhoeffer J, Latzin P,
Nelle M, Bucher HU, Latal B, Swiss Neonatal N, Follow-Up G. Impact of
sepsis on neurodevelopmental outcome in a Swiss National Cohort of
extremely premature infants. Pediatrics. 2011;128:2348-57.

15. Adams-Chapman |, Stoll BJ. Neonatal infection and long-term
neurodevelopmental outcome in the preterm infant. Curr Opin Infect Dis.
2006;19:290-7.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

Page 13 of 14

Kumar M, Tripathi S, Kumar H, Singh SN. Predictors of poor outcome in
neonates with pyogenic meningitis in a level-three neonatal intensive care
unit of developing country. J Trop Pediatr. 2018,64:297-303.

Zhu M, Zhu J, Li H, Liu P, Lin Z. Clinical analysis and follow-up of neonatal
purulent meningitis caused by group B streptococcus. Zhonghua Er Ke Za
Zhi. 2014;52:133-6.

Malik GK, Yadav A, Trivedi R, Srivastava A, Prasad KN, Gupta RK. Temporal
alterations in brain water diffusivity in neonatal meningitis. Acta Paediatr.
2009;98:1426-32.

Joshi P, Barr P. The use of lumbar puncture and laboratory tests for sepsis
by Australian neonatologists. J Paediatr Child Health. 1998;34:74-8.

Patrick SW, Schumacher RE, Davis MM. Variation in lumbar punctures for
early onset neonatal sepsis: a nationally representative serial cross-sectional
analysis, 2003-2009. BMC Pediatr. 2012;12:134.

Guevara E, Berti R, Londono |, Xie N, Bellec P, Lesage F, Lodygensky GA.
Imaging of an inflammatory injury in the newborn rat brain with
photoacoustic tomography. PLoS One. 2013;8:e83045.

Lodygensky GA, West T, Stump M, Holtzman DM, Inder TE, Neil JJ. In vivo
MRI analysis of an inflalmmatory injury in the developing brain. Brain Behav
Immun. 2010;24:759-67.

Pang Y, Cai Z, Rhodes PG. Disturbance of oligodendrocyte development,
hypomyelination and white matter injury in the neonatal rat brain after
intracerebral injection of lipopolysaccharide. Brain Res Dev Brain Res. 2003;
140:205-14.

Cai Z, Pang Y, Lin S, Rhodes PG. Differential roles of tumor necrosis factor-
alpha and interleukin-1 beta in lipopolysaccharide-induced brain injury in
the neonatal rat. Brain Res. 2003,975:37-47.

Lodygensky GA, Kunz N, Perroud E, Somm E, Mlynarik V, Huppi PS, Gruetter
R, Sizonenko SV. Definition and quantification of acute inflammatory white
matter injury in the immature brain by MRI/MRS at high magnetic field.
Pediatr Res. 2014;75:415-23.

Bosch ME, Kielian T. Neuroinflammatory paradigms in lysosomal storage
diseases. Front Neurosci. 2015,9:417.

Archer LD, Langford-Smith KJ, Bigger BW, Fildes JE. Mucopolysaccharide
diseases: a complex interplay between neuroinflammation, microglial
activation and adaptive immunity. J Inherit Metab Dis. 2014;37:1-12.
Chuang YC, Su WH, Lei HY, Lin YS, Liu HS, Chang CP, Yeh TM. Macrophage
migration inhibitory factor induces autophagy via reactive oxygen species
generation. PLoS One. 2012;7:e37613.

Chen XH, Zhao YP, Xue M, Ji CB, Gao CL, Zhu JG, Qin DN, Kou CZ, Qin XH,
Tong ML, Guo XR. TNF-alpha induces mitochondrial dysfunction in 3T3-L1
adipocytes. Mol Cell Endocrinol. 2010;328:63-9.

Baregamian N, Song J, Bailey CE, Papaconstantinou J, Evers BM, Chung DH.
Tumor necrosis factor-alpha and apoptosis signal-regulating kinase 1
control reactive oxygen species release, mitochondrial autophagy, and c-
Jun N-terminal kinase/p38 phosphorylation during necrotizing enterocolitis.
Oxidative Med Cell Longev. 2009;2:297-306.

Vitner EB, Farfel-Becker T, Eilam R, Biton |, Futerman AH. Contribution of
brain inflammation to neuronal cell death in neuronopathic forms of
Gaucher's disease. Brain. 2012;135:1724-35.

Martins C, Hulkova H, Dridi L, Dormoy-Raclet V, Grigoryeva L, Choi Y,
Langford-Smith A, Wilkinson FL, Ohmi K, DiCristo G, et al.
Neuroinflammation, mitochondrial defects and neurodegeneration in
mucopolysaccharidosis Il type C mouse model. Brain. 2015;138:336-55.
Smutova V, Albohy A, Pan X, Korchagina E, Miyagi T, Bovin N, Cairo CW,
Pshezhetsky AV. Structural basis for substrate specificity of mammalian
neuraminidases. PLoS One. 2014;9:e106320.

Albrecht S, Vainauskas S, Stockmann H, McManus C, Taron CH, Rudd PM.
Comprehensive profiling of glycosphingolipid glycans using a novel broad
specificity endoglycoceramidase in a high-throughput workflow. Anal
Chem. 2016;88:4795-802.

Sturgill ER, Aoki K, Lopez PH, Colacurcio D, Vajn K, Lorenzini |, Majic S, Yang
WH, Heffer M, Tiemeyer M, et al. Biosynthesis of the major brain
gangliosides GD1a and GT1b. Glycobiology. 2012;22:1289-301.

Neville DC, Coquard V, Priestman DA, te Vruchte DJ, Sillence DJ, Dwek RA,
Platt FM, Butters TD. Analysis of fluorescently labeled glycosphingolipid-
derived oligosaccharides following ceramide glycanase digestion and
anthranilic acid labeling. Anal Biochem. 2004;331:275-82.

Tettamanti G, Bonali F, Marchesini S, Zambotti V. A new procedure for the
extraction, purification and fractionation of brain gangliosides. Biochim
Biophys Acta. 1973,;296:160-70.



Demina et al. Journal of Neuroinflammation

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

(2018) 15:336

Takashima S. Characterization of mouse sialyltransferase genes: their
evolution and diversity. Biosci Biotechnol Biochem. 2008;72:1155-67.
Kopitz J, von Reitzenstein C, Sinz K, Cantz M. Selective ganglioside
desialylation in the plasma membrane of human neuroblastoma cells.
Glycobiology. 1996,6:367-76.

Tauber R, Park CS, Reutter W. Intramolecular heterogeneity of degradation
in plasma membrane glycoproteins: evidence for a general characteristic.
Proc Natl Acad Sci U S A. 1983;80:4026-9.

Parker RB, Kohler JJ. Regulation of intracellular signaling by extracellular
glycan remodeling. ACS Chem Biol. 2010;5:35-46.

Minami A, Saito M, Mamada S, leno D, Hikita T, Takahashi T, Otsubo T, lkeda
K, Suzuki T. Role of sialidase in long-term potentiation at mossy fiber-CA3
synapses and hippocampus-dependent spatial memory. PLoS One. 2016;11:
e0165257.

Minami A, Meguro Y, Ishibashi S, Ishii A, Shiratori M, Sai S, Horii Y, Shimizu
H, Fukumoto H, Shimba S, et al. Rapid regulation of sialidase activity in
response to neural activity and sialic acid removal during memory
processing in rat hippocampus. J Biol Chem. 2017;292:5645-54.

Strehle EM. Sialic acid storage disease and related disorders. Genet Test.
2003;7:113-21.

Huizing M, Krasnewich DM. Hereditary inclusion body myopathy: a decade
of progress. Biochim Biophys Acta. 2009;1792:881-7.

Sato C, Hane M, Kitajima K. Relationship between ST8SIA2, polysialic acid
and its binding molecules, and psychiatric disorders. Biochim Biophys Acta.
1860;2016:1739-52.

Annunziata |, Patterson A, Helton D, Hu H, Moshiach S, Gomero E, Nixon R,
d'Azzo A. Lysosomal NEU1 deficiency affects amyloid precursor protein
levels and amyloid-beta secretion via deregulated lysosomal exocytosis. Nat
Commun. 2013;4:2734.

Pan X, De Aragao CBP, Velasco-Martin JP, Priestman DA, Wu HY, Takahashi
K, Yamaguchi K, Sturiale L, Garozzo D, Platt FM, et al. Neuraminidases 3 and
4 regulate neuronal function by catabolizing brain gangliosides. FASEB J.
2017;31:3467-83.

Sumida M, Hane M, Yabe U, Shimoda Y, Pearce OM, Kiso M, Miyagi T,
Sawada M, Varki A, Kitajima K, Sato C. Rapid trimming of cell surface
polysialic acid (PolySia) by exovesicular sialidase triggers release of
preexisting surface neurotrophin. J Biol Chem. 2015,290:13202-14.

Amith SR, Jayanth P, Franchuk S, Finlay T, Seyrantepe V, Beyaert R,
Pshezhetsky AV, Szewczuk MR. NeuT desialylation of sialyl alpha-2,3-linked
beta-galactosyl residues of TOLL-like receptor 4 is essential for receptor
activation and cellular signaling. Cell Signal. 2010,22:314-24.

Amith SR, Jayanth P, Franchuk S, Siddiqui S, Seyrantepe V, Gee K, Basta S,
Beyaert R, Pshezhetsky AV, Szewczuk MR. Dependence of pathogen
molecule-induced toll-like receptor activation and cell function on Neu
sialidase. Glycoconj J. 2009;26:1197-212.

Feng C, Stamatos NM, Dragan Al, Medvedev A, Whitford M, Zhang L, Song
C, Rallabhandi P, Cole L, Nhu QM, et al. Sialyl residues modulate LPS-
mediated signaling through the toll-like receptor 4 complex. PLoS One.
2012;7:232359.

Nan X, Carubelli I, Stamatos NM. Sialidase expression in activated human T
lymphocytes influences production of IFN-gamma. J Leukoc Biol. 2007,81:
284-96.

Wu'Y, Lan C, Ren D, Chen GY. Induction of Siglec-1 by endotoxin tolerance
suppresses the innate immune response by promoting TGF-betal
production. J Biol Chem. 2016;291:12370-82.

Sato C, Kitajima K. Disialic, oligosialic and polysialic acids: distribution,
functions and related disease. J Biochem. 2013;154:115-36.

Gascon E, Vutskits L, Kiss JZ. Polysialic acid-neural cell adhesion molecule in
brain plasticity: from synapses to integration of new neurons. Brain Res Rev.
2007;56:101-18.

Senkov O, Tikhobrazova O, Dityatev A. PSA-NCAM: synaptic functions
mediated by its interactions with proteoglycans and glutamate receptors.
Int J Biochem Cell Biol. 2012,44:591-5.

Prendergast J, Umanah GK, Yoo SW, Lagerlof O, Motari MG, Cole RN,
Huganir RL, Dawson TM, Dawson VL, Schnaar RL. Ganglioside regulation of
AMPA receptor trafficking. J Neurosci. 2014;34:13246-58.

Isaev D, Isaeva E, Shatskih T, Zhao Q, Smits NC, Shworak NW, Khazipov R,
Holmes GL. Role of extracellular sialic acid in regulation of neuronal and
network excitability in the rat hippocampus. J Neurosci. 2007,27:11587-94.

60.

62.

63.

64.

65.

Page 14 of 14

Boyzo A, Ayala J, Gutierrez R, Hernandez RJ. Neuraminidase activity in
different regions of the seizing epileptic and non-epileptic brain. Brain Res.
2003;964:211-7.

Barbeau D, Liang JJ, Robitalille Y, Quirion R, Srivastava LK. Decreased
expression of the embryonic form of the neural cell adhesion molecule in
schizophrenic brains. Proc Natl Acad Sci U S A. 1995,92:2785-9.

Mudd AT, Fleming SA, Labhart B, Chichlowski M, Berg BM, Donovan SM,
Dilger RN. Dietary sialyllactose influences sialic acid concentrations in the
prefrontal cortex and magnetic resonance imaging measures in corpus
callosum of young pigs. Nutrients. 2017,9:1297.

Wang B, Yu B, Karim M, Hu H, Sun Y, McGreevy P, Petocz P, Held S, Brand-
Miller J. Dietary sialic acid supplementation improves learning and memory
in piglets. Am J Clin Nutr. 2007,85:561-9.

Yanez 1B, Munoz A, Contreras J, Gonzalez J, Rodriguez-Veiga E, DeFelipe J.
Double bouquet cell in the human cerebral cortex and a comparison with
other mammals. J Comp Neurol. 2005;486:344-60.

Wuhrer M, Geyer H, von der Ohe M, Gerardy-Schahn R, Schachner M, Geyer
R. Localization of definedcarbohydrate epitopes in bovine polysialylated
NCAM. Biochimie. 2003;85:207-18.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

 rapid publication on acceptance

o support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Materials and methods
	Animals
	Enzyme activity assays in brain homogenates
	Quantitative RT-PCR
	Lectin blotting
	Histochemistry and immunohistochemistry
	Glycoprotein sialylation analysis in rat brain homogenates
	Protein extraction
	Release and labeling of glycosylamines
	Analysis of samples by LC-MS

	Ganglioside composition analysis
	Expression and purification of recombinant endoglycoceramidase (EGCase I)
	Extraction of gangliosides from rat brains
	EGCase I digestion
	Fluorescent labeling and analysis of glycans

	Statistics

	Results
	Postnatal inflammatory exposure causes specific induction of cerebral NEU1
	Neu1 induction in LPS-exposed rat pups is associated with sustained desialylation of cerebral glycoproteins without detectable changes in ganglioside profiles
	Specific reduction of polysialic acids on the surface of cortical neurons from LPS-treated rat pups

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Authors’ information
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

