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Abstract β1,4-Galactosyltransferase-I (β1,4-GalT-I) is one
of the best studied glycosyltransferases. Previous studies
demonstrated that β1,4-GalT-I was a major galactosyltrans-
ferase responsible for selectin-ligand biosynthesis and that
inflammatory responses of β1,4-GalT-I deficient mice were
impaired. In this study, we investigate the expression of
β1,4-GalT-I in lipopolysaccharide (LPS)-induced neuro-
inflammatory processes. The results of this study demon-
strated that β1,4-GalT-I was strongly induced by intraspinal
administration of LPS. More than 90% galactose-containing
glycans and β1,4-GalT-I were expressed in immune cells.
The ELISA assay shows focal injection LPS also induces
TNF-α alteration. Double staining indicated β1,4-GalT-I
overlapped with TNF-α. Moreover, RT-PCR for β1,4-
GalT-I mRNA showed that β1,4-GalT-I mRNA in micro-
glia in vitro was affected in a dose- and time dependent
manner in response to LPS or TNF-α stimulation. All these
results indicated that the increase of β1,4-GalT-I might
attribute to the effect of TNF-α excreting during inflam-
mation. E-selectin, which ligand was modified by β1,4-

GalT-I, was correlated with galactose-containing glycans
following injecting LPS into spinal cord. We therefore
suggest that β1,4-GalT-I may play an important role in
regulating immune cell migration into the inflammatory
site.
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Introduction

Lipopolysaccharide (LPS) is the component of a gram-
negative bacterial cellular wall. It breaks out after bacterial
invasion into host circulation, and cause a serious illness
with inflammation in the whole body. It stimulates the
production of a potent inflammatory mediator, and causes
circulatory injury, shock, multiple organ failure, and death
[34]. Experimentally, inflammation can be induced in most
tissues by the local injection of LPS, and typically large
numbers of neutrophils and monocytes invade the tissue
from the bloodstream within minutes [4, 19]. Recruitment
of leukocytes proceeds along a cascade of events, begin-
ning with the capture of free flowing leukocytes to the
vessel wall. This is followed by leukocyte rolling along the
endothelium. Capture and rolling are mediated by a group
of glycoproteins, called selectins, which bind to carbohy-
drate determinants on selectin ligands [14]. Injection LPS
into central nervous system (CNS) evokes inflammatory
reaction typically [3, 33]. In recent years, increasing
evidence has strongly suggested inflammation in the CNS
may be a basic mechanism driving the progressive nature of
multiple neurodegenerative disease, including Parkinson’s
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and Alzheimer’s disease, multiple sclerosis and the AIDS
dementia complex [5, 21, 27, 31].

β1,4-galactosyltransferase I (β1,4-GalT-I) is one of at least
seven polypeptides that synthesize β1,4-galactosyl linkages
[16]. It is a type II membrane glycoprotein, similar to other
glycosyltransferase, in the presence of the sugar donor UDP-
galactose, it is responsible for the galactosylation of complex
glycoconjugates terminating in N-acetylglucosamine
(GlcNAc) [10]. It resides in two distinct subcellular compart-
ments, the trans-Golgi network and the cell surface. β1,4-
GalT-I is expressed ubiquitously and strongly in almost all
tissues, suggesting that β1,4-GalT-I is involved in β4
galactosylation of many glycoproteins. β4 galactosylation
of glycoproteins is widely distributed in mammalian tissues
and is involved in various physiological functions through
interactions with selectins, galectins, asialoglycoprotein
receptor and so on. It shows reduced inflammatory responses
[2] and delayed skin wound healing [26] attributable to
impaired leukocyte infiltration caused by the reduced
biosynthesis of selectin ligands in β1,4-GalT-I deficient
mice. Toshikazu Nishie and colleagues demonstrated that
β1,4-GalT-I+/− mice developed an immunoglobulin A
nephropathy (IgAN)-like disease consistent with the patho-
logical diagnosis of human IgAN [29]. In addition, β1,4-
GalT-I serves as a recognition molecule and participates in a
number of cellular interactions, including neurite extension,
cell growth, sperm–egg interaction, cell spreading, and
migration [6, 8, 15, 18, 24, 28].

Selectin ligands belong to a growing number of
glycoproteins, where protein function is closely linked to
its proper post-translational glycosylation. Post-translational
glycosylation is mainly performed in the Golgi apparatus,
involving a group of Golgi resident enzymes termed
glycosyltransferases [23]. β1,4-GalT-I has been identified
to participate directly in the synthesis of functional selectin
ligands in vivo [2]. Our previous studies have shown that
β1,4-GalT-I may play an important role in the peripheral
organs during the inflammation reaction induced by intra-
peritoneal injection of LPS [30]. However, the expression of
β1,4-GalT-I and its biological function in CNS during
inflammation and infection remain to be elucidated.

Multiple sclerosis (MS) is the most prevalent inflamma-
tion-mediated demyelinating disease. The neurodegeneration
associated with MS occurs as lesions in white matter of the
CNS. Intraspinal injection of LPS results in inflammation and
subsequently in prominent demyelination, which is a feature
of the pattern III lesion. LPS-induced demyelination serves as
an experimental model available for the study of MS,
particularly in pattern III lesion [9]. In the present study, we
examined β1,4-GalT-I expression in inflammatory stage
following the injection of LPS into rat spinal cord. These
results might contribute to further understanding of the
function of β1,4-GalT-I in the inflammation in the CNS.

Materials and methods

Experimental animals and treatments

Male Sprague-Dawley rats (180–220 g), provided by the
Animal House, Nantong Medical College, were caged in
groups of three with food and water given ad libitum. The
animals were kept in a temperature-controlled environment
(21°C) on a 12 h light–dark cycle. The surgery was
performed as described [9]. Briefly, rats were deeply
anesthetized with a cocktail of xylazine (10 mg/kg),
ketamine (95 mg/kg) and acepromazine (0.7 mg/kg)
administered intraperitoneally. Then using sterile technique,
a quarter laminectomy was performed at the T12 vertebral
level in rats. Two small holes, 1 mm apart, were made in
the dura over the left dorsal column and a drawn glass
micropipette (tip diameter 10 μm) was inserted into the
dorsal column and 0.5 μl of LPS (E. coli 055:B5, Sigma)
(100 ng/μl in saline) was injected at each of the two sites at
depths of 0.7 and 0.4 mm (2 μl in total). The injection sites
were marked by placing a small amount of sterile charcoal
on the adjacent dura. Control animals were injected by saline
alone. All animal experiments were carried out in accordance
with the United States National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Cell culture and treatment

HAPI microglial cells were provided by professor Qin Shen
(Nantong University, Jiangsu province, China). Cells were
maintained in RPMI-1640 medium (Sigma-Aldrich, Rehovot)
supplement with 10%FCS, L-glutamine (1 mM), sodium
pyruvate (1 mM), β-mercaptoethanol (50 μM), penicillin
(100 U/ml), and streptomycin (100 μg/ml). All cells were
maintained at 37°C in a humidified incubator under 5% CO2

and 95% air. After cells were allowed to reach 80%
confluence, culture medium was switched to serum-free
RPMI-1640 medium and experiments were initiated 24 h
later. LPS or TNF-α was administered directly into growth
media for the indicated incubation times. Non-treated cells
were included as controls in all experiment.

Real-time PCR

Total RNA was isolated using the TRIzol method (Invi-
trogen, Burlington, ON) according to the manufacturer’s
protocol. Single-stranded cDNA was synthesized from total
RNA using the RevertAid First Strand cDNA Synthesis Kit
(Fermentas). Transcript levels of β1,4-GalT-I in rat spinal
cord were measured in 36-well microtiter plates using Roto-
gene 2000 Sequence Detector Systems (Perkin-Elmer/
Applied Biosystems, Foster City, CA). The thermal cycling
program consisted of 3 min at 94°C, followed by 40 cycles
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of 20 s at 94°C and 1 min at 60°C. All runs were
accompanied by the TaqMan β2-microglobulin (β2-M)
control Reagents. Initial experiments demonstrated identical
realtime amplification efficiencies of target and reference
gene. The expression level of each target gene was
calculated by standardizing the target gene copy number
with the β2-M copy number in a sample. Specific mRNA
transcript levels were expressed as fold difference. Analysis
of results is based on three independent experiments. PCR
primers for β1,4-GalT-I, and β2-M were designed
corresponding to the coding region of the genes as follows:
β1,4-GalT-I primers, sense 5′-TATTTGCATCCAGTCTTT
CAGC-3′ and antisense 5′-CAGCTTAGCTCGATTAAAC
ATGG-3′; β2-M primers, sense 5′-GTCTTTCTACATCCT
GGCTCACA-3′ and antisense 5′-GACGGTTTTGGG
CTCCTTCA-3′. PCR probes for β1,4-GalT-I and β2-M as
follows: β1,4-GalT-I probe, 5′(FAM)-TCCAGCCTGA
TTGATGACGTAGATGC-(TAMRA)3′ and β2-M probe,
5′(FAM)-CACCCACCGAGACCGATGTATATGCTTGC-
(TAMRA)3′.

RT-PCR

Integrity of RNA of microglia was checked by agarose gel
electrophoresis and ethidium bromide staining. PCR (30
cycles) was performed as follows: denaturation for 30 s,
annealing at 57°C for 40 s, and elongation at 72°C for 40 s.
PCR products were analyzed by agarose (2%) gel electro-
phoresis and ethidium bromide staining. Primer sequences
were described as above. The relative differences in
expression between groups were expressed using optical
density normalized with GAPDH, and the relative differences
between control and treatment groups were calculated. Values
are responsible for at least four independent reactions.

Immunofluorescent staining

Animals whose tissues were to be examined by immuno-
histochemistry were perfused with ice-cold saline followed
by 4% paraformaldehyde in phosphate buffer (pH 7.4) at
postinjection times of 8, 12 and 24 h. The spinal cord was
then removed and serial coronal frozen sections of 8 μm
thickness were cut on a freezing sliding microtome and
stored at −20°C until use. For single label immunohisto-
chemistry, all of sections were blocked with 10% donkey
serum with 0.1% Triton X-100 and 1% bovine serum
albumin (BSA) for 2 h at room temperature (RT) and
incubated overnight at 4°C with anti-β1,4-GalT-I antibody
(Goat Anti-β1,4-GalT-I, 1:100, Santa Cruz). After washing
in phosphate-buffered saline (PBS) three times, the second
antibodies were added (FITC–Donkey-anti-Goat, 1:100,
Jackson Laboratory) and the mixture was placed in a dark
room and incubated for 2 h at 4°C. For double labeling,

sections were first blocked with 10% normal serum block-
ing solution—species the same as secondary antibody
overnight at 4°C to avoid unspecific staining. Then, the
sections were incubated with both antibody specific for
β1,4-GalT-I and antibody for different markers as follows:
OX-42 (Mouse Anti-OX-42, 1:50, Serotec), ED-1 (Mouse
Anti-ED1, 1:100, Serotec), MPO (Rabbit Anti-MPO, 1:100,
NeoMarkers), GFAP (Mouse Anti-GFAP,1:100, Sigma),
NeuN (Mouse Anti-NeuN,1:600, Sigma), CNPase (Mouse
Anti-CNPase, 1:50, Sigma), CD62E (Rabbit Anti-CD62E,
1:200, Abcam) and TNF-α (Mouse Anti-TNF-α, 1:100,
Santa Cruz) overnight at 4°C. After washing in PBS three
times for 10 min each, the secondary antibodies (FITC–
Donkey-anti-Goat; TRITC–Donkey-anti-Mouse, 1:100,
Jackson Laboratory; TRITC–Donkey-anti-Rabbit, 1:100,
Jackson Laboratory; FITC–Donkey-anti-Rabbit, 1:100, Jack-
son Laboratory) were added in the dark room and incubated
for 2–3 h at 4°C. The images were captured by Leica
fluorescence microscope (Germany).

Lectin-fluorescent staining with RCA-I

To eliminate terminal sialic acid moieties, sections were
digested with sialidase for 5 h at 37°C. Frozen sections
were first blocked with 1% BSA overnight at 4°C in order
to avoid unspecific staining. Then the sections were
incubated with isothiocyanate (FITC)-conjugated RCA-I
(1:400, Vector) in the dark room for 2 h at 4°C. For double
staining analysis, the sections were incubated with mono-
clonal primary antibody for different cell markers (OX-42,
ED-1, MPO, GFAP, NeuN, CNPase, CD62E) overnight at
4°C. After wash in PBS for three times, the second
antibodies above-mentioned and FITC-RCA-I were added in
dark room and incubated for 2 h at 4°C. The fluorescence was
detected by Leica fluorescence microscope.

Lectin blotting

Spinal cord tissues at different time points postoperatively
(n=6 for each point) were homogenized in a lysate buffer
containing 1 M Tris–HCl pH 7.5, 1% Triton X-100, 1%
NP-40 (nonidet p-40), 10% SDS, 0.5% Sodium deoxycholate,
0.5 M EDTA, 10 μg/ml leupeptin, 10 μg/ml aprotinin, 1 mM
PMSF, were then centrifuged at 10,000 ×g for 30 min to
collect the supernatants. Each supernatant was diluted in
2×SDS loading buffer and boiled. Proteins were separated
with SDS-PAGE (10% gradient gels) and then transferred
onto a PVDF membrane. After being blocked with 5% BSA,
the membrane was incubated with 1:300 dilution of HRP-
RCA-I or 1:1,000 diluted antibody to E-selectin followed by
a 1:500 HRP-labeled secondary antibody for 2 h at room
temperature. The blots were washed and developed with the
ECL detection system using x-ray film (Fuji Photo Film).
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Fig. 1 Quantification of β1,4-GalT-I mRNA in the rat spinal cord at
various times after focal injection of LPS. There was a significant
increase in β1,4-GalT-I mRNA at 6 and 8 h after intraspinal injection
of LPS (p<0.05). Total RNA of the spinal cord was isolated at 0, 2, 4,
6, 8, 12, 24 and 48 h post-injection. For quantitative analysis, the

β1,4-GalT-I mRNA level was normalized by β2-microglobulin
mRNA. Data were from six animals at each time point, and the
experiments were tripled under the same condition. Values are mean±
SEM (n=5). *p<0.05

Fig. 2 β1,4-GalT-I expression
in the spinal cord of rats as
control and focal injection of
LPS. A label with β1,4-GalT-I.
a: grey matter adjacent to the
deep portions of the left dorsal
column after intraspinal
injection of saline; b: grey
matter (GM) of the normal
spinal cord; c, d: grey matter
adjacent to the injection site
after administration of LPS for
8 and 12 h respectively; e–i:
spinal cord 1 d after LPS
injection; e: low-magnification
of cross-section of the spinal
cord at the level of injection;
β1,4-GalT-I staining was
significant, particularly in the
left dorsal funiculus (arrow-
head, indicate higher magnifi-
cation in f) and grey matter
adjacent to the left dorsal
funiculus (arrow, indicate higher
magnification in g); h: grey
matter adjacent to the right
dorsal column; i: a portion of the
right dorsal funiculus. B the
number of β1,4-GalT-I positive
cells in the left grey matter and
dorsal column (*p<0.01). Scale
bars: (a–d, f–i)=20 μm,
(e)=50 μm
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Immunoprecipitation

Tissues were homogenized in lysis buffer (1% NP-40,
50 mmol/L Tris, pH 7.4, 0.15 mol/L NaCl, 1% sodium
deoxycholate, 1% Triton-X100, 0.1% SDS, 1 mmol/L
PMSF, 10 mg/ml aprotinin, and 1 μg/ml leupeptin) and
clarified by centrifuging for 30 min in a microcentrifuge at
4°C. 0.2 ml of aliquots of the supernatant were incubated
with 25 ml of protein G-agarose (Santa Cruz Biotechnology,
Inc.), at 4°C for 3 h followed by centrifugation at 10,000 ×g
for 10 min, 0.1 ml aliquots of supernatant were incubated
with the polyclonal antibody to E-selectin (CD62E) antise-
rum (3 μl, Abcam, Rabbit Anti-CD62E) overnight at 4°C.
Thereafter, 25 μl protein G Sepharose beads were added and
the incubation was continued with gentle rotation for an
additional 2 h. The beads were washed five times with PBS;
finally, the protein of E-selectin samples was adjusted to the
same concentration (30 μg/ml). Then, the immunoprecipi-
tated E-selectin subunits were subjected to lectin blotting.

ELISA

The spinal cord were homogenized as described [12]. TNF-α
levels were determined using ELISA kit (Biosource Europe,
SA), according to the manufacturer’s instructions. The
detection limits of the assays were determined to be 15 pg/ml.

Statistical analysis

At least three repetitive assessments were performed, and
for each assessment, all groups were tested in quadruplicate.
All data were given in terms of relative values and expressed
as mean±standard error. One-way ANOVA was used to
compare differences between the operated groups and the
control group. All statistical analyses were conducted with a
STATA 7.0 software package (Stata Corp., College Station,
TX, USA), and all significance levels were set at p<0.05.

Results

Upregulation of β1,4-GalT-I expression after intraspinal
injection of LPS

The mRNA expression of β1,4-GalT-I in spinal cord was
investigated by Real-time PCR analysis. Prior to this study,
β2-microtubulin (β2M) was determined as the optimal
endogenous reference gene for normalization in the
experimental conditions used in the present work. Real-
time PCR results showed that expression of β1,4-GalT-I
mRNA was in a time-dependent manner after intraspinal
injection of LPS (Fig. 1). The relative abundance of β1,4-
GalT-I transcripts increased 1.5–2 fold at 6–8 h after

intraspinal injection of LPS, and then decreased to normal
levels at 12–48 h.

Now that β1,4-GalT-I was altered in a time-dependent
manner by the local injection of LPS (Fig. 1), then we
identify the distribution of β1,4-GalT-I in the spinal cord,
single-labeled immunohistochemical analysis was per-
formed. Spinal cord injection with saline (Fig. 2A.a)
showed a very small number of β1,4-GalT-I expressed in
the grey matter and dorsal column. Weak signals of staining
were detected in the normal spinal cord (Fig. 2A.b). The
weak expression of β1,4-GalT-I was detected in the left
grey matter (Fig. 2A.c,d) and the left dorsal column (Data
not shown) at 8 h and 12 h after intraspinal injection of
LPS. By 1 d after the LPS injection into the left dorsal
column there were signs of an intense response, where
β1,4-GalT-I expressed widespreadly and strongly both in
the left grey matter (Fig. 2A.e,f) and the dorsal column
(Fig. 2A.g). However, very little β1,4-GalT-I appeared in
the right grey matter (Fig. 2A.h) and dorsal column
(Fig. 2A.i). Quantitative analysis showed that injection of
LPS increased β1,4-GalT-I expression at 1 d significantly
compared with uninjected spinal cord (Fig. 2B).

Fig. 3 RCA-I lectin assay in the spinal cord after intraspinal injection
of LPS. At 2 h, 4 h, 6 h, 8 h, 12 h, 24 h, 48 h after injection, protein
extraction of each brain regions was separated by SDS-PAGE and
analyzed by Coomassie Blue staining (A) and RCA lectin (B). A
significant increase of the binding of total glycoprotein with RCA-I
was observed for 34–45 kD, 45–55 kD and 72–95 kD protein at 1 d
after intraspinal injection of LPS
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Changes of glycoproteins in rat lesion spinal cord

Since the gene expression and protein levels of β1, 4-GalT
I were changed after intraspinal injection of LPS, as
revealed in Figs. 1 and 2, we examined the total
galactosylated glycoproteins using RCA lectin blotting.
Spinal cord tissues from different time points postoperative
were separated by electrophoresis and labeled with bio-
tinylated RCA lectin, which interacts specifically with
oligosaccharides terminating with the Galβ1→4GlcNAc
group. Consistent with accrescence in the expression of
GalT I, a significant increase of the binding of total
glycoprotein with RCA-I was observed for 34–45 kD, 45–
55 kD and 72–95 kD protein at 1 d after intraspinal
injection of LPS (Fig. 3B).

Alternatively, FITC–RCA-I staining indicated that LPS
injection caused cell surface galactose-containing glycans
to increase sharply. Its distribution was similar with β1, 4-

GalT I. Weak staining was observed in the spinal cord at
8 h and 12 h after LPS administration (Fig. 4A.c,d).
Enhanced immunoreactivity was observed in the grey
matter adjacent to the deep portions of the left dorsal
column (Fig. 4A.e,f) and the dorsal column (Fig. 4A.g) at
1 d after LPS administration. This finding is in agreement
with lectin blotting results demonstrating significant levels
of galactose-containing glycans in the lesion site at 1 d. The
effects of intraspinal injection of LPS at different time on
galactose-containing glycans are summarized in Fig. 4B.

Cellular localization of β1,4-GalT-I and RCA

To further determine in which kind of cell type β1,4-GalT-I
and galactose-containing glycans are expressed after ad-
ministration of LPS, we used double immunofluorescent
staining to definite more accurate location of the molecular.
Since previous study showed that in response to LPS and

Fig. 4 Lectin-fluorescent
staining with RCA-I analysis of
glycoproteins from frozen
sections of rat spinal cord. A
single label with FITC-RCA-I.
a: grey matter adjacent to the
deep portions of the left dorsal
column after intraspinal
injection of saline; b: grey
matter (GM) of the normal
spinal cord; c, d: grey matter
adjacent to the injection site
after administration LPS 8 and
12 h, respectively; e–i: spinal
cord after injection LPS 1 d; e:
low-magnification of cross-
section of the spinal cord at the
level of injection; glycoproteins
was present, particularly in the
left dorsal funiculus
(arrowhead, shown at higher
magnification in f) and grey
matter adjacent to the left dorsal
funiculus (arrow, shown at
higher magnification in g). h:
grey matter adjacent to the right
dorsal column; i: a portion of the
right dorsal funiculus. B: the
number of galactose-containing
glycans positive cells in the left
grey matter and dorsal column
(*p<0.01). Scale bars:
(a–d, f–i)=20 μm, (e)=50 μm
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inflammatory cytokines, the endothelium altered vascular
tone and permeability, absorbed infectious insults, and
directed leukocytes such as neutrophils and macrophages
into the areas of inflammation [19], so we examined the
immunohistochemical colocalization of β1,4-GalT-I, galac-

tose-containing glycans with ED1 (a marker for macro-
phage), MPO (a marker for neutrophil), and CNS resident
cells, including OX42 (a marker for microglia), CNPase (a
marker for oligodendrocytes), NeuN (a marker for neuron)
and GFAP (a marker for astrocytes). Laser scanning

Fig. 5 The distribution of
β1,4-GalT-I or FITC-RCA-I in
the rats spinal cord at 1 d after
focal injection of LPS. Immu-
nofluorescent staining was
performed on sections of the
spinal cord after LPS treatment.
FITC (green) signals indicate
β1,4-GalT-I (A. a, d, g, a′, d′, g
′) or RCA-I (B. a, d, g, a′, d′, g′).
TRITC (red) signals indicate
ED1 (A. b, B. b), OX-42 (A. e,
B. e), MPO (A. h, B, h),CNPase
(A. e′, B. e″), NeuN (A. b′, B.
b′), GFAP (A. h′, B. h′). Merge
picture (A. c, f, I, c′, f′, i′; B. c, f,
I, c′, f′, i′) showed that β1,4-
GalT-I and RCA-I mostly local-
ized in macrophage, microglia
cell, neutrophils, and oligoden-
drocytes, while scanty with
neuron, astrocytes after intraspi-
nal injection of LPS. Scale bars:
20 μm
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microscopic observation revealed that β1,4-GalT-I and
galactose-containing glycans of rat spinal cord mostly
colocalized with macrophage (Fig. 5A.c,B.c), actived
microglia (Fig. 5A.f,B.f), neutrophils (Fig. 5A.i,B.i) and
oligodendrocytes (Fig. 5A.f′,B.f″) after intraspinal injection
of LPS, accounting to 93%, and scanty with neuron
(Fig. 5A.c′,B.c″) and astrocytes (Fig. 5A.i′,B.i′).

The association of E-selectin and galactose-containing
glycans in spinal cord

Because inflammation could induce significant increase
of E-selectin expression in CNS, we sought to determine
whether the expression of this molecule correlates with
the adhesion of microglia to the lesion spinal cord.

Fig. 5 (continued)
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Representative photograph of double labelling of E-
selectin and microglia were shown in Fig. 6, indicating
that E-selectin was expressed in microglia. This section was
taken from an animal that received intraspinal injection of
LPS 1 d.

Previous results have demonstrated that β1,4-GalT-I is a
major galactosyltransferase responsible for selectin-ligand
biosynthesis and that inflammatory responses of β1,4-
GalT-I deficient mice are impaired because of the defect in
selectin-ligand biosynthesis [2]. In this study, we found that
E-selectin localized in inflammatory cells. To study whether
β1,4-GalT-I is associated with E-selectin during the
pathological process of intraspinal injection of LPS, we
performed double labeling immunochemistry and immuno-
precipitation to assess the specificity of interactions
between E-selectin and galactose-containing glycans in the
spinal cord at 1 d after intraspinal injection of LPS. The

colocalization of the two molecules was observed in
the grey matter adjacent to the deep portions of the left
dorsal column (Fig. 7A) and the dorsal column (data not
show). To further address the interaction E-selectin and
galactose-containing glycans, we did immunoprecipita-
tion in spinal cord on post-injection 1 d (Fig. 7B). The
result showed that E-selectin precipitated with galactose-
containing glycans, whereas no galactose-containing
glycans were detected in the control rabbit IgG immuno-
precipitation. These data indicated that these two proteins
interacted with each other in the spinal cord.

LPS Induces β1,4-GalT-I mRNA expression in HAPI
in a time- and dose-dependent manner

Now that β1,4-GalT-I expressed predominantly in inflam-
matory cells, especially in microglia, during local inflam-

Fig. 6 The expression of E-selectin in the spinal cord 1 d after
intraspinal injection of LPS. Immunohistochemistry was performed on
sections of 1 d lesioned spinal cord using antibody E-selectin (a,

green) and antibody OX-42 (b, red) specific for microglia. c picture
indicated that E-selectin localized in microglia. Scale bars: 20 μm

Fig. 7 Association of galactose-containing glycans with E-selectin in
spinal cord. A Immunofluorescence analysis of galactose-containing
glycans and E-selectin in impaired spinal cord. FITC (a); TRITC (red)
signals indicate E-selectin (b); Merge (c). Colocalization of RCA-I and
E-selectin could be found in rat spinal cord. Scale bars: 20 μm. B
Immunoprecipitations (IP) were done in the damaged spinal cord.

Lysates were immunoprecipitated using a rabbit anti-E-selectin
polyclonal antibody. The immunoprecipitates were subjected to lectin
blotting. “Input” indicates samples before IP procedure; “NS” indicates
spinal cord focal injection with saline; “control” indicates IP procedure
with control rabbit IgG. Scale bars: 20 μm
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matory responses in the CNS, we investigated its expres-
sion in microglia in vitro. The demonstration of an increase
in β1,4-GalT-I expression in microglia after LPS stimula-
tion was confirmed in vitro using cultured microglia cell
line HAPI. When stimulated with 0.1 ng/ml–10 μg/ml LPS,
microglia transcribed mRNA for β1,4-GalT-I was deter-
mined by RT-PCR. The expression level of β1,4-GalT-I
mRNA in cultured microglia was increased obviously
compared with the control group. It increased from
0.1 ng/ml and kept on the high level (Fig. 8A). In addition,
the expression of β1,4-GalT-I mRNA in microglia was
time-dependent. It increased from 0.5 h, peaked at 5 h to
6 h, then decreased gradually after exposure to 100 ng/ml
LPS (Fig. 8B).

Increase in protein expression for TNF-α after LPS
injection

To assess whether β1,4-GalT-I is related to LPS-induced
cytokine production, we examine the expression of TNF-α
in after LPS injection, ELISA assay was used. TNF-α
protein content of the spinal cord increased with time after
intraspinal injection of LPS. In control rats, TNF-α level
was low (132±9 pg/ml). Post LPS administration, the
expression of TNF-α elevated. The most robust increase
was found at 8 h, reached 1,780 pg/ml (p<0.05), and then
gradually recovered to the baseline level at 48 h.

TNF-α level was increased after intraspinal injection of
LPS, suggesting that TNF-α may play a part in this context
of events. To study whether the elevation of β1,4-GalT-I is
associated with TNF-α, we performed immunofluorescence
experiments in animals killed at 1 d after surgery.
Fluorescence microscope observation showed that coex-
pression of β1,4-GalT-I and TNF-α was observed in the
left grey matter (Fig. 9) and the dorsal column (data not
show).

TNF-α affects β1,4-GalT-I production in HAPI microglia
cell line

To establish the kinetics of the TNF-α mediated
expression level of β1,4-GalT-I mRNA in vitro, confluent
monolayers of microglia were incubated in the presence
of increasing concentrations of TNF-α and for different
times. The expression level of β1,4-GalT-I mRNA in
cultured microglia was dose-dependant compared with
the control group. It increased from 0.1 ng/ml, reached at
a peak at 5 ng/ml and then restored gradually to normal
level at 7.5–10 ng/ml (Fig. 10A). In addition, the
expression of β1,4-GalT-I mRNA in cultured microglia
was time-dependent. It increased from 0.5 h, peaked at 4 h,
then decreased to normal level after exposure to 5 ng/ml
LPS (Fig. 10B).

Discussion

Inflammation, a common denominator among the diverse
list of neurodegenerative disease, has recently been impli-
cated as a critical mechanism responsible for the progres-
sive nature of neurodegeneration. During inflammation,
leukocytes sense the presence of infecting microbes, attach
to endothelial cells lining the capillaries in the affected
regions, penetrate between the endothelial cells out into the
surrounding tissues and destroy the invading microbes. In
this study, we found that β1,4-GalT-I played an important
role in neuroinflammatory processes.

Fig. 8 Effects of LPS treatment on the levels of β1,4-GalT-I and
GAPDH mRNAs in microglia. Serum-starved microglia were exposed
to LPS (0.1 ng/ml–10 μg/ml) for the time period indicated. β1,4-
GalT-I were detected by RT-PCR. A Concentration dependence of
LPS-induced β1,4-GalT-I expression in rat microglia. B Time course
of LPS-induced β1,4-GalT-I expression in rat microglia. A. a, B. a:
Upper blot shows β1,4-GalT-I induced by LPS; lower blot demon-
strates equal loading by detecting GAPDH. B bands were quantified
by densitometer. The amount of β1,4-GalT-I was normalized by
referring to the amount of GAPDH (A. b, B. b). *p<0.05, **p<0.01
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In the present study, we demonstrate that β1,4-GalT-I is
induced by intraspinal administration of LPS. It is interesting
that expression of β1,4-GalT-I mRNA reached peak at 6-8 h
after focal injection of LPS, yet β1,4-GalT-I protein was not
upregulated in the spinal cord at this time point, suggesting
that this increase of β1,4-GalT-I mRNA expression does not
translate to their protein expression. Furthermore, the Gal
β1,4GlcNAc group also increased significantly at 1 d after
lesion, which is consistent with the expression of β1,4-GalT-
I protein. It is plausible that up-regulation of β1,4-GalT-I
described in the present study can be expected to contribute
to the change in glycan synthesis.

Based on the results of double immunofluorescent
staining, β1,4-GalT-I and galactose-containing glycans are
overlapped with leukocytes such as actived microglia,
macrophages, neutrophils, and scanty with astrocytes and
neuron. Leukocyte emigration is known to be mediated by
E- and P-selectin on endothelial cells and their oligosac-
charide ligands such as sialyl Lewisx (sLex) on leukocytes
[22, 25]. Selectin ligands such as sLex and sulfated sLex are
mainly expressed at the terminus of N-acetyllactosamine
repeats on serine/threonine (O)-Linked oligosaccharides
(O-glycans) [17, 37]. β1,4-GalT-I catalyzes the addition
of UDP-galactose to terminal N-acetylgalactosamine and
acts in concert with β1,3-N-acetylglucosaminyltransferase
to synthesize polylactosamine extensions of core 2 deco-
rated O-glycans. In addition, β1,4-GalT-I also participates
in the generation of sLex. Using β1,4-GalT-I deficient mice,
Asano and colleagues investigated the contribution of β1,4-
GalT-I on selectin ligand activity. They found that binding
of soluble selectin to neutrophils and monocytes of β1,4-
GalT-I deficient mice was significantly impaired [2],
suggesting a role of β1,4-GalT-I in selectin mediate rolling
in vivo. Ryoichi Mori and his colleagues also found that
skin wound healing was significantly delayed in the β1,4-
GalT-I−/− mice, neutrophil and macrophage recruitment at
the wound site in the inflammatory phase was reduced,
probably because of the reduced expression of selectin
ligands in the β1,4-GalT-I−/− mice compared with β1,4-
GalT-I+/− mice [26]. These results indicated that β1,4-GalT-
I may participate in immune cells recruiting into the areas
of inflammation. Interestingly, we also observed β1,4-
GalT-I and galactose-containing glycans are co-localized
with oligodendrocytes. Felts and colleagues has reported
oligodendrocyte numbers appear to be reduced in the later

demyelination stage after intraspinal injection of LPS [9].
Zejuan Li and her colleagues reported that β1,4-GalT-I
involved in CDK11p58-mediated apoptotic signaling in
hepatocarcinoma cells [20]. Therefore, we will further

Fig. 10 Effects of TNF-α treatment on the levels of β1,4-GalT-I and
GAPDH mRNAs in microglia. Serum-starved microglia were exposed
to TNF-α (0.1 ng/ml–10 ng/ml) for the time period indicated. β1,4-
GalT-I were detected by RT-PCR. A Concentration dependence of
TNF-α-induced β1,4-GalT-I expression in rat microglia. B Time
course of TNF-α-induced β1,4-GalT-I expression in rat microglia. A.
a, B. a: Upper blot shows β1,4-GalT-I induced by TNF-α; lower blot
demonstrates equal loading by detecting GAPDH. B bands were
quantified by densitometer. The amount of β1,4-GalT-I was normal-
ized by referring to the amount of GAPDH (A. b, B. b). *p<0.05,
**p<0.01

Fig. 9 Double immunofluores-
cent staining with β1,4-GalT-I
and TNF-α. FITC (green) signal
indicate β1,4-GalT-I (a); TRITC
(red) signal indicate TNF-α (b);
c picture indicated that β1,4-
GalT-I co-localized with TNF-α.
Scale bars: 20 μm
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study whether the decrease of oligodendrocytes related with
β1,4-GalT-I by the injection.

We also observed in this study that E-selectin was
colocalized with microglia and macrophages. Typically,
leukocytes are arrested to the wall of the vasculature prior
to their transmigration into the tissue proper. In general, this
process is known to be mediated sequentially by selectins,
chemokines, and integrins [1]. Of the three members of the
selectin family, P- and E-selectins are known to be critical
for the binding of leukocytes to the vascular wall [7]. Paul
A. Felts has shown that intraspinal injection of LPS could
induce leukocytes infiltration [9]. Not surprisingly, the
results of this study show that E-selectin expression is also
associated with intraspinal injection of LPS induced
leukocyte infiltration. β1,4-GalT-I has been shown to exert
various functions other than a catalytic enzyme [6, 8, 15,
18, 24, 28]. We then asked whether β1,4-GalT-I acts
catalytically or in a lectin-like fashion. Double labeling
immunohistochemistry and immunoprecipitation of E-
selectin and galactose-containing glycans provided the
interaction between them in the lesion spinal cord. Asano
and colleagues has reported β1,4-GalT-I has a considerable
role in P-selectin mediated rolling in vivo [2]. Here, the
specific binding between E-selectin and galactose-contain-
ing glycans suggests galactosyltransferase plays a pivotal
role in E-selectin mediated leukocyte influx into the
damaged spinal cord.

Microglia are bone marrow-derived monocytes that are
found in CNS early in development. Under normal
physiological conditions, microglia are involved in immune
surveillance and host defense against infectious agents. In
response to inflammatory stimuli, microglia cells which like
all myeloid cells assume an actived phenotype associated
with adhesion, proliferation, migration to the site of injure,
phagocytosis of cellar debris, and elaboration of both
neurotoxic and neurotrophic factors [13]. In this report,
we provide that LPS administration affects β1,4-GalT-I
expression in microglia in a time- and dose-dependent
manner in vitro. All these results suggest that β1,4-GalT-I
play an important role in inflammation wherever they are
located in microglia in vitro or in vivo.

TNF-α, a major pro-inflammatory cytokine, is produced
during the inflammatory response by a variety of immune
cells and nonimmune cells (fibroblast, smooth muscle cells,
epithelial cells, glial cells, neuron) [36]. In early stages of
inflammation TNF-α promotes blood brain barrier perme-
ability, resulting in damaging edema [32]. The induction of
adhesion molecules on endothelia promotes the migration
of leukocytes into a lesioned area [35]. In present study we
found TNF-α protein level is induced after LPS injection,
and earlier than β1,4-GalT-I expression, as assessed by
ELISA. We also found TNF-α located with β1,4-GalT-I. in
vitro, RT-PCR analysis showed that the expression level of

β1,4-GalT-I mRNA in microglia was dose- and time-
dependent after exposure to TNF-α compared with the
normal untreated microglia. Of note, treatment with 7.5–
10 ng/ml TNF-α appeared to induce less β1,4-GalT-I
biosynthesis than treatment with 5 ng/ml TNF-α, this may
be a loss of cell viability or numbers at the highest LPS
concentration. Juan Garcia-Vallejo et al. reported that β1,4-
GalT-I in primary human endothelial cell (HUVECs) was
up-regulated in a time- and concentration-dependent man-
ner in response to TNF-α stimulation, due to an increase in
the stability of the mRNA transcript [11]. It indicates that
expression of β1,4-GalT-I mRNA is affected by the
concentration and time of proinflammatory factors. Find-
ings from this study and other reports have revealed that the
up-regulation of β1,4-GalT-I is attribute to a direct effect of
TNF-α signaling by the local injection of LPS.

This study has established the role of β1,4-GalT-I in
LPS-induced neuroinflammatory processes. It is known
neuroinflammatory processes participate in the propagation
of the neurodegenerative process in many disease including
multiple sclerosis, Alzheimer’s disease, Parkinson’s dis-
ease. Drugs targeting specific expression of β1,4-GalT-I
may prove effective in slowing or even halting the
progressive neurodegeneration.
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