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Background: Although polySia is known to retain neurotrophins, their releasing mechanism remains unknown.
Results: PolySia present on the cell surface of microglia is rapidly cleared by Neu1 sialidase on exovesicles secreted upon
inflammatory stimulus, leading to neurotrophin release.
Conclusion: Exovesicular Neu1 regulates rapid turnover of polySia and concomitant neurotrophin function.
Significance: First demonstration of on-site turnover of polySia and its physiological significance.

As acidic glycocalyx on primary mouse microglial cells and a
mouse microglial cell line Ra2, expression of polysialic acid
(polySia/PSA), a polymer of the sialic acid Neu5Ac (N-acetyl-
neuraminic acid), was demonstrated. PolySia is known to
modulate cell adhesion, migration, and localization of neu-
rotrophins mainly on neural cells. PolySia on Ra2 cells disap-
peared very rapidly after an inflammatory stimulus. Results of
knockdown and inhibitor studies indicated that rapid surface
clearance of polySia was achieved by secretion of endogenous
sialidase Neu1 as an exovesicular component. Neu1-mediated
polySia turnover was accompanied by the release of brain-de-
rived neurotrophic factor normally retained by polySia mol-
ecules. Introduction of a single oxygen atom change into
polySia by exogenous feeding of the non-neural sialic acid
Neu5Gc (N-glycolylneuraminic acid) caused resistance to
Neu1-induced polySia turnover and also inhibited the asso-
ciated release of brain-derived neurotrophic factor. These
results indicate the importance of rapid turnover of the poly-
Sia glycocalyx by exovesicular sialidases in neurotrophin
regulation.

Animal cells are covered by the glycocalyx, a dense sugar coat
consisting of glycoproteins, glycolipids, and proteoglycans that
provides a scaffold for communication with other cells and with
the extracellular environment. The most characteristic sugars
in the glycocalyx of deuterostome-lineage animals are sialic
acids (Sias) (1), which are nine-carbon-backbone carboxylated
sugars with a 2-keto-3-deoxy nononic acid skeleton. Sias are
essential for embryonic development in mice (2) and are typi-
cally present as monosialyl residues at the non-reducing termi-
nus of glycoproteins and glycolipids, serving important roles in
ligand-receptor interactions during fertilization, development,
and differentiation (1). Sialylated ligands are recognized by var-
ious proteins, such as Sia-binding immunoglobulin-like lectins
(Siglecs) in immune and neural cells (3). Sia residues also often
shield terminal galactose residues to regulate the myriad of
functions mediated by galactose-binding lectins (galectins) (4).
Sias are occasionally presented in �2– 8-linked polysialic acid
(polySia3/PSA) chains (5, 6) on cell surfaces and are involved in
embryonic brain development and adult brain functions. The
unique polySia glycotope has been considered to inhibit cell-
cell interactions through its anti-adhesive effects (7). Recently,
polySia also functions as a reservoir for neurobiologically active
molecules such as BDNF, FGF2, and neurotransmitters (8, 9),
regulating their availability and concentrations in the brain. In
addition, relationships between altered polySia and schizo-
phrenia have been reported (10 –12).
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Importantly, the expression of Sia residues on cell-surface
glycoproteins and glycolipids is not static but changes dramat-
ically under physiological conditions. For example, decreased
Sia expression serves as an “eat me” signal on the surface of
apoptotic lymphocytes (13), and desialylation of core type 1
O-glycan occurs in embryonic capsules (14). The majority of
cell-surface sialylation is regulated through the controlled gene
expression of sialyltransferases and sialidases, which are,
respectively, involved in the biosynthesis and degradation of
sialoglycoconjugates. Recently, mammalian sialidases (15, 16)
and sialyltransferases (17) are shown to present on cell surfaces;
therefore, the sialylation state of the cell surface also has the
potential to be rapidly modified in situ. Four types of sialidases
have been identified in mammals (18, 19): neuraminidase-1
(Neu1), -2 (Neu2), -3 (Neu3), and -4 (Neu4). The substrate
specificity, subcellular localization, and tissue distribution of
these sialidases differ from one another (18, 19), although over-
lapping characteristics exist between them. Notably, the sub-
cellular localizations of Neu1– 4 are reported to vary in
response to physiological changes (15). Although Neu1– 4 are
generally recognized as intracellular enzymes, their activities
have been detected in the extracellular space (20, 21), a finding
that supports to the notion of in situ modification of cell-sur-
face sialylation. However, no robust functional or mechanistic
studies have examined extracellular sialidases secreted from
cells. In addition, several questions remain concerning the
expression and physiological function of secreted extracellular
sialidases, including their involvement in the modification of
cell-surface sialylation.

In the present study we investigated the above-stated ques-
tions by focusing on the effects of the extracellular sialidase
toward polysialic acid that have been reported to modify neural
cell adhesion molecule (NCAM) on microglia cells (22).
Although decrease of polySia has been well demonstrated dur-
ing long periods of brain development (7), it remains unclear
whether short term changes of the polysialylation actually
occur on living cell surfaces by the physiological stimulation.
We used the mouse microglia cell line Ra2, an immortal micro-
glial cell line established from neonatal C57BL/6J(H-2b) mice
using a non-enzymatic and non-virus transformation proce-
dure (23) that can secrete cytokines in a comparable manner to
the primary cell line (24) for critical biochemical analyses. Here,
we for the first time demonstrate that secreted Neu1 is involved
in the polySia degradation and in secretion of BDNF.

Experimental Procedures

Microglia Cell Line and Primary Culture—A mouse micro-
glial cell line, Ra2 (25), and mouse primary microglia cells
obtained from the neonatal brains of ddY mice (2 days after
birth; Chubu Kagaku Shizai, Nagoya, Japan) (26) were main-
tained in Eagle’s minimum essential medium supplemented
with 10% fetal calf serum, 5 �g/ml bovine insulin, 0.2% glucose,
and 2 ng/ml recombinant mouse GM-CSF (Genzyme, Minne-
apolis, MN)) at 37 °C in humidified 5% CO2 and 95% air incu-
bator (25).

Cell-based Experiments—A monkey kidney cell line, COS-7
(RIKEN Cell Bank, Wako, Japan), and a mouse neuroblastoma
cell line, Neuro2A (HSRRB IFO50081), were cultured in Dul-

becco’s modified Eagle’s medium containing 10% heat-inacti-
vated fetal bovine serum, 100 units/ml penicillin, and 100
�g/ml streptomycin at 37 °C in a humidified 5% CO2 and 95%
air incubator (11). The vector pcDNA3.1 containing the rat
Neu1 gene or mock vector was transfected into COS-7 cells
using GeneJuice (Novagen, Darmstadt, Germany) according to
the manufacturer’s protocol to generate the cell lines COS-
rNeu1 and COS-mock, respectively. Cells were used for exper-
imentation 48 h after transfection. The human polysialyltrans-
ferase gene (stx/st8sia2/siat8b) in pcDNA3.1 vector was
transfected into Neuro2A cells, and a stable cell line was then
selected with G418. The resultant oligo/polySia-expressing
Neuro2A cell line was named polySia-Neuro2A. To establish a
Neu-suppressed Ra2 cells, Ra2 cells were transiently trans-
fected with control siRNA or siRNA for Neu1 or Neu4 (Santa
Cruz), and the siRNA-transfected cells were named control KD,
Neu1 KD, and Neu4 KD, respectively. We also used NCAM,
SynCAM, and Neuropilin-2 reduced Ra2 with siRNA for
NCAM, SynCAM, and Neuropilin-2 respectively (Santa Cruz).

Cell Staining and Data Processing—Cells were fixed with 4%
paraformaldehyde at 25 °C for 8 min before and after endo-N-
acylneuraminidase (Endo-N) treatment (0.9 milliunits/ml) (27)
followed by washing with PBS. The fixed and washed cells were
blocked with 2% bovine serum albumin in PBS and then incu-
bated with the following primary antibodies at 4 °C for 20 h:
monoclonal antibodies 12E3 (mouse IgM, 30 �g/ml) (28),
S2-566 (mouse IgM, 30 �g/ml), 2-4B (mouse IgM, 30 �g/ml)
(29), anti-mouse CD11b antibody (rat IgG, 5 �g/ml; Southern
Biotechnology, Birmingham, AL), anti-mouse NCAM antibody
(rat IgG, 5 �g/ml; Roche Applied Science), anti-Neu1 antibody
(rabbit IgG, 10 �g/ml; Abcam), anti-Neu4 antibody (rabbit IgG,
10 �g/ml; Abcam), or control antibodies (5–30 �g/ml). After
washing once with PBS, the cells were incubated with Alexa
488-conjugated anti-mouse IgM antibody (2 �g/ml; Invitro-
gen), Cy3-conjugated anti-rabbit IgG (2 �g/ml; Jackson Immu-
noResearch, West Grove, PA), Alexa 488-conjugated anti-rat
IgG antibody (2 �g/ml; Invitrogen), or Cy3-conjugated anti-rat
IgG antibody (2 �g/ml; Jackson ImmunoResearch) at 37 °C for
30 min. The cells were washed once with PBS and then incu-
bated with DAPI (1 �g/ml) at 37 °C for 10 min followed by a
single wash with PBS. Cells were then observed under a fluoro-
microscope (BX51, Olympus) or confocal scanning fluorescent
microscope (LSAM 710; Karl Zeiss). The ratio of 12E3/DAPI
staining for 100 cells was measured using ImageJ software, and
the data were processed.

Cell Treatment with Reagents—Ra2 cells pretreated with or
without Neu5Ac or Neu5Gc (final concentration, 2 mM) were
stimulated with IL-4 (10 ng/ml) or lipopolysaccharide (LPS; 100
ng/ml-1 �g/ml) in the presence or absence of Neu5Ac2en
(final, 1 mM) for 0 –24 h in serum-free medium (Cosmedium
005; Cosmobio Co., Ltd., Tokyo, Japan). Cell staining, siali-
dase activity, and BDNF measurements were then per-
formed. For disrupting cellular membranes, Ra2 cells were
pretreated with methyl-�-cyclodextrin (MBCD; 25 �g/ml) or
dimethyl amiloride (DMA; 25 �g/ml) for 2 h. All reagents were
dissolved in endotoxin-free PBS before use.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)—
Total RNA was prepared from Ra2 cells using TRIzol (Gibco).
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Random-primed cDNA (�50 ng) and specific primers were
used for the PCR (GAPDH, sense (5�-ACAAAATGGTGAAG-
GTCGGT-3�) and antisense (5�-TCCAGGGTTTTACTC-
CTT-3�); IL-6, sense (5�-CCTACTTCACAAGTCCGGAG-3�)
and antisense (5�-CTGGAGCTAGGTTTGCCGAGTAGA-
3�); STAT6 (sense, 5�-TTCAGATTTGGAAGCGGCAG-3�)
and antisense (5�-CACCATCAAACCACTGCCAA-3�);
NCAM (sense, 5�-CTAAGGATCTCATCTGGACT-3�) and
antisense (5�-CTTCCTTGGCATCATACCAC-3�); Neu1
(sense, 5�-ATGTGACCTTCG ACCCTGAG-3�) and antisense
(5�-TCCTTCAGCCAGGATGTACC-3�); Neu4 sense (5�-
TGTTTTGGCAAGATCTGCTG-3�) and antisense (5�-AGA-
GGGCTTCGAGCATTACA-3�).

Preparation of Cell Lysates, CM-sup, and CM-ppt—To pre-
pare cell lysates, 5 culture dishes of cells (1 � 106/dish, 10 ml)
were prepared, and cells and cell culture medium were then
separated. Cells were then washed with cold PBS and homoge-
nized on ice using PBS containing 1% Triton X-100, 1 mM phe-
nylmethylsulfonyl fluoride, 1 �g/ml aprotinin, 1 �g/ml leupep-
tin, 1 �g/ml pepstatin, and 1 mM EDTA. After incubation for 1 h
on ice, the homogenate was centrifuged at 10,000 � g for 5 min
at 4 °C, and the resulting supernatant was collected as the cell
lysate.

To prepare the cell culture medium for analysis, the sepa-
rated cell culture medium was centrifuged at 1000 � g for 5 min
at 4 °C to remove dead cells and debris. The supernatant was
ultracentrifuged at 100,000 � g for 1 h at 4 °C using an Opti-
maTM L-80K ultracentrifuge (Beckman Coulter) equipped with
an angle rotor (50.2Ti). The resulting supernatant was collected
and used as the supernatant fraction from cell culture medium
(CM-sup). The pellet was washed and resuspended in cold PBS
and was then centrifuged at 100,000 � g for 30 min at 4 °C. The
resulting pellet was resuspended with cold PBS and used as
the pellet fraction from cell culture medium (CM-ppt) (30). The
protein concentration in the cell lysate, CM-sup, and CM-ppt
fractions was measured by the BCA method.

Sucrose density gradient fractionation of the cell lysate or
CM-ppt (from 100 ml culture medium) samples was performed
as described previously (30). Briefly, 500-�l samples were
mixed with 2.5 volumes of buffer A (85% (w/v) sucrose in 10 mM

Tris/HCl (pH 7.5) containing 150 mM NaCl and 5 mM EDTA)
and placed in centrifuge tubes. The mixtures were layered suc-
cessively with 4 ml of 60% (w/v), 3 ml of 30% (w/v), and 1 ml of
5% (w/v) sucrose in buffer A and then centrifuged at 200,000 �
g for 18 h at 4 °C (SW41 Ti rotor). Fractions with different
densities were collected from the top to the bottom of the tube
in 1-ml quantities. Each fraction was diluted with PBS and
ultracentrifuged at 100,000 � g for 30 min at 4 °C, and the
resulting pellets were directly subjected to SDS/PAGE and
Western blotting.

SDS-PAGE and Western Blotting—Samples were dissolved in
Laemmli buffer containing 5% mercaptoethanol and then incu-
bated at 60 °C for 20 min or 100 °C for 3 min. The denatured
samples were then electrophoresed on 12.5% or 7.5% polyacryl-
amide gels and electroblotted onto PVDF membranes using a
semidry blotting apparatus. After the transfer, PVDF mem-
branes were blocked with PBS containing 0.05% Tween 20 and
1% skim milk or BSA at 25 °C for 1 h. The membranes were then

incubated overnight with the primary antibody, 12E3 (10
�g/ml), rabbit anti-Neu1 antibody (1.0 �g/ml), rabbit poly-
clonal anti-CD9 antibody (1.0 �g/ml; Santa Cruz), anti-�-ga-
lactosidase antibody (1 �g/ml; Abcam), anti-PPCA antibody (1
�g/ml; Abcam), or rabbit anti-CD63 antibody (1 �g/ml;
Abcam) at 4 °C. As the secondary antibody, peroxidase-conju-
gated anti-mouse IgG�IgM (0.4 �g/ml; American Qulex) or
anti-rabbit IgG (0.3 �g/ml; Cell Signaling) were used at 37 °C
for 45 min, and stained bands were visualized with chemilumi-
nescent reagents (GE Healthcare). For immunoprecipitation
experiments, Ra2 homogenates were pretreated with 100 �l of
protein G-Sepharose coupled with anti-mouse IgM at 4 °C for
1 h. Precleared cell homogenates were then immunoprecipi-
tated with 100 �l of protein G-Sepharose coupled with 12E3 (30
�g) via anti-mouse IgM or protein G-Sepharose coupled with
anti-NCAM antibody (10 �g). The immunopurified molecules
were then analyzed.

Measurement of Sialidase Activity in Cell Lysate, CM-sup,
CM-ppt, and Culture Medium—The assay mixture consisted of
50 mM sodium acetate buffer (pH 4.5) or PBS (pH 7.2), 100 �M

4MU-Neu5Ac, 0.1% BSA, 0.1% Triton X-100, and the sample
fractions (10 �l) in a final volume of 0.1 ml. After incubation at
37 °C for 30 min, the reaction was terminated by the addition of
1.0 ml of 0.25 M glycine-NaOH (pH 10.4), and the amount of
4MU released was determined fluorometrically with a Fluoro-
Max-3 spectrophotometer (excitation 365 nm, emission 448
nm). For Neu1 inhibition, GSC-649 (37) (final concentration,
3.3 �M) was added to the incubation mixture.

Measurement of BDNF—Ra2 cells (2 � 105) were plated into
6-well plates and incubated in Eagle’s minimum essential
medium overnight. After washing, the culture medium was
replaced with serum-free medium (Cosmedium-005), and the
plates were further incubated overnight. Cells were then
treated with the following reagents: sialidase (final, 200 milli-
units/ml), Endo-N (27) (0.45 milliunits/ml), heat-inactivated
Endo-N (0.45 milliunits/ml), or LPS (1 �g/ml) in the presence
or absence of Neu5Ac2en (1 mM). After 0, 10, and 60 min, cell
culture medium was used for a Sandwich mouse BDNF ELISA
(Abnova) according to the protocol supplied by the manufac-
turer. BDNF was quantitated using authentic BDNF.

Data Analysis—All values are expressed as the mean � S.D.

Results

Detection of polySia on Mouse Microglial Cells—To examine
the cell-surface sialylation state of Ra2 cells, we first analyzed
cells with the specificity clarified anti-polySia antibody 12E3
that recognizes Neu5Ac oligo/polymer (degree of polymeriza-
tion � 5) (28) and the anti-GD3 antibody (anti-disialic acid
(diSia) antibody), S2-566 (31), by cell staining. The Ra2 cell
surface was both polysialylated and disialylated (Fig. 1A, Ra2,
Endo-N(�)). The polySia-specific staining of Ra2 cells disap-
peared after treatment with Endo-N, an enzyme that specifi-
cally cleaves polySia (degree of polymerization � 5) chains (27)
(Fig. 1A, Ra2, Endo-N(�)). These results confirmed the pres-
ence of polySia on mouse microglia cell line Ra2. We also per-
formed the immunostaining of primary microglia cells isolated
from mouse embryonic brains using the anti-polySia and -diSia
antibodies. The polySia immunostaining before and after
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Endo-N treatment clearly indicated the presence of polySia on
the surface of primary microglial cells (Fig. 1A, Primary Micro-
glia Cell, Endo-N(�) and Endo-N(�)), consistent with a previ-
ous report (22). As the NCAM is the major protein modified by
polySia in brain (7), we analyzed polySia on NCAM from Ra2
cells. The polySia-containing glycoprotein of Ra2 cells immu-
nopurified with the anti-polySia (Fig. 1B, IP: polySia) was
detected with anti-NCAM (IB: NCAM). The NCAM immuno-
purified with anti-NCAM (IP: NCAM) was detected with anti-
polySia (IB: polySia), indicating that NCAM is polysialylated in
Ra2 cells. The detected band with anti-polySia antibody was not
restricted to the upper part of 120 kDa, although the molecular
size of NCAM is greater than 120 kDa (Fig. 1B, IP: polySia).
NCAM is the major polySia-containing glycoproteins in brain,
and �90% of polySia structure modifies NCAM from the
results of NCAM-deficient mice. As CD36, SynCAM1, and
Neuropilin-2 are reported to be modified by polySia so far (5, 6),
we analyzed the possibility of these proteins as well as NCAM as
polySia-containing glycoproteins in Ra2 cells. We confirmed
the polySia-NCAM staining with siRNA (Fig. 1C, NCAM KD),
suggesting that at least �80% of polySia is linked to NCAM, but
we also noted that a minor part might be linked to SynCAM
(32) and Neuropilin-2 (33), which are demonstrated to be poly-
sialylated in brain.

Turnover of PolySia on Microglial Cells under Inflammatory
Conditions—Microglia cells rapidly change their biological
state in response to various stimulants, such as bacterial LPS

and certain cytokines like IL-4. To investigate the polysialyla-
tion state of Ra2 cells under inflammatory or anti-inflammatory
conditions, Ra2 cells were treated with LPS and IL-4 to be dif-
ferentiated into M1- and M2-microglia, respectively. On RT-
PCR, up-regulation of IL-6 and STAT6 mRNAs was observed
after LPS and IL-4 stimulations, respectively (Fig. 1D), confirm-
ing the differentiation of Ra2 cells into M1- and M2-microglia.
As shown in Fig. 1E (IL-4, LPS, upper), the cell-surface staining
of polySia disappeared by the LPS treatment, although unaf-
fected by the IL-4 treatment. On Western blotting with anti-
polySia, the band was detected at the region �88 kDa (Fig. 1F,
w/o) and disappeared after Endo-N treatment of Ra2 cells (Fig.
1F, Endo-N). Although the polySia-positive band of Ra2 cells
appeared to be slightly up-regulated after IL-4 treatment, it was
completely lost after LPS treatment (Fig. 1F, LPS and IL-4).
These results were consistent with the immunofluorescence
results (Fig. 1E, IL-4, LPS, polySia). The gene expression of
NCAM remained nearly identical before and after the IL-4 or
LPS stimulation of Ra2 cells (Fig. 1D). Taken together, these
results indicate that the polysialylation state of Ra2 cell-surface
changes depending on the cellular status, particularly under
inflammatory conditions.

Turnover of Cell-surface PolySia Is Rapid and Mediated by an
Induced Extracellular Sialidase—PolySia is known to turnover
a period of days during postnatal brain development (7, 34), and
this is presumed to be due to internalization and lysosomal
degradation. However, the possibility that polySia might turn

FIGURE 1. Ra2 microglial cells express polySia on NCAM, which is increased by anti-inflammatory cytokine IL-4, but disappears after treatment with
the inflammatory substance LPS. A, immunofluorescent microscopy of microglia cells. Ra2 microglia cells established from neonatal C57BL/6J(H-2b) mice
using a non-enzymatic and non-virus-transformation procedure or primary microglia cells purified from embryonic mouse brains were immunostained with
12E3 (polySia) and microglial marker CD11b (CD11b) or S2-566 (diSia) and CD11b (CD11b) before and after Endo-N treatment (Endo-N(�) and Endo-N(�),
respectively) followed by staining with Alexa 488-labeled anti-mouse IgM antibody as a secondary antibody. B, identification of polySia-NCAM on Ra2 cells. Cell
lysates were subjected to immunoprecipitation with 12E3 (IP: polySia) or anti-NCAM antibody (IP: NCAM) followed by detection with 12E3 (IB: polySia) and
NCAM (IB: NCAM). Molecular mass markers are shown on the right of the panel. C, confirmation of polySia-NCAM by siRNA. Upper panel, Western blotting of the
homogenates from Ra2 cells transfected with siRNA (control, CD36, NCAM, SynCAM, Neuropilin2) with anti-polySia antibody (12E3) and anti-actin antibody.
Lower panel, the relative ratio of polySia/actin. The ratio for parental Ra2 cell homogenate was set equal to 1.0. Molecular weight mass are shown on the left of
the panel. D, expression of mRNA in Ra2 cells treated without (w/o) or with IL-4 and LPS for 24 h. RT-PCR (25 cycles) was performed to amplify the mRNA for IL-6
(572 bp) (the marker of LPS treatment), STAT6 (949 bp) (the marker of IL-4 treatment), NCAM (1494 bp), and GAPDH (1009 bp). The amplified products were
separated on 1% agarose gels and visualized with ethidium bromide under UV light. E, PolySia and diSia immunostaining of the cells incubated with IL-4 (10
ng/ml) or LPS (200 ng/ml) for 12 h (IL-4 and LPS, respectively). The bar indicates 50 �m. F, Western blotting of the homogenates from Ra2 cells treated without
(w/o) or with IL-4, LPS or Endo-N with anti-polySia antibody (IB: polySia) or anti-NCAM antibody (IB: NCAM). Molecular mass markers are shown on the right of
the panel.
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over rapidly on the cell surface has not been previously consid-
ered. To reveal the time-dependent decrease of cell-surface
polySia expression after LPS stimulation, we quantified the
immunostaining of polySia on the Ra2 cell surface using immu-
nofluorescent microscopy (Fig. 2A). Eighty percent of the poly-
Sia staining detected on microglial cells before treatment with
LPS (0 min) had disappeared within 10 min of adding LPS to the
culture medium, and staining was nearly undetectable within
30 min (Fig. 2A). To determine the mechanism underlying the
rapid decrease of polySia expression, we examined a possible
involvement of sialidase activity. Ra2 cells were incubated with
or without the sialidase inhibitor Neu5Ac2en and were then
stimulated with LPS. Cell-surface polySia immunostaining
remained unchanged after treatment with Neu5Ac2en (Fig.
2B), indicating that an endogenous sialidase is involved in the

rapid clearance of polySia. To confirm the observed extracellu-
lar sialidase activity, the culture supernatant of microglia cells
after LPS stimulation was assayed for sialidase activity using a
fluorescent substrate (4MU-Neu5Ac). The sialidase activity in
the culture medium under acidic conditions (pH 4.5, close to
the optimal pH of mammalian sialidases) increased transiently
at 10 min and was inhibited by the addition of Neu5Ac2en (Fig.
2C, pH 4.5). Interestingly, sialidase activity was also observed in
the culture medium at physiological conditions (Fig. 2C, pH
7.2) but not in the cell lysate (Fig. 2C, pH 7.2). The culture
medium from Ra2 cells at 10 min after stimulation without
sialidase inhibitor had the activity to decrease cell-surface poly-
Sia structure using polySia-expressing Neuro2A cells as natural
substrate, and this activity was inhibited using sialidase inhibi-
tor (Fig. 2D). Therefore, the same results were obtained in tran-
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anti-polySia (12E3) and Alexa 488-conjugated anti-mouse IgM antibodies (upper panels of inset). Nuclei were stained with DAPI (DAPI) (lower panels of insert).
The bar indicates 50 �m. The fluorescent intensity per cell was measured at each time point, and the relative intensities were plotted, with the intensity before
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 0.015, n 
 3 independent experiments. Student’s t test). D, clearance of polySia on Neuro2A cells by the transiently increased
sialidase activity in culture medium of Ra2 cells. Culture media prepared before or after 10, 30, 60, and 120 min of LPS stimulation in the absence (upper photos)
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sient action of the culture media for cell-surface polySia
expressed on Neuro2A cells (Fig. 2D).

Induced Extracellular Sialidase Can Also Work in a Trans
Mode on Other Cells—To ask if induced extracellular sialidase
from LPS-stimulated Ra2 cells can also work on other cells in
vivo, co-culture of polySia-expressing Neuro2A cells with Ra2
cells was treated with LPS. At 10-min post-LPS treatment poly-
Sia immunostaining on Neuro2A cells near Ra2 cells disap-
peared (Fig. 3A), whereas it remained unchanged in the pres-
ence of Neu5Ac2en. LPS had no direct effect on the polySia of
Neuro2A cells. The LPS-induced decrease of the amount of
polySia in the co-culture was also quantitatively confirmed.
This decrease was not observed at 10-min post-LPS treatment
under Neu5Ac2en or in an unstimulated co-culture (Fig. 3B).
These results demonstrate that the induced extracellular siali-
dase could degrade polySia on Ra2 cells in a cis mode but also on
other cells in a trans mode.

Identification of Endogenous Neu1 as the Induced Extracellu-
lar Sialidase—To determine the sialidase species involved in
the rapid turnover of polySia, we focused on Neu1 and Neu4
because of their known substrate specificity (19, 35). Ra2 cells in
which Neu1 or Neu4 was knocked down (Neu1 KD or Neu4
KD) to �80 and �70%, respectively, were successfully prepared
using siRNA (Fig. 4A). The surfaces of Neu1 KD and Neu4 KD
cells were immunostained with anti-Neu1 and anti-Neu4 anti-
bodies, respectively, before and after LPS stimulation. Cell-sur-
face Neu1 staining was not observed at baseline; however,
immediately after LPS simulation, the staining was found to
appear and accumulate in the restricted region (Fig. 4B, control,
LPS 0 min and 10 min, Neu1). Cell-surface Neu1 staining after
LPS treatment was not observed for Neu1 KD cells (Fig. 4B,
Neu1 KD, LPS 0 min and 10 min, Neu1). On the other hand,
Neu4 staining was constitutively observed on the cell surface,
and no obvious changes were observed before or after LPS stim-

ulation (Fig. 4B, control, LPS 0 min and 10 min, Neu4). As
expected, the cell-surface Neu4 staining disappeared for Neu4
KD cells (Fig. 4B, Neu4 KD, LPS 0 min and 10 min, Neu4), and
the cell-surface localization of Neu1 was not inhibited (Fig. 4B,
Neu4 KD, LPS 0 min and 10 min, Neu1).

We also analyzed the sialidase activity in the culture medium
of Neu4 KD cells and detected nearly the same activity as that of
the parental Ra2 cells. Notably, sialidase activity in the cell cul-
ture medium at pH 4.5 and 7.2 was clearly absent for Neu1 KD
cells (Fig. 4C, Neu1KD) but not for control cells. Taken
together, the data indicated that Neu1 was involved in the rapid
clearance of polySia. This is the first example of extracellular
sialidase activity attributable to Neu1.

Extracellular Neu1 Is Present on Extracellular Vesicles
(EVs)—The Neu-1 sialidase is known to be very unstable in the
free form and likely stabilized in vivo by a membrane-associated
complex. To investigate the mechanism by which Neu1 is
transported to the extracellular space in a functionally active
form, we thus first focused on EVs (36) from COS7 cells exog-
enously transfected with a rat Neu1 gene because COS7 cells
are well established cells for EVs studies (36). Culture medium
of COS7 cells transiently transfected with pcDNA3.1-Neu1
(COS7-Neu1) or pcDNA3.1 (COS7-Mock) was divided into
CM-ppt (EV) and CM-sup (non-EV) fractions and analyzed for
sialidase activity with 4MU-Neu5Ac. Neu1 activity in the CM-
ppt (EV) fraction was observed at pH 4.5, which is the optimal
pH of Neu1, and a significant level of sialidase activity in the
CM-ppt (EV) fraction was also observed at pH 7.2, which is the
physiological pH in the extracellular environment (Fig. 5A).
However, no obvious sialidase activity from the CM-ppt (EV)
fraction derived from COS7-Mock cells was observed. In addi-
tion, the sialidase activities in the CM-ppt (EV) fractions at pH
4.5 and 7.2 were 60 – 80% suppressed in the presence of exoge-
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FIGURE 3. LPS-induced clearance of polySia also occurs on Neuro2A cells co-cultured with Ra2 cells. A, Ra2 cells and polySia-expressing Neuro2A cells
were co-cultured at cell number ratios of 4:3. At 0 and 10 min after treatment with LPS (200 ng/ml) in the presence (Neu5Ac2en) and absence (No Inhibitor) of
Neu5Ac2en, cells were fixed and immunostained with anti-polySia (12E3) followed by Alexa 488-conjugated anti-mouse IgM antibodies (green) as the sec-
ondary antibody and anti-CD11b (a microglia marker) followed by Cy3-conjugated anti-rabbit IgG antibodies (red). Nuclei were stained with DAPI (blue). The
merged images (middle panel), their magnified (Magn) images (right panel) and differential interference contrast (DIC; left panel) are shown. B, upper panel, the
co-culture of polySia-expressing Neuro2A cells and Ra2 cells before (LPS 0 min) and 10 min after LPS stimulation (LPS 10 min) was immunostained with 12E3
followed by Alexa 488-conjugated anti-mouse IgM antibodies (green) as the secondary antibody. Nuclei were stained with DAPI (blue). The bar indicates 50 �m.
Lower panel, the fluorescent intensity of the cell surface was measured for 100 cells with ImageJ software at 0 and 10 min post-LPS stimulation (0 min, black
circle; 10 min, red circle). The fluorescent intensity per cell, representing the polySia expression level, was divided into 20 different degrees from dark to bright,
and the cell number for each degree of intensity was plotted.
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nously added Neu1-specific sialidase inhibitor GSC-649 (37) at
one-third of the IC50 concentration (3.3 �M; Fig. 5B).

To confirm the presence of Neu1 protein in the CM-ppt (EV)
fraction, Western blotting was performed with a Neu1-specific
antibody. Neu1-specific bands of 44, 46, and 48 kDa were
detected in the lysate of cells transfected with Neu1 plasmid.
Neu1 bands of 48, 46, 44, and 42 kDa were also observed in the
CM-ppt (EV) fraction obtained from COS7-Neu1 cells, and no
obvious bands were found in similar fractions from COS7-
Mock cells (Fig. 5C). In addition, CD9, a specific marker of EVs,
was confirmed in the CM-ppt fraction, and Neu1 and CD9
bands were not observed in the CM-sup. Furthermore, we sub-
jected the CM-ppt (EV) fraction from cell culture medium to
sucrose-gradient ultracentrifugation. Neu1 from the mem-
brane fraction derived from COS7-Neu1 cells was observed at
fraction positions 4 and 5, which are known as lipid raft frac-
tions (Fig. 5D, upper panel) (38). In contrast, Neu1 protein from
CM-ppt (EV) fractions derived from COS-7-Neu1 cells was
observed at fraction positions 3 and 4, which are lighter frac-
tions than those containing lipid rafts and are typical of EVs,
particularly those that function as exosomes (Fig. 5D, lower
panel) (30). To determine if Neu1 existed on the outside of EVs,

the surface of EVs within CM-ppt (EV) was biotinylated, and
Neu1 was immunopurified with an anti-Neu1 antibody bound
to Sepharose. After surface biotinylation, immunopurification
of Neu1 protein was confirmed by detection with anti-Neu1
antibody (Fig. 5E). The immunoprecipitated proteins by anti-
Neu1 antibody from biotinylated CM-ppt were detected at
42– 48-kDa smear bands by biotin-specific binding protein,
streptavidin, and 42– 48-kDa bands were also detected with
anti-Neu1 antibody. This smear could not be observed from the
biotinylated CM-ppt from Mock transfectant cells (Fig. 5E). All
these data indicate that Neu1 is present on the surface of EVs
accessible for the cell-surface sialoglycoconjugates.

A Role for Raft Formation in the Secretion of Extracellular
Neu1—We next analyzed the secretion of endogenous Neu1
sialidase by Ra2 cells before and after LPS stimulation. After
stimulation of Ra2 cells with LPS, EV fractions were collected
and subjected to Western blotting with anti-Neu1 antibody,
revealing the presence of Neu1 protein in bands at 42, 61, 71,
and 100 kDa in the CM-ppt (EV) fraction (Fig. 6A, CM-ppt,
Neu1). After LPS stimulation, the Neu1 band transiently
increased in intensity at 10 min and extensively decreased at 60
min. The EV marker CD63 (40) displayed the same profile, indi-
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FIGURE 4. Extracellularly released Neu1 is responsible for the LPS-induced clearance of polySia in Ra2 cells. A, Ra2 cells transfected with Neu1-,
Neu4-, and control siRNAs were collected, and cDNAs were prepared. RT-PCR (25 cycles) was performed to amplify the mRNA for Neu1, Neu4, and
GAPDH. cDNA from total RNAs derived from Neu1 KD, Neu4 KD, and control cells were used as templates. The amplified products were separated on 1%
agarose gels (left panel). The quantitative data were shown in the right panel. B, LPS-induced clearance of polySia and localization changes of Neu1 and
Neu4 on Neu1 KD (Neu1 KD), Neu4 KD (Neu4 KD), or control KD cells (Control). Cells before (LPS 0 min) or 10 min after LPS stimulation (LPS 10 min) were
double immunostained with 12E3 (polySia, green) and anti-Neu1 antibody (Neu1, red) or 12E3 (polySia, green) and anti-Neu4 antibody (Neu4, red). C,
transient increase of sialidase activity in culture medium and cell lysate after LPS stimulation in Neu1 KD (●, E), Neu4 KD (Œ, ‚), and control KD cells (f,
�). The culture medium (f, ●, Œ) and cell lysate (�, ‚, E) prepared before or 10, 30, 60, and 120 min after LPS stimulation were analyzed for sialidase
activity to 4MU-Neu5Ac at pH 4.5 and 7.2. The bars represent S.D. for independent triplicate experiment. ** indicates p 	 0.01 (pH 7.2, Culture medium,
Neu1 KD versus control KD: p 
 0.0092. Student’s t test; pH 4.5, lysate, Neu1 KD versus control KD: p 
 0.0072). * indicates p 	 0.05 (pH 4.5, lysate, Neu4
KD versus control KD: p 
 0.016).
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cating that extracellular Neu1 from Ra2 cells is present on EVs.
The presence of two proteins known to associate with intracel-
lular Neu1, �-galactosidase and protease protective protein A
(PPCA), was also analyzed in the CM-ppt (EV) fraction.
Although bands corresponding to �-galactosidase were ob-
served at 61-, 71-, and 100-kDa, PPCA was not observed in this
fraction (Fig. 6A, IB: �-galactosidase (Gal’ase) and PPCA).
Thus, EVs contain lysosomal glycosidase complex components
Neu1 and �-galactosidase without PPCA. Neu1 was not
detected in CM-sup from Ra2 cells same as that derived from
COS-7 cells (Fig. 5C).

To investigate the secretion mechanism, we examined effects
of the two well used EV secretion inhibitors MBCD (an inhibi-
tor of raft formation (41, 42) and DMA (an inhibitor of H�/Na�

and H�/Ca2� ion exchangers (43)) on the extracellular sialidase
activity. The sialidase activity in the culture medium was clearly

inhibited after MBCD addition and reduced after DMA addi-
tion (Fig. 6B). Cell-surface staining of Neu1 after LPS stimula-
tion was slightly reduced in the presence of DMA but was
clearly inhibited by MBCD (Fig. 6C, MBCD and DMA, Neu1).
The cell-surface staining of polySia after LPS stimulation
remained unchanged in the presence of MBCD (Fig. 6C,
MBCD, polySia (PSA)), although it was undetectable in the
presence of DMA (Fig. 6C, DMA, polySia). Together, these
results indicate that Neu1 is transported via lipid rafts to spe-
cific cell-surface regions in activated microglia. Thus blocking
lipid raft formation by MBCD leads to complete ablation of
cell-surface polySia turnover during inflammatory stimulation.
The mechanism by which LPS stimulation leads to rapid mobi-
lization of Neu1 lipid rafts to the specific cell-surface region and
to secretion as Neu1 EVs into the extracellular space requires
further study.

FIGURE 5. Extracellular Neu1 is associated with exosomes in COS-7 cells expressing Neu1. A, sialidase activity in culture medium derived from COS-7 cells
transfected with rat Neu1 (rNeu1) or mock plasmids (mock). Culture medium was collected after 48 h of cell culture, separated into two fractions (CM-sup and
CM-ppt (EV)) by ultracentrifugation, and analyzed for sialidase activity to 4MU-Neu5Ac at pH 4.5 and 7.2. The bars represent S.D. for independent triplicate
experiments. *** indicates p 	 0.001 (pH 4.5, p 
 0.000068. Student’s t test). *, indicates p 	 0.05 (pH 7.2, p 
 0.029. Student’s t test). B, inhibition of sialidase
activity in CM-ppt (EV) with the rNeu1-specific inhibitor GSC-649. Sialidase activity of the CM-ppt (EV) obtained from Neu1-transfected COS-7 cells was
measured in the absence (black bar) or presence of 3.3 �M GSC-649 (gray bar) at pH 4.5 and 7.2. Structure of GSC-649 and its IC50 values for Neu1 to 4 are shown.
The bars represent S.D. for independent triplicate experiments. * indicates p 	 0.05 (pH 4.5, p 
 0.0175. Student’s t test). C, Western blotting of cell lysate,
CM-sup, and CM-ppt (EV) fractions from rNeu1-transfected COS-7 cells. The fractions were subjected to SDS-PAGE using 10% polyacrylamide gels and
immunoblotted with anti-Neu1 (IB: anti-Neu1) or anti-CD9 antibodies (IB: CD9) followed by staining with appropriate secondary antibodies. Molecular weight
markers are shown on the left of the panel. D, localization of extracellular Neu1 in rafts from cell lysate and exosomal fractions of CM-ppt (EV). Western blotting
was performed for each fraction obtained by sucrose density gradient centrifugation of cell lysate and CM-ppt (EV) with anti-Neu1 antibody. E, topological
localization of extracellular Neu1 in CM-ppt (EV) using a surface biotinylation method. The CM-ppt (EV) fractions derived from mock- and rNeu1-transfected
cells were biotinylated, and rNeu1 was then immunopurified by IP with anti-Neu1 antibody and subjected to Western blotting using anti-Neu1 or streptavidin.
The molecular weight of each component is shown by the bar indicating size.
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PolySia Captures BDNF, Which Is Released via Degradation
of PolySia by Neu1—Recently, we demonstrated that polySia
binds neurobiologically active molecules, such as BDNF, FGF2,
and neurotransmitters (8, 9, 11). Here, we first attempted to
confirm if polySia on microglia also captures BDNF. After exog-
enous sialidase treatment of Ra2 cells, BDNF was released at
higher levels than those from non-treated cells, and nearly the
same amounts of BDNF were released after Endo-N treatments
(Fig. 7A), indicating that cell-surface polySia chains capture
endogenous BDNF that are released by degradation of the poly-
Sia. We next examined if BDNF is released by the rapid degra-
dation of polySia after LPS stimulation under physiological
conditions. We measured the levels of BDNF before and after
LPS stimulation and found that BDNF in the cell culture
medium increased 10 min after LPS stimulation and that this
increase was inhibited in the presence of Neu5Ac2en (Fig. 7B).

Degradation of polySia and BDNF Release Is Blocked by Add-
ing One Oxygen Atom to PolySia—The non-neural sialic acid
Neu5Gc differs from the neural sialic acid Neu5Ac by the addi-
tion of a single oxygen atom. Recently, it was shown that �2– 8-
linked Neu5Gc residues introduced into polySia were markedly
resistant to lysosomal preparations containing Neu1 activity
(44). To determine if switching from Neu5Ac to Neu5Gc affects

the release from BDNF from polySia, we first analyzed the spec-
ificity of Neu1 toward three chemically synthesized polySia
species: polyNeu5Ac, polyNeu5AcNeu5Gc, and polyNeu5Gc
(44). Although Neu1 could effectively degrade polyNeu5Ac,
polyNeu5Gc was highly resistant to Neu1 activity during a 4-h
incubation. PolyNeu5AcNeu5Gc also displayed resistance to
Neu1 activity compared with polyNeu5Ac (Fig. 7C), indicating
that polySia chains containing Neu5Gc are resistant to the
Neu1 activity in the EVs. This is consistent with the result
reported previously (44).

We next investigated if Neu5Gc residues from exogenously
added Neu5Gc are metabolically incorporated into naturally
occurring polySia chains on Ra2 cells in the presence of exoge-
nously added Neu5Gc. Indeed as compared with normal con-
ditions, polySia staining with an anti-oligo/polyNeu5Gc-spe-
cific antibody, 2-4B (29), was elevated. In contrast, staining with
the anti-polyNeu5Ac antibody 12E3 was not detected (Fig. 7D,
LPS(�)). After LPS simulation, the levels of cell-surface
polyNeu5Gc on Neu5Gc-treated cells remained significantly
high compared with those of polyNeu5Ac on cells incubated
with Neu5Ac or under normal conditions (Fig. 7D, LPS(�)).
Thus, polySia chains containing Neu5Gc residues are resistant
to turnover after LPS stimulation.
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molecular mass of each component is shown by the bar indicating size. P, cell homogenate used as positive control. Western blotting of the CM-sup obtained
from culture medium before and 10 min after LPS stimulation of Ra2 cells using anti-Neu1 (IB: Neu1) was shown. B, sialidase activity in culture medium prepared
from Ra2 cells before and 10, 30, and 60 min after LPS stimulation in the absence (no pretreatment, ●) or presence of MBCD (f) or DMA (Œ). The activity to
4MU-Neu5Ac was measured at pH 4.5 and 7.2. The bar represents S.D. for triplicate experiments. *** indicates p 	 0.001 (pH 4.5, p 
 0.00029; pH 7.2, p 

0.00029 CD versus no treatment, Student’s t test). ** indicates p 	 0.01 (pH 4.5, p 
 0.0033 DMA versus no treatment, Student’s t test). * indicates p 	 0.05(pH
7.2, p 
 0.041, DMA versus no treatment, Student’s t test). C, clearance of polySia and localization changes of Neu1 on Ra2 cells in the absence (No) or presence
of inhibitors for raft (MBCD) or exosome formation (DMA). Cells before (LPS 0 min) and 10 min after LPS stimulation (LPS 10 min) were double immunostained
with 12E3 (polySia, green) and anti-Neu1 antibody (Neu1, red). The nuclei were stained with DAPI.
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BDNF binds equally well to polyNeu5Gc as it does to
polyNeu5Ac (8). Thus, BDNF release from Ra2 cells was mea-
sured before and after incubation with Neu5Gc. Under these
conditions, BDNF released by LPS stimulation was inhibited
compared with normal conditions (Fig. 7E), indicating that
exogenous Neu5Gc imparted resistance to the Neu1-mediated
degradation of polySia and impaired polySia function, particu-
larly the release of biologically active molecules induced by
sialidase activity.

Discussion

Neu1 is a Sia-catabolic enzyme that is predominantly local-
ized in lysosomes (45). However, a portion of total Neu1
migrates to the plasma membrane after certain types of stimu-
lation, such as that induced by T-cell activation or LPS activa-
tion of TLR4 (15). Based on the fact that Neu1 co-presents with
CD63 or CD9, which are EV-specific markers (36) (Figs. 6A and
Fig. 5), in the low density (1.13–1.19 g/ml) membrane fraction
(Fig. 5D) (30, 36), Neu1 was for the first time confirmed in this
study to be localized on EVs, collectively referring to exosomes,
activation- or apoptosis-induced microvesicles, and apoptotic
bodies (36). Interestingly, the secretion of Neu1 was inhibited

by the cholesterol-chelating reagent MBCD, which disturbs
lipid raft formation completely (Fig. 6, B and C). On the other
hand, an effect of DMA, another inhibitor of EVs secretion,
showed lower but significant effects on the inhibition of the
secretion. The different inhibition levels of these two reagents
might come from the different inhibition mode of the secretion
of EVs. This finding suggests that Neu1 on EVs is regulated by
raft formation. After stimulation of microglial cells, Neu1 was
rapidly recruited to a specific area on the plasma membrane
(Fig. 6C). It is noteworthy that lipid rafts in macrophage are
remodeled within 15 min after LPS stimulation (47). Based on
these phenomena, the Neu1-restricted area in the plasma
membrane might function as a platform for endosome conver-
sion to EVs. Secreted Neu1 on EVs was present as a 42-kDa
molecule and was not accompanied by the stabilizing protein
PPCA (45), which usually coexists with Neu1 in lysosomes. The
complex of Neu1, �-galactosidase, and PPCA migrates to lyso-
somes from endosomes, and Neu1 and �-galactosidase may
then migrate to EVs from endosomes via the plasma mem-
brane. As Neu1 did not form a complex with PPCA in EVs, it
appears that sialidase activity can be transiently regulated due
to its intrinsic instability.
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FIGURE 7. BDNF release from Ra2 cells is enhanced by LPS-induced extracellular Neu1 but inhibited by polyNeu5Gc on Neu5Gc-fed Ra2 cells. A, BDNF
release by Endo-N. The amounts of BDNF in cell culture medium before (�) and after Endo-N or bacterial exo-sialidase treatments (S’ase) were analyzed. The
bar represents S.D. for triplicate independent experiments. * indicates p 	 0.05 (sialidase, p 
 0.019; Endo-N, p 
 0.028, Student’s t test). B, enhanced release
of BDNF by LPS-induced extracellular Neu1. Cells were stimulated with LPS in the absence (●) or presence (f) of the sialidase inhibitor Neu5Ac2en. Culture
media were collected before and 10, 30, and 60 min after LPS stimulation, and the levels of BDNF were quantified by sandwich ELISA. Extracellular BDNF is
shown as the amount relative to that before stimulation, which was set as 1.0. The bar represents S.D. for triplicate independent experiments. * indicates p 	
0.05 (Neu5Ac2en(�) versus (�) at 10 min, p 
 0.011, Student’s t test). C, time course of rNeu1 sialidase reaction toward polyNeu5Ac, polyNeu5Gc (60%), and
polyNeu5Gc (95%). Released sialic acid at 0, 3, 6, 12, and 24 h after rNeu1 digestion was analyzed by the thiobarbituric acid method. D, inhibition of the
LPS-induced rapid clearance of polySia by polyNeu5Gc residues ectopically expressed on Ra2 cells. Cells were cultured for 2 days in the absence (No) or
presence of 2 mM Neu5Gc (Neu5Gc) and were then immunostained with 12E3 (anti-polyNeu5Ac) or 2-4B (anti-polyNeu5Gc) before (LPS (�)) and 10 min after LPS
stimulation (LPS (�)). E, enhanced release of BDNF by LPS-induced extracellular Neu1 is inhibited on Neu5Gc-fed Ra2 cells. Cells cultured for 2 days in the
absence (●) or presence (f) of 2 mM Neu5Gc were stimulated with LPS. Culture media were collected before and 10, 30, and 60 min after LPS stimulation, and
the levels of BDNF were quantified by sandwich ELISA. The bar represents S.D. for triplicate independent experiments. * indicates p 	 0.05 (Neu5Gc treat versus
no treat at 10 min, p 
 0.019, Student’s t test).
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The optimal pH for Neu1 activity is �4.5 (19). Here, Neu1
secreted from microglial cells exhibited the highest activity at
pH 4.5, but a significant amount of activity was also confirmed
at pH 7.2, which represents the pH of the extracellular environ-
ment. PolySia has a low pKa (�2.9), and the immediate envi-
ronment on a cell surface covered by polySia might be at a lower
pH than 7.2. If so, the degradation of Sia residues from sialogly-
coconjugates by secreted sialidase would be more effective. As
deuterostome-lineage animal cells have Sia present on the non-
reducing terminal end of glycan chains, Sia appears to play
important roles in cell proliferation, cell adhesion, and recep-
tor-ligand interactions (1). In addition, the presence or absence
of Sia moieties on glycoconjugates likely influences the clear-
ance rate of proteins. The transient secretion of sialidase might
serve as on-off switch of the signal involved in the Sia-mediated
interaction. In this regard, it is noteworthy that Siglec-11 is
found in human microglial cells and can bind to oligosialic acids
resulting from cleavage of polySia (48, 49).

Neu1 has low activity toward Neu5Gc compared with
Neu5Ac (44). Neu5Gc residues are not present in humans due
to a genetic mutation (50) but are found in other mammals
studied to date with the exception of the brain, where Neu5Gc
residues have not been detected (51). It is not known why
Neu5Gc residues are excluded from the brain. In this study
microglia were shown to metabolically incorporate exoge-
nously added Neu5Gc into polySia chains, which subsequently
gain resistance to sialidase digestion. In addition, the release of
BDNF from Neu5Gc-containing polySia through the action of
secreted sialidase was shown to decrease. From these results, it
appears that the incorporation of Neu5Gc into polySia or other
sialoglycoconjugates, which are susceptible to degradation by
sialidases (Fig. 8), would potentially impair normal brain func-
tion, including neural plasticity and development, for which
polySia plays an integral role (7, 52). Such toxicity of Neu5Gc

for brain function may be the reason for its exclusion from
cell-surface expressed polySia chains in all animals.

Microglia are well characterized immune cells in the central
nervous system and are involved in the maintenance of brain
cells via the secretion of various trophic factors and enzymes
and phagocytotic activity (53). In addition, microglia are
involved in the development of neurological diseases, such as
Alzheimer disease and multiple sclerosis (54). Recently, micro-
glia have been demonstrated to function not only as immune
cells in the brain but also to play roles in postnatal development,
adult neural plasticity, and circuit function (55). In the present
study, the rapid and transient secretion of sialidase from micro-
glia cells was demonstrated, and the activity was shown to mod-
ify cell-surface Sia on sialoglycoconjugates in both the cis and
trans modes (Figs. 2, 3, and 7). As polySia is a well known to be
intimately related to brain development, neural plasticity, and
even neurological diseases such as schizophrenia (11), the rapid
degradation of polySia by extracellular sialidase secreted from
microglia or other polySia-bearing cells might be involved in
modulating adult neural plasticity. Interestingly, cocaine
administration results in dramatic reduction of polySia with
concomitant activation of microglia (46), suggesting that
cocaine mimics LPS in its induction of the Neu1-catalyzed
trimming.

PolySia was also recently shown to possess the novel ability to
bind neurotrophic factors, such as BDNF and other growth fac-
tors, and to regulate their display to cognate receptors (8, 9, 11).
As the transient secretion of sialidase from microglial cells reg-
ulates the release of BDNF from polySia chains (Fig. 7, A and B),
this may be one mechanism to control the supply of neu-
rotrophic factors to cells or tissues that require such factors for
repair or other neurobiological functions (Fig. 8). The sialidase-
mediated secretion of BDNF from polySia chains might allow
the supply of these neurotrophic factors to a large tissue area

BDNF

Microglia

Neu5Gc

Neuron/Glia

trans-action

cis-action

EV

Activation induced 
EV secretion 

Rapid polySia degradation and 
neurotrophin/cytokine secretion

NEU1
Neu5Ac

FIGURE 8. Proposed mechanism of exovesicular sialidase-driven rapid polySia degradation and neurotrophin/cytokine release. EV Neu1 sialidase is
secreted from microglial cells after activation, such as inflammatory stimulation, and acts on polySia (sky blue beads) or Sia-containing glycoconjugates on the
same cell (cis-action) or on surrounding cells (trans-action) to undergo rapid clearance of Sia residues on the surface. In Ra2 cells, upon an EV Neu1-driven
polySia clearance, BDNF retained by polySia is released, which may render it to fulfill neurotrophic effects. Neu5Gc residues (red circle) incorporated in the
polySia chains make polySia resistant to EV Neu1 and extensively slow down the polySia degradation/BDNF release, leading to abrogation of neurotrophic
effects.
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simultaneously, for example, a tissue area injured by inflamma-
tion. As microglia are reported to produce local trophic gradi-
ents that stimulate axonal sprouting (39), it is possible that
BDNF gradients are generated by sialidases secreted from
microglial cells.

Note Added in Proof—Figs. 1A and 5E contained errors in the version
of this article that was published on March 6, 2015 as a Paper in Press.
Specifically, the same images were used to represent the results of
different experiments in Fig. 1A, and Fig. 5E did not show the
borders between images from separate lanes on the same immu-
noblots. The duplicate images in Fig. 1A have been replaced with the
correct images, and Fig. 5E has been revised to conform with JBC
policies regarding figures assembled from separate images. These
corrections do not affect the interpretation of the results or the
conclusions.
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