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Abstract

Glycosylation is a fundamental cellular process that has a dramatic impact on the functionality of glycoconjugates such as
proteins or lipids and mediates many different biological interactions including cell migration, cellular signaling, and
synaptic interactions in the nervous system. In spinal cord injury (SCI), all of these cellular processes are altered, but the
potential contributions of glycosylation changes to these alterations has not been thoroughly investigated.

We studied the glycosylation of injured spinal cord tissue from rats that received a contusion SCI. The N- and O-linked
glycosylation was assessed at 3 and 14 days post-injury (DPI), and compared with uninjured control and time-matched
sham spinal tissue. Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) and
tandem MS (MS/MS) were performed to analyze carbohydrate structures. Results revealed diverse and abundant gly-
cosylation in all groups, with some carbohydrate structures differentially produced in SCI animals compared with
uninjured controls and shams. One such change occurred in the abundance of the Sda structure, NeuSAc-o-(2,3)-[GalNAc-
p-(1,4)-]1Gal-3-(1,4)-GlcNAc, which was increased in SCI samples compared with shams and non-injured controls.
Immunohistochemistry (IHC) and western blot were performed on SCI and sham samples using the CT1 antibody, which
recognizes the terminal trisaccharide of Sda with high specificity. Both of these metrics confirmed elevated Sda structure
in SCI tissue, where IHC further showed that Sda is expressed mainly by microglia. The results of these studies suggest

that SCI causes a significant alteration in N- and O-linked glycosylation.
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Introduction

S PINAL CORD INJURY (SCI) is a devastating neurological disorder
that affects thousands of people each year.' The most common
causes of SCIs are, in order, contusion, transection, and compres-
sion.> A series of adaptive and maladaptive responses follow SCI
and include cellular apoptosis, vasculature changes, ischemia,
edema, and inflammation.® A glial scar is formed after SCI at the
injured area by accumulated reactive astrocytes and microglial
cells.* Although the glial scar suppresses progression of secondary
damage after initial insult, it forms an inhibitory environment for
axonal regeneration by increasing the production of chondroitin
sulfate proteoglycans (CSPGs) and other inhibitory molecules.*”
Thus, gaining a complete understanding of the cellular and mo-
lecular changes occurring after SCI is essential for the development
of effective therapeutic strategies.

Carbohydrates are one of the four main classes of biological
molecules with diverse and complex structures in living organ-
isms.®” Carbohydrates can exist as independent molecules but are

often attached to proteins and lipids.% Carbohydrates, as compo-
nents of glycoproteins, proteoglycans, and glycolipids, play es-
sential roles in protein folding, cellular recognition, cellular
adhesion, cell migration, protection, metabolism, and develop-
ment.>37'% Glycosylation is ubiquitously present in every part of
the body including the nervous system and plays important roles in
development, as well as IN functionality of the developed nervous
system.'! Glycosylation mediates axonal glycoprotein trafficking,
controls myelination, guides axonal growth, and influences re-
generation.'>'? The knock-out of Srd5a3, an important gene for
N-glycosylation, in mouse cerebellum causes abnormal granule
cell development, impaired neurite growth and axonal guidance,
and results in coordination defects.'* The knock-out of gz, a gene
for O-GlcNACc transferase enzyme, which is important for initiation
of O-GlcNAc glycosylation, leads to progressive nerve degenera-
tion, increased anxiety, impaired memory, upregulated gliosis, and
increased neuroinflammation.

Glycosylation is altered under diseased conditions and these
alterations may affect recovery.'"'®!7 Alterations of glycosylation
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of peroxisome proliferator-activated receptor y (PPARy) attenuate
inflammatory activation of microglia.'® Sialylation and fucosyla-
tion of N-linked and O-linked polysaccharides are altered in brain
cancer, and these differences play critical roles in the progression of
the cancer.'® CSPGs are overexpressed in injured spinal cords and
inhibit axonal regeneration.20 Lewis® Gal-$-(1,4)-[Fuc-a-(1,3)]-
GlcNAc is highly expressed in the developing central nervous
system (CNS) and plays critical roles in intercellular recognition,
cell differentiation, and cell adhesion, as well as neurite out-
growth.?'=2> Polysialic acid is a large extracellular polysaccharide
that promotes axonal regeneration after injury.*~® Gangliosides,
which are glycolipids present in neuronal membranes, are receptors
for myelin-associated glycoprotein (MAG) and support axon sta-
bility, contribute to axon myelin interaction, and inhibit axon
outgrowth after injury.?’

Although glycosylation is ubiquitously present in the spinal cord
and plays critical roles, the glycome within the spinal cord remains
largely unknown.*® Therefore, identification of differentially pro-
duced carbohydrates is crucial for better understanding of the injury
process and therapeutic development for SCI. In this study, we
performed carbohydrate structural analysis on spinal cord samples
from both injured and non-injured rats to determine the structures
of carbohydrates generated by N- and O-linked glycosylation and
to identify differential glycosylation structures after SCI. This in-
vestigation focused on N- and O-linked glycosylation analyzed at
3 and 14 days post-injury (DPI). We observed that spinal cords
produce a diverse and abundant array of carbohydrates and that the
glycosylation profile changes in the injured spinal cord. We focused
our investigation on one of the differentially expressed carbohy-
drates, Sda, Neu5Ac-o-(2,3)-[GalNAc-f-(1,4)-1Gal-f-(1,4)-GlcNAc.
Sda was initially characterized as a blood group structure®' and we
found it to be highly upregulated after SCI. Analysis of expression of
Sda showed that microglia within the injury site are the main cell type
expressing Sda.

Methods
Animal care

All animals were acquired, cared for, and used in accordance
with the National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals and followed protocols approved by
Institutional Animal Care and Use (IACUC) at University of
Wyoming. Rats were placed in animal rooms with a temperature
range of 22-24°C, stable humidity, a 12-h day-night cycle, and free
access to rodent laboratory food and water. Animals were housed in
individual cages for the duration of the study.

Spinal cord injury

Adult male Sprague-Dawley rats were assigned randomly into
one of five groups: non-injured control (3 animals), sham or SCI 3
DPI (6 animals per group), or sham or SCI 14 DPI (14 animals per
group). SCI surgical procedures were performed as previously
described.** Briefly, rats were anesthetized by 2% isoflurane in-
halation, and the T10 vertebral area was shaved and sterilized using
iodine and isopropyl alcohol. Skin was incised, muscles around the
T10 vertebra were cleared, and a partial laminectomy was per-
formed at T10. The spine was suspended via clamps near the ex-
posed spinal cord, to ensure the exposed spinal cord was parallel to
the horizontal plane of the surgery table. SCI was induced using an
NYU Impactor, by dropping a 10-g, 1.1-mm diameter rod onto the
exposed spinal cord from a 25-mm height. Musculature and skin
were sutured using 6-0 sutures. After surgery, animals received
buprenorphine (NDC 42023-179-05, Par Pharmaceutical, Chestnut
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Ridge, NY, USA, 0.05 mg/kg) twice daily for 3 days, and baytril
(cat. no. 101-5977, Bayer Healthcare, LLC, 5 mg/kg) once daily for
7 days. Bladders were expressed twice daily until recovery of
bladder function was observed.

Behavioral assessment

The Basso, Beattie, Bresnahan (BBB) scale was used for func-
tional evaluation of recovery as previously described.*? Briefly,
each rat was placed in a circular plastic enclosure and observed by
two independent investigators. Each rat was scored during a 4-min
session and the observers’ scores were averaged to obtain the an-
imal’s score at every time-point.

Tissue harvesting and glycomic analysis

At end-points, animals (3 animals per group) were anesthetized
with inhalation of 2% isoflurane with pure oxygen. Animals were
perfused with saline and T10 spinal cord tissue was harvested and
snap frozen in liquid nitrogen.

Spinal cord samples were treated as described previously.™
Briefly, each spinal cord sample was subjected to sonication in
the presence of 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulfonate hydrate (detergent CHAPS), reduction in 4 M
guanidine-HCl (Pierce), carboxymethylation, and trypsin diges-
tion. The digested glycoproteins were then purified by hydrophilic-
lipophilic balance (HLB) plus C;g-Sep-Pak (cat. no. 186000132,
Waters Corp., Hertfordshire, UK). Products from N-linked glyco-
sylation were released by peptide N-glycosidase F (E.C. 3.5.1.52,
Roche Applied Science) digestion, whereas products from
O-linked glycosylation were released by reductive elimination.
Released products from N- and O-linked glycosylation were per-
methylated using the sodium hydroxide procedure and purified by
classic Cg-Sep-Pak (cat. no. WAT051910, Waters Corp.).

Mass spectrometry (MS) and tandem MS (MS/MS) data were
acquired using a 4800 MALDI-TOF/TOF (matrix-assisted laser
desorption ionization time-of-flight/time-of-flight) mass spec-
trometer (Applied Biosystems, Darmstadt, Germany). Permethy-
lated samples were dissolved in 10 uL. of methanol and 1 uL of
dissolved sample was pre-mixed with 1 uL. of matrix (10 mg/mL
3,4-diaminobenzophenone in 75% [v/v] aqueous acetonitrile),
spotted onto a target plate, and dried under vacuum. For the MS/MS
studies, the collision energy was set to 1 kV, and argon was used as
collision gas. The 4700-calibration standard kit, calmix (Applied
Biosystems), was used as the external calibrant for the MS mode,
and [Glul] fibrinopeptide B human (Sigma) was used as an external
calibrant for the MS/MS mode.

The MS and MS/MS data were processed using Data Explorer
4.9 software (Applied Biosystems). The processed spectra were
subjected to manual assignment and annotation with the aid of a
glycobioinformatics tool, GlycoWorkBench.34 The proposed as-
signments were based on '*C isotopic composition together with
knowledge of the biosynthetic pathways. The proposed structures
were then confirmed by data obtained from MS/MS experiments.

Immunohistochemistry

SCI experiments matching with those performed for glycosyl-
ation structure analysis were duplicated on additional animals for
immunohistochemistry (IHC). At end-point, 3 DPI animals and 14
DPI animals were euthanized via perfusion with 4% paraformal-
dehyde (PFA) in phosphate-buffered saline (PBS; 137 mM NaCl,
27mM KCI, 10mM Na2HPO4, and 1.8 mM KH2PO4; PH
7.110.1, cat. no. 14200075, Life Technologies). Samples were
placed in optimal cutting temperature (OCT) compound (cat. no.
625501-01, Sakura Finetek USA, Inc.) and 20-um sections were
sliced using a cryostat (CM3050 S, Leica Biosystems).
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CT1 hybridoma cells were generously provided by Dr. Ramiro
Alberio of the University of Nottingham. Hybridoma cells were
cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture
F-12 (DMEM/F12; cat. no. 11330032, Gibco Life Technologies)
supplemented with 10% fetal bovine serum (FBS; cat. no.
16140071, Gibco) and 5 ug/mL of Baytril for 2-3 days in 5% CO,
at 37°C. Cells were centrifuged at 300g (gravitational force) for
5 min, then supernatant was used to isolate antibody via affinity
chromatography using HiTrap IgM Purification HP column (cat.
no. 17511001, GE Healthcare Life Sciences).

Fixed sections of spinal cord tissue were washed with PBS 3
times for 5Smin each, and blocked using blocking buffer (10%
bovine serum albumin [BSA], 1% normal goat serum, 0.3% Triton
X-100 in PBS) for 1 h. Sections then were incubated with primary
antibodies diluted in dilution buffer (1% BSA, 0.1% normal goat
serum, 0.3% Triton X-100 in PBS) at 4°C overnight, washed 3
times for 5 min each, and incubated with secondary antibodies in
dilution buffer for 2h. Sections next were washed 3 times for
Smin each, then stained with 4’,6-diamidino-2-phenylindole
(DAPI; diluted 1:1000 in PBS, 1 ug/mL, cat. no. 62248, Ther-
moFisher Scientific) for 7 min. After this washing and staining,
slides were covered with mounting media and cover-slipped (cat.
no. F6182, Sigma).

To stain Sda structure, CT1 antibody (2 pg/mL, mouse immu-
noglobulin M [IgM]) was used, followed by FITC conjugated anti-
mouse IgM antibody (1:400, 5 ug/mL, cat. no. AP128F, Millipore).

To stain microglial cells, anti-ionized calcium-binding adapter
molecule 1 (Ibal) antibody (1:500, 1.12 ug/mL, rabbit IgG, cat. no.
NBP2-19019, Novus Biologicals) was used, followed by TRITC
conjugated anti-rabbit IgG antibody (1:400, 13.25 pug/mL, cat. no.
T6778, Sigma Aldrich) or Alexa Flour® 405 conjugated anti-rabbit
IgG antibody (1:400, 5 ug/mL, cat. no. ab175655, abcam).

To stain astrocytes, anti-glial fibrillary acidic protein (GFAP)
antibody (1:500, 2 ug/mL, chicken IgY, cat. no. AB5541, Milli-
pore) was used, followed by Alexa Flour® 555 conjugated goat
anti-chicken IgY antibody (1:400, 5 ug/mL, cat. no. A21437,
ThermoFisher Scientific).

To stain CD8 T cells, anti-CD8 antibody (1:100, 2 pg/mL,
mouse IgG, cat. no. sc-1177, Santa Cruz) was used, followed by
Alexa Flour® 555 conjugated anti-mouse IgG (1:400, 5 ug/mL, cat.
no. A21127, ThermoFisher Scientific).

Sections were imaged on a confocal microscope (Zeiss) and
Image J software (NIH) was used to measure CT1 fluorescent in-
tensities. Six sections were averaged to represent each animal, with
6 animals per group in CT1 fluorescent intensities. Bright field
images were taken using transmitted light detector (TPMT) under
confocal microscope (Zeiss).

Western blot

Spinal cord samples from sham and SCI animals at 14 DPI
(5 animals per group) were harvested and tissues were snap frozen
in liquid nitrogen. Samples were homogenized and total proteins
were extracted as previously described.®> Protein concentrations
were measured via absorbance at 280-nm wavelength and using a
standard curve to extrapolate the concentration using Nanodrop
(Thermofisher), then relative concentration of protein in each
sample was readjusted using band intensities of f-actin with Image
J software.

The samples (13 ug/lane) were separated using sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes (cat. no. 1620112, Bio-Rad
Laboratories, Inc.) as previously described.*® The membrane was
probed with CT1 antibody (2 ug/mL), anti-$-actin antibody (1:5000,
0.42 ug/mL, cat. no. A1978, Sigma, mouse IgG). Secondary anti-
bodies were peroxidase-labeled anti-mouse IgM secondary anti-
body (1:10,000, 0.08 ug/mL, cat. no. 31440, ThermoFisher) and
peroxidase-labeled anti-mouse IgG secondary antibody (1:3000,
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0.33 ug/mL, cat. no. 61-6520, ThermoFisher). Blots were developed
with chemiluminescent peroxidase substrate (cat. no. CPSOC, Sig-
ma) and visualized on an iBright FL.1000 Imager (cat. no. A32748,
Invitrgen). Western blot band intensities were measured using Image
J software (NIH). An average of 5 animals were represented for each
group. Relative expression of Sda structure was measured by CT1
band intensities divided by f-actin band intensities.

Statistical analysis

The statistical analysis was performed using Microsoft Excel
and GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA,
USA). Single-factor analysis of variance (ANOV A) was performed
for statistical significance. P<0.05 was considered as significant
difference. Repeated measures ANOVA was performed for the
BBB behavioral test.

Results
Spinal cord injuries were generated

The experimental outline is shown in Figure 1. Contusion SCI
was performed at T10 using a 10-g rod dropped from a 25-mm
height. BBB scores were measured on animals before surgery and
1,7, and 13 DPI (Fig. 2A). BBB scores fell to 0.6 at 1 DPI for SCI
animals and gradually increased up to 9 at 13 DPI. This level of
functional impairment and alteration to spinal tissue from this
contusion is consistent with previous reports.*>*’ Sham animals
remained at a BBB score of 21.
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FIG. 1. Time-points of experimental procedures and workflow
of carbohydrate structural analysis. (A) Timeline of experimental
procedures for tissue harvest, tissue analysis, SCI, and functional
analysis. (B) Workflow of N- and O-linked glycosylation struc-
tural analysis from SCI, sham, and control spinal tissue. BBB,
Basso, Beattie, Bresnahan scale score; MALDI MS, matrix-
assisted laser desorption ionization mass spectrometry; SCI, spinal
cord injury.
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FIG. 2. Functional outcome and characteristics of spinal tissue after contusion injury. (A) Level of functional impairment caused by
the SCI as assessed by BBB scale scoring. Data are presented as mean=SEM (n=11, ***p <(0.0005, repeated measures ANOVA).
(B) Bright field images of sham and contused spinal cords at T10, as indicated by the arrow. ANOVA, analysis of variance; BBB, Basso,
Beattie, Bresnahan; SCI, spinal cord injury; SEM, standard error of the mean.

Analysis of N-linked glycosylation

Spinal cord tissue was harvested from animals at 3 and 14 DPI
and was either analyzed for the N- and O-linked glycosylation or
used for histology. Bright field images of injured spinal cord at T10
show the injury site and confirm the level of injury (Fig. 2B).
MALDI-TOF MS and TOF/TOF MS/MS based glycomic meth-
odologies were employed to analyze the N- and O-linked glyco-
sylation from control, sham, 3 DPI, and 14 DPI rat spinal cord
samples. Control samples exhibited high mannose (e.g., m/z 1579,
1783, 1987, 2192, and 2396), hybrid (e.g., m/z 1824, 1998, 2173,

and 2203), and complex N-linked glycosylation; the latter ranging
from bi- (e.g., m/z 2244, 2489, and 2663) to tetra-antennary (e.g.,
m/z 4026, 4213, and 4226) structures and polyLacNAc extended
structures (e.g., m/z 5023, 5124, and 5485), all mainly core-
fucosylated (Supplementary Fig. S1A).

The major non-reducing terminal modification of the complex
N-linked glycosylation was sialylation of the antenna LacNAcs
Gal-f5-(1,4)-GlcNAc, either through the addition of a single NeuAc
residue (e.g., m/z 4022, 4026, 4400, and 4832) or multiple NeuAc
residues (polysialylation, e.g., m/z 3514, 3572, 3950, 4063, and
4138) on the same antenna (Fig. 3A and Supplementary Fig. S1A).
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FIG. 3. Partial MALDI-TOF mass spectra of N-linked glycosylation from rat spinal cord samples. Permethylated N-linked glyco-
sylation from (A) control, (B) sham, and (C) 14 DPI samples derived from the 50% acetonitrile fraction (see Methods section).
Structures outside a bracket have not been unequivocally defined. Red m/z values in (C) 14 DPI correspond to N-linked glycosylation
found in increased abundance compared with control and sham samples. Non-annotated m/z values in (B) sham and (C) 14 DPI
correspond to the same N-linked glycosylation as in the (A) control sample. All molecular ions are [M+Na]*. Putative structures are
based on composition, tandem MS, and biosynthetic knowledge. Complete spectra (including 3 DPI) can be found in the supplementary
figures (Supplementary Fig. S1). DPI, days post-injury; MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight; MS,

mass spectrometry. Color image is available online.
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Other additional non-reducing terminal modifications included
fucosylation, which formed Lewis® Gal-f-(1,4)-[Fuc-a-(1,3)]-
GlcNAc (e.g., m/z 3718, 3838, 3892, 4009, and 4574) structures
(Fig. 3A and Supplementary Fig. S1A). Of note is the detection of
complex truncated structures (agalactosylated) in the low (e.g., m/z
2040, 2081, 2326, 2530, 2646, 2717, 2891, and 3082; Supple-
mentary Fig. STIA) and medium mass range (3544, 3701, 3817,
3892, 4080, and 4267; Fig. 3A). Sham samples exhibited the same
N-linked glycosylation structures as the control samples (compare
Fig. 3A,B with Supplementary Fig. S1A,B).

Both 3 and 14 DPI injury groups exhibited broadly similar
N-linked glycosylation structures as the control and sham samples,
but with the following differences. On the 3 DPI samples, complex
N-linked glycosylation structures of minor abundances were de-
tected with non-reducing terminal modification corresponding to
the Gal-o1,3-Gal structure (e.g., m/z 3550, 3619, 3707, 3911, 4069,
4116, and 4273; Supplementary Fig. S1C). These terminal struc-
tures were not detected in the control and sham samples. On the 14
DPI samples, most of the above ions were still detected; nonethe-
less, they appeared to be expressed in lower abundance (Fig. 3C and
Supplementary Fig. SIC,D). Interestingly, the ion at m/z 3211,
which on the control, sham, and 3 DPI samples corresponded to a
bi-antennary structure terminated with NeuAc-LacNAcs, on the 14
DPI samples corresponded to a mixture consisting of the latter
structure plus a bi-antennary structure with an Sda structure
(Neu5Ac-a-(2,3)-[GalNAc-f-(1,4)-1Gal-f-(1,4)-GlcNAc (Supple-
mentary Fig. S1D).

Analysis of O-linked glycosylation

Control and sham O-linked glycosylation (Fig. 4A,B) exhibited
core 1 (m/z534) and core 2 (m/z 779 and 983) structures terminated
with NeuAc residues (m/z 895, 1256, 1344, and 1705) or modified
with fucose residue forming Lewis” structures (m/z 1157 and 1518).
Of note is the presence of a Lewis™ structure and a sialylated
structure each attached to an O-mannose type of O-linked glycan
(m/z 912 and 1099, respectively). SCI (14 DPI) samples (Fig. 4C)
exhibited, besides the aforementioned O-linked glycosylation, a
striking increase in abundance of core 2 O-linked glycosylation
terminated with Sda and Sda-type structures (m/z 1794 and 2196;
1140, 1501, and 1589).

Sda structure is overexpressed at lesion after SCI

The CT1 antibody binds to the Sda structure with high speci-
ficity.*® Comparison of Sda immunolabeling using CT1 antibody
on sham and SCI samples shows an increase of Sda positivity at
lesions of SCIs (Fig. 5C). Quantification of Sda fluorescent inten-
sities on shams and SClIs at 14 DPI revealed a significant increase of
Sda presence on SCIs (Fig. 5D). On western blot analysis, the Sda
exhibited two major bands, one at approximately 67 kD and one at
150kD (Fig. 5A). Quantification of both bands showed a significant
increase in SCI compared with sham at 14 DPI (Fig. 5B). Together,
these results indicate a significant increase of Sda at the injured site
after SCIL.

Microglial cells are main contributors of Sda
expression after SCI

To determine which cell types express Sda, we conducted co-
immunolabeling of SCI tissue for Sda and various spinal cord
cellular markers. Imaging SCI tissue co-labeled for Sda and the
microglial marker Ibal revealed that Sda immunolabeling co-
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FIG. 4. MALDI-TOF mass spectra of O-linked glycosylation
from rat spinal cord samples. Permethylated O-linked glycosyla-
tion from (A) control, (B) sham, and (C) 14 DPI samples derived
from the 35% acetonitrile fraction (see Methods section). All
molecular ions are [M+Na]*. Indicated areas (m/z 1300-2300) in
the spectra have a 10-fold magnification. Putative structures are
based on composition, tandem MS, and biosynthetic knowledge.
Full methods and spectra for the 3 DPI samples can be found in
the supplementary figures (Supplementary Fig. S4). DPI, days
post-injury; MALDI-TOF, matrix-assisted laser desorption ioni-
zation time-of-flight; MS, mass spectrometry. Color image is
available online.

localized to a large extent with Ibal (Fig. 6A—E). Quantification of
mean gray values of Sda and Ibal at different areas showed both
Sda and Ibal were highest around the injured area (Fig. 6F). These
results indicate that Sda intensity mirrors that of microglia, which is
highest at the injury site and tapers with distance from the injury
site. Not all Ibal cells stained positive for Sda, and the proportion
Sda-negative microglia increased with distance from the injury site.

Expression of Sda on CD8 T lymphocytes
and astrocytes

Sda is a blood group structure and previous reports have
shown Sda expression on CD8 T cells.***° Because peripheral
lymphocytes are known to infiltrate after SCI, tissue was ac-
cordingly labeled for CD8 and Sda. Images showed the presence
of limited quantities of CD8 T cells in injured spinal tissue, as
well as limited Sda labeling of CD8 cells (Supplementary
Fig. S2B.,D). Sham tissue showed no CD8 T cells (Supplemen-
tary Fig. S2A,C). GFAP immunolabeling was also performed
and showed that some GFAP cells do label positive for Sda
(Supplementary Fig. S3). There were only a small number of
GFAP Sda double-positive cells and these tended to be near
areas of concentrated Ibal cells. Triple labeling of GFAP, Ibal,
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control. (B) Quantification of Sda western blot band intensities. Data are presented as mean+SEM (n=5, *p<0.05, single-factor
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SCI, spinal cord injury; SEM, standard error of the mean. Color image is available online.
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and Sda confirmed that some GFAP-positive cells express Sda
and it was not an artifact of co-localization of astrocytes and
microglia (Supplementary Fig. SS5).

Discussion

The balance between growth stimulatory and inhibitory mole-
cules is critical for axonal recovery after SCI. Some carbohydrates,
as important components of both growth promoting and inhibiting
molecules, are known to play crucial roles in axonal regeneration
after SCL.* In previous studies, glycosylation structures in the spinal
cord, especially the differential glycosylation after SCI, were
identified using fluorescent IHC of antibodies and/or lectin histo-
chemistry.>**** These targeted studies have revealed important
glycosylation differences after nervous system injury.

The primary advancement of this study is the identification of
N- and O-linked glycosylation structures that are differentially
expressed between healthy and injured rat SCI. Results show that
the spinal cord has diverse and abundant N- and O-linked glyco-
sylation structures and many individual carbohydrates are differ-
entially expressed with SCI. Both types of glycosylation exhibit a
wide range of carbohydrate structures with different abundances
(Figs. 3 and 4). The majority of these structures, whether in normal
or SCI tissue, are previously undescribed in this context. This un-
derscores the potential impact that a more thorough understanding
of glycosylation may have on SCI.

The functional implications of the differentially expressed gly-
cosylation reported here are yet to be determined. However, given
that several carbohydrates, such as CSPGs, are already established
as playing a significant functional role in SCI, and the sheer di-
versity of carbohydrate structures described in this study, there is a
strong possibility that more carbohydrates with functionally im-
portant roles in the injury response and regenerative process exist.
Such functional changes in glycosylation should also be considered
in the context of potential interactions with carbohydrate-binding
proteins. For example, levels of galectin-1 (Gal-1) have been
demonstrated to be upregulated in rat spinal cord following stan-
dardized contusion injury.*? Our data show an abundance of multi-
antennary and polyLacNAc containing N-linked glycans (Fig. 3),
which are potential ligands for Gal-1.%

However, a limitation of our glycosylation structural analysis is
that we have not defined the linkage of the terminal NeuAc residues
and it is known that «-2-6-NeuAc, but not «-2-3-NeuAc can inhibit
Gal-1 binding.** Tt is not known, however, if Sda impacts Gal-1
binding. Determining the sialic acid linkages would also be im-
portant for assessing potential interactions with MAG. MAG is a
member of the I-type lectin family and has been demonstrated to
have a specificity for NeuAc-a-2,3-Gal, especially on glycolipids
such as GD1a and GT1b.** MAG has been demonstrated to inhibit
axon regeneration following SCL*® A continuing challenge is the
relative lack of genetic and molecular tools to validate and test the
functional importance of an individual carbohydrate or terminal
structure.

The Sda structure was one of the significant alterations ob-
served in SCI tissue for which a molecular tool is available. The
CT1 antibody, which binds to the Sda structure of NeuSAc-c-
(2,3)-[GalNAc-f-(1,4)-1Gal-f3-(1,4)-GlcNAc with high specifici-
ty,*® was an enabling tool to assess the expression of this structure
and validate the study. IHC showed that CT1 immunoreactivity
increased abundantly in injured spinal tissue and that its expres-
sion was primarily associated with microglia at the injury site
(Figs. 5 and 6). Interestingly, the abundance of microglia ex-
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pressing Sda increases with proximity to the injury site (Fig. 6F).
CT1 also binds to the GM2 structure, which is identical with Sda
for the terminal trisaccharides but has a glucose instead of
N-acetylglucosamine that links to the rest of the carbohydrate
structure.>® MALDI-MS did not reveal alterations in GM2 in SCI,
but it may be possible that CT1 immunoreactivity shown in SCI
tissue may have included GM2.

The exact role of Sda and the functional implications of in-
creased Sda on microglia at the injury site are unknown. Sda was
first described as a blood group structure and later found to be
highly expressed in intestine and several other epithelial tis-
sues.>"*"*® There are no previous reports that have assessed or
observed Sda expression in the CNS, but prior studies suggest roles
for Sda in metastasis, rejection of xenotransplants, embryo at-
tachment in utero, the development of muscular dystrophy, and
CD8-mediated cytotoxicity.?' #8491

There is some evidence supporting potential mechanisms by
which Sda may influence axonal regeneration. The Sda production
process competes with synthesis of certain Lewis* polysaccha-
rides,which are known to promote axonal outgrowth.>>* It is
therefore possible that the elevated expression of Sda comes at the
expense of Lewis®, potentially impairing regeneration.>*>* In vivo
studies with sialidase enzymes, which cleave terminal sialic acids
on carbohydrate structures including Sda, among other glycosyla-
tion, after SCI promoted recovery.*®*® Sda on muscle was also
shown to bind laminin and agrin at the neuromuscular junction,
stabilizing the association between peripheral neurons and muscle
cells.” Although the exact function of Sda in the spinal cord is
unknown, Sda could potentially be affecting axonal outgrowth and
synaptogenesis mediated by laminin and agrin.’*>’

In summary, this study characterized the N- and O-linked gly-
cosylation within the spinal cord in both injured and intact tissue.
The data show a diverse array of previously undescribed carbo-
hydrates in spinal tissue and show that significant changes in gly-
cosylation occur as a result of contusion injury. This study was
limited in scope to N- and O-linked glycosylation and assessed
tissue only at 3 and 14 DPI. Future studies may be warranted to
more fully characterize glycomic changes. Such studies would
benefit by including analysis of other glycosylation, such as lipid-
linked and free carbohydrates, which were not analyzed in the
present study, as well as including additional time-points. Given the
data of this study, it is likely that additional significant changes in
glycosylation occur as a result of SCIL.
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