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Sialidase cleaves sialic acids on the extracellular cell surface as
well as inside the cell and is necessary for normal long-term
potentiation (LTP) at mossy fiber-CA3 pyramidal cell synapses
and for hippocampus-dependent spatial memory. Here, we
investigated in detail the role of sialidase in memory processing.
Sialidase activity measured with 4-methylumbelliferyl-a-p-N-
acetylneuraminic acid (4MU-Neu5Ac) or 5-bromo-4-chloroin-
dol-3-yl-a-p-N-acetylneuraminic acid (X-Neu5Ac) and Fast
Red Violet LB was increased by high-K*-induced membrane
depolarization. Sialidase activity was also increased by chemical
LTP induction with forskolin and activation of BDNF signaling,
non-NMDA receptors, or NMDA receptors. The increase in
sialidase activity with neural excitation appears to be caused not
by secreted sialidase or by an increase in sialidase expression but
by a change in the subcellular localization of sialidase. Astro-
cytes as well as neurons are also involved in the neural activity-
dependent increase in sialidase activity. Sialidase activity visu-
alized with a benzothiazolylphenol-based sialic acid derivative
(BTP3-Neu5Ac), a highly sensitive histochemical imaging probe
for sialidase activity, at the CA3 stratum lucidum of rat acute
hippocampal slices was immediately increased in response to
LTP-inducible high-frequency stimulation on a time scale of
seconds. To obtain direct evidence for sialic acid removal on the
extracellular cell surface during neural excitation, the extra-
cellular free sialic acid level in the hippocampus was moni-
tored using in vivo microdialysis. The free sialic acid level
was increased by high-K*-induced membrane depolariza-
tion. Desialylation also occurred during hippocampus-depen-
dent memory formation in a contextual fear-conditioning
paradigm. Our results show that neural activity-dependent
desialylation by sialidase may be involved in hippocampal
memory processing.
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Sialic acid, an acidic monosaccharide, is expressed most fre-
quently at the ends of glycans and creates a negative charge on
the cell surface. Certain neural functions including memory
processing depend on sialic acid bound to glycans in glycopro-
teins and gangliosides (1-3). Sialic acid contained in ganglio-
sides such as the tetrasialoganglioside GQ1b? is crucial for syn-
aptic plasticity and hippocampal memory (4, 5). The sialic acid
polymer (polysialic acid (PSA)), having a large negative charge,
that is attached to neural cell adhesion molecules (NCAM)
regulates neural circuit formation during memory formation
and brain development (6, 7). Thus, sialic acid residues in
sialylglycoconjugates are essential for hippocampal memory
processing.

The sialylation level of glycans changes markedly during
brain development, during acquisition processes of neurologi-
cal disorders such as epilepsy, and during an inflammatory
response of microglia (8 —11). Sialic acid residues in sialylglyco-
conjugates are removed by sialidase, which is one of the regu-
lators for the sialylation level of glycans (12). We previously
found that mossy fiber (MF) terminals showed relatively
intense sialidase activity in the hippocampus (13). Sialidase is
necessary for normal long-term potentiation (LTP) at MF-CA3
pyramidal cell synapses and for hippocampus-dependent spa-
tial memory (14). However, little is known about the detailed
role of sialidase in memory processing.

Mammalian sialidase isozymes are designated as Neul,
Neu2, Neu3, and Neu4. All sialidase isozymes, the main sub-
cellular locations of which are different, show enzyme activ-

2 The abbreviations used are: GQ1b, N-acetylneuraminyl-N-acetylneura-
minylgalactosyl-N-acetylgalactosaminyl[N-acetylneuraminyl-N-acetyl-
neuraminyl]-galactosylglucosylceramide; PSA, polysialic acid; ACSF, artifi-
cial cerebrospinal fluid; AP5, 2-amino-5-phosphonopentanoic acid; AUSA,
sialidase from A. ureafaciens; BTP3-Neu5Ac, benzothiazolylphenol-based
sialic acid derivative; DANA, 2,3-dehydro-2-deoxy-N-acetylneuraminic
acid; DAPI, 4',6-diamidino-2-phenylindole; LTP, long-term potentiation;
MF, mossy fiber; MAA, M. amurensis agglutinin; NCAM, neural cell adhesion
molecules; Neu5Ac, N-acetylneuraminic acid; NMDAR, N-methyl-p-aspar-
tate receptor; PNA, peanut agglutinin; TTX, tetrodotoxin; 4MU, 4-methyl-
umbelliferone; 4MU-Gal, 4MU-B-p-galactopyranoside; 4MU-Neu5Ac,
4-methylumbelliferyl-a-p-N-acetylneuraminic acid; X-Neu5Ac, 5-bromo-4-
chloroindol-3-yl-a-D-N-acetylneuraminic acid; FRV LB, Fast Red Violet LB;
ANOVA, analysis of variance; ex, excitation; em, emission; AP, anterior-pos-
terior; ML, medial-lateral; DV, dorsal-ventral.
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Figure 1.Increase in sialidase activity by neural excitation. A, schematic of
sialidase activity measurement with 4MU-Neu5Ac. Rat hippocampal acute
slices were incubated in ACSF or high-K" solution (pH 7.3) containing 10 um
4MU-Neu5Ac for 30 min. B, sialidase activity was increased by neural excita-
tion with high-K*. High-K™ solution was applied at the time point indicated
by a red bar. ACSF, n = 10; high-K™, n = 8. *** p < 0.001 (one-way repeated
measures ANOVA); 1, p < 0.05 (unpaired t test). C, B-galactosidase activity was
measured using 10 um 4MU-Gal. ACSF, n = 8; high-K™, n = 8. Error bars rep-
resent S.E.

ity on the plasma membrane or in the extracellular space (11,
12, 15). Because exogenous sialidase extracellularly applied
to the hippocampus influences many neural functions in-
cluding memory and synaptic plasticity (16-20), endoge-
nous sialidase would also play a crucial role in hippocampal
memory processing on the membrane surface. Desialylation
on the cell surface by sialidase can change cell surface prop-
erties quickly and dramatically.

In the present study, we investigated the change of sialidase
activity and sialic acid removal from glycans during memory
processing. We previously developed a highly sensitive fluores-
cent probe, a benzothiazolylphenol-based sialic acid derivative
(BTP3-Neu5Ac), for histochemical sialidase activity imaging
(21). BTP3-Neu5Ac can monitor the rapid change of sialidase
activity in mammalian tissues. In this study, we found that siali-
dase activity detected with BTP3-Neu5Ac at the rat CA3 stra-
tum lucidum was immediately increased in response to LTP-
inducible high-frequency stimulation. In vivo monitoring of
sialic acid removal in the hippocampal extracellular space
showed that desialylation was significantly enhanced during
hippocampus-dependent memory formation in a contextual
fear-conditioning paradigm. The results suggest that neural
activity-dependent desialylation by sialidase occurs during hip-
pocampal memory processing.

Results
Increase in sialidase activity in response to neural excitation

We first investigated the influence of neural excitation on
sialidase activity. In rat acute hippocampal slices, sialidase
activity measured using 4-methylumbelliferyl-a-p-N-acetyl-
neuraminic acid (4MU-Neu5Ac), a fluorescent sialidase substrate
for quantitative analysis of sialidase activity, was increased
by high-K*-induced membrane depolarization at pH 7.3
(one-way repeated measures ANOVA; F;,, = 33.04, p <
0.001) (Fig. 1, A and B). Increased sialidase activity returned
to the basal level immediately after stimulation. If not stim-
ulated, sialidase activity in artificial cerebrospinal fluid (ACSF;
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Figure 2. Sialidase activity imaging with X-Neu5Ac and FRV LB. A, siali-
dase activity in rat hippocampal acute slices was imaged using X-Neu5Ac and
FRV LB in ACSF, high-K™ solution, or ACSF containing 1 mm DANA. B, relative
fluorescence intensities in each region are shown. DG, dentate gyrus; H, hilus,
CA, cornus ammonis, S, subiculum. *, p < 0.05; **, p < 0.01; and ***, p < 0.001
versus control (one-way ANOVA or Kruskal-Wallis test with Dunn’s multiple
comparison test). Scale bar, 1 mm. Error bars represent S.E.

pH 7.3) was stable during the experimental period. Galacto-
sidase activity measured using 4MU-f-p-galactopyranoside
(4MU-Gal) was not increased by high-K™ stimulation (Fig.
10).

We previously developed a fluorescent histochemical imag-
ing method for sialidase by using X-Neu5Ac and FRV LB (13).
When rat acute hippocampal slices were stained in ACSF
containing X-Neu5Ac and FRV LB, fluorescence was observed
throughout the hippocampus (Fig. 24). Fluorescence intensi-
ties in various hippocampal regions were increased by staining
in high-K™ solution containing X-Neu5Ac and FRV LB (Fig. 2,
A and B). When the staining was performed in the presence of 1
mM 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (DANA), a
sialidase inhibitor, fluorescence was remarkably reduced, indi-
cating that staining with X-Neu5Ac and FRV LB is specific for
sialidase activity.

Factors responsible for increase in sialidase activity

To determine whether increased sialidase activity during
neural excitation was caused by secreted sialidase, secreted
sialidase activity was monitored by measuring the sialidase
activity in incubated solutions after each incubation (Fig. 3A4).
Secreted sialidase activity was barely detected and was not
increased by high-K* stimulation (Fig. 3B). In contrast, total
sialidase activity including cell surface sialidase activity, which
was measured in hippocampal slices prepared from the same
rats as those used for the secreted sialidase activity measure-
ment, was high enough to be detected before stimulation and
was increased by high-K™ stimulation (one-way repeated mea-
sures ANOVA; F, ,, = 17.0) (Fig. 3C).

We pharmacologically identified the signaling pathways that
increase sialidase activity. Sialidase activity measured with
4-methylumbelliferyl-a-p-N-acetylneuraminic acid (4MU-
Neu5Ac) was increased by forskolin, a chemical LTP inducer
(22); by BDNF, a regulator of synaptic plasticity (23); and by
activation of glutamate receptors using kainate and glutamate
(Fig. 3D). The increase in sialidase activity induced by gluta-
mate was partially abolished by 2-amino-5-phosphonopen-
tanoic acid (AP5), an NMDAR antagonist, although AP5 alone
did not have any effect on sialidase activity. In contrast, sialidase
activity was decreased by GABA. We confirmed that sialidase
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Figure 3. Factors responsible for increase in sialidase activity. A, schematic of secreted sialidase activity measurement with 4MU-Neu5Ac. B, secreted
sialidase activity was not changed by neural excitation with high-K*. n = 12 each. C, total sialidase activity in slices, which were prepared from the same rats
as those used for the secreted sialidase activity measurement, was monitored in the same manner as in Fig. 1. n = 12 each. ***, p < 0.001 (one-way repeated
measures ANOVA); T1, p < 0.01 (unpaired t test). High-K™ solution was applied at the time point indicated by a red bar. D, sialidase activities were measured for
30 min in the presence of 100 mm KCl (high-K™; n = 8), 50 um forskolin (FSK; n = 15), 200 ng/ml BDNF (n = 16), 5 um kainite (KA;n = 8),1(n = 8) or 10 (n = 19)
mm glutamate (Glu), 10 mm glutamate with 50 um AP5 (n = 13), 50 um AP5 (n = 8), 10 um GABA (n = 8), or 1 mm DANA (n = 10) after measurement of basal
sialidase activity levels for 30 min. The dashed line shows basal sialidase activity levels. *, p < 0.05; **, p < 0.01; and ***, p < 0.001 versus baseline level (two-way
repeated measures ANOVA); t, p < 0.05 (one-way ANOVA). N.D., not detected. E and F, cleavage of 4MU-Neu5Ac with each of the recombinant rat sialidase
isozymes. C-terminal Myc-tagged rat sialidase isozymes Neu1, Neu2, Neu3, and Neu4 were expressed in C6 rat glioma cells. Each lysate equalized with the
amount of Myc was incubated in ACSF (E; pH 7.3; n = 4) or sodium acetate buffer (F; pH 4.6; n = 4) containing 200 um 4MU-Neu5Ac. The amount of hydrolyzed
4MU is shown as a bar graph. 111, p < 0.001 versus Neu2; **, p < 0.01; and ***, p < 0.001 versus Neu4 (one-way ANOVA) in E. All combinations in F had
significance (p < 0.001, one-way ANOVA). G-J, quantitative measurement of Neu1 (G), Neu2 (H), Neu3 (/), and Neu4 (J) mRNA levels in hippocampal slices after
incubation with ACSF or 100 mm KCl. t, p < 0.05 (unpaired t test). Error bars represent S.E.

activity measured with 4MU-Neu5Ac was completely inhibited
by DANA.

Next, we identified the sialidase isozymes for which sialidase
activity was detected by AMU-Neu5Ac. C-terminal Myc-tagged
rat sialidase isozymes were constructed in C6 rat glioma cells. At
pH 7.3 in ACSF, 4MU-Neu5Ac was hydrolyzed preferentially by
Neu2 and Neu4 and weakly by Neul and Neu3 (Fig. 3E). At pH 4.6,
4MU-Neu5Ac was hydrolyzed more efficiently by all sialidase
isozymes compared with the neutral pH condition (Fig. 3F).

To investigate the change in sialidase expression caused by
neural excitation, mRNA levels of sialidase isozymes were mea-
sured by using real time quantitative reverse transcription-po-
lymerase chain reaction (RT-PCR). Expression levels of mRNA
in acute hippocampal slices were significantly decreased in
Neul and Neu2 by high-K* stimulation and were not signifi-
cantly changed in Neu3 and Neu4 (Fig. 3, G-)).

Influence of neural excitation on subcellular localization of
sialidase

We investigated the influence of neural excitation on subcel-
lular localization of sialidase. Hippocampal slices (400 um in
thickness) were incubated with ACSF or 100 mm KCl for 30 min
and then immediately frozen with liquid nitrogen. After cutting
into 20-um-thick sections, the hippocampal slices were stained
with 1 mm BTP3-Neu5Ac (pH 7.3; 27 °C). Intense fluorescence
appeared in the cell membrane of pyramidal cells with neural
excitation by high-K* (Fig. 4A4). Immunohistochemical stain-
ing of the hippocampus showed that Neu4 was expressed in the
stratum lucidum where MFs terminate and in the stratum pyra-
midale where the cell bodies of pyramidal neurons are located
(Fig. 4B).

We also investigated the influence of glutamate on sialidase
activityinratprimary cultured astrocytes. Sialidase activity mea-
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Figure 4. Influence of neural excitation on subcellular localization of sialidase activity and sialylated motif detected by MAA lectin. A, hippocampal
slices (20 um in thickness) were prepared after incubation with ACSF (left panel) or 100 mm KClI (right panel) for 30 min and then stained with 100 um
BTP3-Neu5Ac (pH 7.3). Arrowheads indicate intense fluorescence in the cell membrane of pyramidal cells. Scale bar, 100 wm. B, immunohistochemical staining
of Neu4 (red). Counterstaining was performed using DAPI (blue). r, stratum radiatum; /, stratum lucidum; p, stratum pyramidale; o, stratum oriens. Scale bar, 100
um. G, effect of 100 um glutamate on sialidase activity measured by 4MU-Neu5Ac in cultured primary rat hippocampal astrocytes. Glutamate (G/u) was applied
atthetime pointindicated by a bar. ACSF, n = 7; glutamate, n = 8.***, p < 0.001 (paired t test); t11, p < 0.05 (unpaired t test). D-/, cleavage of sialic acid residues
by neural excitation. Brain slices (D and G; scale bar, 2 mm) and hippocampal slices after incubation with ACSF (left) or 100 mm KCl (right) for 30 min (Eand H; scale
bar, 0.5 mm) were stained using FITC-labeled lectins MAA (D and E) and PNA (G and H), respectively. DG, dentate gyrus; Hip, hippocampus; m, stratum
moleculare; g, stratum granulosum; h, hilus. Quantification of the binding of MAA and PNA lectins to the hippocampal slices (F, MAA,n = 11in ACSF,n = 8in

high-K*

sured with 4MU-Neu5Ac was significantly increased by incu-
bation with 100 uMm glutamate for 30 min (Fig. 4C).

Influence of neural excitation on hippocampal sialylation level

Maackia amurensis agglutinin (MAA) and peanut agglutinin
(PNA) mainly recognize a2—3-linked sialic acid (NeuSAca2-
3Gal-B(1-3)-GalNAc) and galactose residue (Gal-B(1-3)-Gal-
NAc), respectively. The results of lectin staining showed that
MAA bound abundantly to the hippocampus compared with
the binding in other brain regions (Fig. 4D). The binding of
MAA to the hippocampus was attenuated after neural excita-
tion with high-K™ (Fig. 4, E and F). In contrast, PNA showed
weak binding to the hippocampus (Fig. 4G). The binding of
PNA to the hippocampus was strengthened after neural excita-
tion (Fig. 4, H and I).

Spatiotemporal dynamics of sialidase activity by LTP-
inducible high-frequency stimulation

Because forskolin induced an increase in sialidase activity, we
investigated the effect of electrophysiological LTP induction
stimuli on sialidase activity. BTP3-Neu5Ac can detect a change
of sialidase activity on a living tissue directly (21). To elucidate
the spatiotemporal dynamics of sialidase activity during LTP
induction, the rapid change in sialidase activity in response to
LTP-inducible high-frequency stimulation was measured by
using BTP3-Neu5Ac. When the hippocampal CA3 region was
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;1,PNA, n = 18 in ACSF and high-K™). 1, p < 0.05; 11, p < 0.01; and t11, p < 0.001 versus ACSF (unpaired t test). Error bars represent S.E.

stained with BTP3-Neu5Ac (pH 7.3), the stratum lucidum
showed relatively intense fluorescence in the CA3 region (Fig.
5A). BTP3-Neu5Ac did not cause fluorescence in the presence
of DANA, indicating that BTP3-Neu5Ac specifically detected
sialidase activity (Fig. 5B). The fluorescence intensities at the
CA3 stratum lucidum were rapidly increased by an LTP-induc-
ible high-frequency stimulus of 5, 25, or 100 Hz for 5 s (Fig. 5, C
and D) with a latency of less than 2 s. The increase in sialidase
activity by 25-Hz stimulation was attenuated by inhibition of
action potentials with tetrodotoxin (TTX), a voltage-gated
sodium channel blocker.

Desialylation during neural excitation

For in vivo monitoring of desialylation on the cell surface, the
amount of free sialic acid collected from the hippocampal
extracellular space was measured using in vivo microdialysis.
To confirm that free sialic acid collected through the dialysis
membrane is increased by enhancement of sialidase activity,
the hippocampus was perfused with ACSF and then injected
with exogenous sialidase from Arthrobacter ureafaciens (AUSA)
through a cannula placed beside the dialysis membrane.
Neu5Ac, the main molecular species of sialic acid, in the perfu-
sate was increased depending on the concentration of AUSA
(one-way repeated measures ANOVA; 10 milliunits, F,,, =
9.07, p < 0.001; 20 milliunits, F, ,, = 57.7, p < 0.001) (Fig. 6A).
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Figure 5. Spatiotemporal dynamics of sialidase activity in LTP induction.
A, sialidase activity in the hippocampal CA3 region was visualized with 100 um
BTP3-Neu5Ac (pH 7.3) by using rat acute hippocampal slices (400 wm in thick-
ness). BTP3-Neu5Ac, green; DAPI, blue. Scale bar, 200 wm. r, stratum radiatum;
I, stratum lucidum; p, stratum pyramidale; o, stratum oriens. B, BTP3-Neu5Ac
staining with 10 mm DANA. C, fluorescence intensity was monitored at the
CA3 stratum lucidum (open circle in transmitted light image). Scale bars, 100
um. The black bar represents a time period in which stimulation (1-100 Hz)
was applied to the MF. D, the bar graph shows averaged fluorescence inten-
sities measured after 5 s of stimulation. 1 Hz,n = 5;5Hz,n = 5;25Hz,n = 7; 25
Hz + 1 umTTX,n=7;100Hz,n = 5.* p < 0.05;and **, p < 0.01 versus baseline
level (paired t test); ##, p < 0.01 (unpaired t test). Error bars represent S.E.

To obtain direct evidence for sialic acid removal by neural
excitation, we evaluated the effect of neural excitation on desia-
lylation. The Neu5Ac level in the perfusate was increased by
perfusion with high-K™ solution for 30 min (one-way repeated
measures ANOVA; F, 5, = 3.65, p < 0.001) but was stable by
perfusion with ACSF (Fig. 6B). Glutamate and GABA levels in
the perfusate, which are indices of neural excitation, were also
increased by high-K* (one-way repeated measures ANOVA;
glutamate, F, ;5 = 3.96, p < 0.01; GABA, F, 34 = 7.34, p <
0.001) (Fig. 6B). In contrast, the Neu5Ac level was decreased by
perfusion with TTX (one-way repeated measures ANOVA;
F, 16 = 3.14, p < 0.05) (Fig. 6C).

Desialylation during hippocampus-dependent memory
formation

We next evaluated desialylation during hippocampus-depen-
dent memory formation in a contextual fear-conditioning par-
adigm. In contextual fear conditioning, rats learn the associa-
tion between a specific environment (context) and an aversive
stimulus such as a foot shock. Under the condition of hip-
pocampal perfusion with ACSF, rats were transferred from a
home cage to a novel context (foot shock chamber) and pre-
sented with a foot shock (1 s, 0.2 mA) every 20 s for 15 min and
then returned to the home cage (Fig. 7A). The Neu5Ac level in
the hippocampal extracellular space was significantly increased
by contextual fear conditioning and decreased to the basal level
after the conditioning (one-way repeated measures ANOVA;
Fg ., =3.11,p <0.01) (Fig. 7B). The rats were transferred to the
context again without foot shock 24 h later, and their freezing
behavior was observed. Acquisition of contextual fear memory
was confirmed by an increase in the freezing time in the foot
shock group (Fig. 7C).

Discussion

In the present study, we first investigated the change of siali-
dase activity by neural activity. Sialidase activity measured with
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4MU-Neu5Ac or X-Neu5Ac and FRV LB was increased by
high-K*-induced membrane depolarization. Sialidase activity
was also increased by chemical LTP induction with forskolin
and activation of BDNF signaling, non-NMDARs, or NMDAR:s.
Because these neural activations are involved in calcium signal-
ing, one of the triggers for increment in sialidase activity would
be intracellular Ca®>" elevation. In contrast, sialidase activity
was decreased by GABA receptor activation, suggesting that
sialidase activity is up-regulated and down-regulated depend-
ing on the neural activity state.

Sialidase activity in incubated solutions was barely detected
and was not increased by high-K™ stimulation. Expression lev-
els of sialidase mRNA were significantly decreased in Neul and
Neu2 by high-K™ stimulation and not significantly changed in
Neu4. Although the Neu3 mRNA level showed a tendency to
increase (no significance), BTP3-Neu5Ac hardly detected Neu3
activity at pH 7.3 (14). Thus, we concluded that the increase in
sialidase activity with neural excitation appears to be caused not
by secreted sialidase or by an increase in sialidase expression.

Sialidase changes its subcellular localization with extracellu-
lar stimulation. The localization of Neu3 rapidly changes in
response to stimulation with epidermal growth factor (24).
Neul expressed in T lymphocytes is also relocated to the cell
surface by activation with concanavalin A (25). Because intense
sialidase activity appeared in the cell membrane of hippocam-
pal CA3 pyramidal cells after neural excitation, the increase in
sialidase activity on the surface of neurons may be caused by a
change in the subcellular localization of sialidase in response
to neural activities. Fast monitoring of sialidase activity with
BTP3-Neu5Ac indicated that sialidase activity is immediately
increased in response to LTP-inducible high-frequency stimu-
lation with a delay of a few seconds. Sialidase activity may be
regulated on the time scale of seconds.

The glial-neuronal signaling is regulated by activation of the
glutamate receptor in astrocytes. We investigated the effect of
glutamate on sialidase activity in astrocytes. Because glutamate
increases sialidase activity in rat primary cultured astrocytes,
astrocytes are also involved in the neural activity-dependent
increase in sialidase activity.

In the present study, we investigated the influence of neural
excitation on the hippocampal sialylation level. The results of
lectin staining showed that the binding of MAA, which recog-
nizes sialylated moieties, to the hippocampus was attenuated
after neural excitation. In contrast, the binding of PNA, which
recognizes unsialylated moieties, to the hippocampus was
strengthened after neural excitation. These findings suggest
that the increase in sialidase activity with neural excitation
causes desialylation. Because desialylation caused by neural
excitation was observed in not only the pyramidal cell layer
but also the whole hippocampal region, multiple cell types as
well as neurons may be affected by neural activity-dependent
desialylation.

We also investigated the sialic acid removal from glycans
during memory processing. The amount of free sialic acid col-
lected from the hippocampal extracellular space by using in
vivo microdialysis was increased depending on the concentra-
tion of exogenously applied sialidase, indicating that the desia-
lylation level on the cell surface can be estimated by the amount
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Figure 6. In vivo sialidase activity measurement. A, free Neu5Ac collected from the hippocampal extracellular space was monitored using in vivo microdi-
alysis. AUSA was injected into the hippocampus at the time points indicated by a black bar. 10 milliunits, n = 6; 20 milliunits, n = 4. B, effect of high-K"
stimulation (red bars and points) on hippocampal extracellular free Neu5Ac, glutamate (Glu), and GABA levels (n = 10 each). ACSF, n = 4.1, p < 0.05 versus ACSF
(unpaired t test with Welch's correction). C, effect of 1 um TTX on extracellular free Neu5Ac level. n = 5. A-C, *, p < 0.05; **, p < 0.01, and ***, p < 0.001 versus
basal level (one-way repeated measures ANOVA). Error bars represent S.E.
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Figure 7. Neu5Ac cleavage during contextual fear conditioning. A, in vivo microdialysis was performed during contextual fear conditioning. H, home cage;
FC, foot shock chamber; FS, foot shock. B, Neu5Ac level in the hippocampal extracellular space was monitored during contextual fear conditioning. n = 13. %,
p < 0.05 versus baseline level; t, p < 0.05; and tt, p < 0.01 versus 120 min (one-way repeated measures ANOVA). C, 24 h after the conditioning, freezing
behaviors in the context were compared in the foot shock-delivered group (+; n = 13) and non-delivered group (—; n = 8). 111, p < 0.001 (unpaired t test with

Welch’s correction). Error bars represent S.E.

of extracellular free sialic acid. By using this in vivo desialylation
monitoring method, we found that the desialylation level was
increased by high-K™ stimulation. We conclude that increment
in sialidase activity by neural excitation is sufficient for sialic
acid removal from glycans on the extracellular cell surface. In
contrast, the desialylation level was decreased by reducing the
spontaneous firing rate of neurons with TTX, indicating that
sialidase activity is up-regulated even by spontaneous spikes.
Removal of sialic acid residues also occurred during hippo-
campus-dependent memory formation in the contextual fear-
conditioning paradigm. Because sialidase is necessary for nor-
mal LTP at MF-CA3 pyramidal cell synapses and hippocampal
memory (14), neural activity-dependent desialylation by siali-
dase would be essential for hippocampal synaptic plasticity and
memory.

At neutral pH, 4MU-Neu5Ac and BTP3-Neu5Ac were
hydrolyzed preferentially by Neu2 and Neu4 in ACSF (14).
Neu4 is expressed predominantly in the brain, particularly in
the hippocampus (26, 27). Our immunohistochemical staining
showed that Neud was expressed in the stratum lucidum and
stratum pyramidale in the hippocampus. Neu4 has broad pH
dependence with an optimal pH of 3.5—4.6 and shows sialidase
activity even at neutral pH (28, 29). In addition to lysosomes,
mitochondria, and endoplasmic reticulum, Neu4 is localized at
the cell surface (12, 15, 29, 30). In contrast, Neu2 is poorly
expressed in the brain (31, 32). Thus, Neu4 may mainly contrib-
ute to the neural activity-dependent increase in sialidase activ-
ity detected by 4MU-Neu5Ac and BTP3-Neu5Ac. Because
Neu4 knockdown impairs hippocampus-dependent spatial
memory in Morris water maze tasks (14), neural activity-depen-
dent regulation of sialyl signaling by Neu4 may be involved in
hippocampal memory processing.

Neu4 catalyzes degradation of PSA as well as removal of sialic
acid from glycoproteins, gangliosides, and oligosaccharides (26,
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27, 30). PSA plays an important role in hippocampal synaptic
plasticity and memory (2, 3, 6). In hippocampal MFs, the
expression level of PSA on NCAM is related to synaptic matu-
ration. Although immature MF boutons express PSA on
NCAM, most of the mature MF boutons do not (33). These
findings support the idea that synaptic maturation at MF bou-
tons is induced by neural activity-dependent PSA removal dur-
ing memory formation. In addition, memory and synaptic plas-
ticity are impaired by removal of PSA by endoneuraminidase
beforehand (16 —20), indicating that appropriate timing of PSA
removal may be important for memory formation.

Eckhardt et al. (34) showed that the entire CA3 area, repre-
senting the MF termination field on pyramidal neurons,
expresses large amounts of PSA in wild-type mice at 6 months
of age. However, mice lacking ST8SialV/PST-1, one of the poly-
sialyltransferases responsible for addition of PSA to NCAM,
showed an almost undetectable level of PSA in the CA3 area at
6 months of age but showed a normal level of LTP at MF-CA3
pyramidal cell synapses (34). Thus, the role of PSA in synaptic
plasticity at MF terminals is still controversial. PSA regulates
the activity of voltage-gated sodium channels and glutamate
receptors (35, 36) and has the ability for capturing BDNF and
dopamine (37, 38). Neural activity-dependent degradation of
PSA seems to play a multidimensional role in hippocampal
neurotransmission.

Opverall, although structural regulation of glycoconjugates
has been studied on a time scale of hours to days, our observa-
tions show that sialidase rapidly increases its enzyme activity in
response to neural activity on a time scale of seconds. Further-
more, sialidase removes sialic acid on the extracellular cell sur-
face during hippocampal memory formation in a contextual
fear-conditioning paradigm. Therefore, neural activity-depen-
dent desialylation by sialidase may be involved in hippocampal
memory processing. Activity-dependent desialylation on the
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cell surface may markedly change cell surface properties and
give fast feedback on sialyl signaling-dependent neural activi-
ties such as synaptic plasticity (2, 3, 6), hippocampal memory (2,
3, 6), neurotransmission (39), neural cell adhesion (2, 6, 7), and
AMPA receptor trafficking (7, 40). Because abnormal sialyl sig-
naling causes epilepsy (1, 41, 42), Alzheimer’s disease (6, 7, 43,
44), and neuropsychiatric disorders (6, 7, 45) such as schizo-
phrenia and bipolar disorder, sialidase may provide a novel
therapeutic target for these neural disorders.

Experimental procedures
Experimental animals

Male Wistar rats (8 -9 weeks old) and a pregnant Wistar rat
were purchased from Japan SLC (Shizuoka, Japan). The rats
were housed under standard laboratory conditions (23 £ 1 °C,
55 * 5% humidity) and had access to tap water and diet ad
libitum. The lights were automatically turned on at 8:00 and off
at 20:00. The rats were handled for at least 10 min everyday for
at least 7 days before use in the behavioral experiments. All
experiments were performed in accordance with the guidelines
established by the University of Shizuoka for the care and use of
laboratory animals. The protocols were preapproved by the
Animal Ethics Committee of the University of Shizuoka.

Preparation of acute hippocampal slices

The procedure for acute hippocampal slice preparation was
described previously (13). Briefly, the rats were deeply anesthe-
tized with halothane and decapitated. The hippocampus was
quickly removed and immersed in ice-cold ACSF (pH 7.3) con-
taining 119 mm NaCl, 2.5 mm KCl, 2.5 mm CaCl,, 1.3 mm
MgCl,, 1.0 mm NaH,PO,, 26.2 mm NaHCO,, and 11 mm p-glu-
cose to suppress excessive neuronal excitation and damage.
Acute hippocampal slices (400 um in thickness) were prepared
using a vibratome tissue slicer (LinearSlicer PRO-7, Dosaka,
Kyoto, Japan) in ice-cold ACSF and placed in a humidified
interface-type holding chamber for at least 1 h. If necessary,
hippocampal slices were incubated in ACSF or high-K™ solu-
tion (21.5 mm NaCl, 100 mm KCI, 2.5 mm CaCl,, 1.3 mm MgCl,,
1.0 mm NaH,PO,, 26.2 mm NaHCO3, and 11 mm p-glucose) for
30 min at 27 °C. In the acute slice experiments, a gas mixture of
95% O, and 5% CO, was continuously bubbled through all
solutions.

Measurement of enzyme activity in hippocampal slices

Hippocampal slices were incubated in 250 ul of ACSF con-
taining 10 um 4MU-Neu5Ac (Nacalai Tesque, Kyoto, Japan) for
30 min at 27 °Cand then transferred to the following incubation
buffers containing 10 um 4MU-Neu5Ac: ACSF, high-K™ solu-
tion, or ACSF containing 50 uM forskolin, 5 um kainate, 1 or 10
mM glutamate, 10 mM glutamate with 50 um AP5, 50 um APS5,
10 uM GABA, or 1 mm DANA. After incubation for 30 min, the
slices were incubated with ACSF containing 10 um 4MU-
Neu5Ac for 30 min twice. Immediately after each incubation,
200 wl of the supernatant was transferred to a 96-well black
microplate (Corning) filled with 50 ul of sodium carbonate
buffer (500 mm; pH 10.7). Fluorescence intensities of 4AMU were
measured using a microplate reader (ex/em, 355/460 nm; Infi-
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nite M200, Tecan, Mannedorf, Switzerland). In the case of
galactosidase activity measurement, 10 um 4MU-Gal was used
instead of 4MU-Neu5Ac. At the end of the experiments, the
area (mm?) of each slice was measured using a stereoscopic
microscope (SZX-7, Olympus, Tokyo, Japan) and Photoshop
CS4 (Adobe Systems, San Jose, CA).

To measure the secreted sialidase activity, hippocampal
slices were incubated in 250 ul of ACSF or high-K™ solution for
30 min. The supernatant (200 ul) was transferred to another
incubation chamber, and 4MU-Neu5Ac was added to give a
concentration of 10 um. After incubation for 30 min, the
enzyme reaction was stopped by adding sodium carbonate
buffer, and then the fluorescence intensities were measured.

Imaging of sialidase activity

The procedure for sialidase activity imaging was described
previously (13, 14). Briefly, rat acute hippocampal slices were
incubated with 400 ul of ACSF (pH 7.3) containing 100 um
BTP3-Neu5Ac at 27 °C for 60 min. For high-resolution imaging
of sialidase activity, acute hippocampal slices were frozen with
liquid nitrogen, cut into 20- um-thick sections using a cryotome
(Leica Microsystems), and then stained with ACSF containing 1
mwm BTP3-Neu5Ac at 27 °C for 60 min. After washing with ice-
cold ACSEF, fluorescence was observed using a fluorescence
microscope (IX71, Olympus) by using a filter set (ex/em,
BP330-385/BA510IF). The background level of fluorescence
was determined using a non-stained brain slice. In all observa-
tions with the fluorescence microscope, the gain of the DP70
digital microscope camera (Olympus) was set to not detect
background fluorescence. After obtaining pictures, the slices
were incubated in ACSF containing 1 pug/ml 4',6-diamidino-2-
phenylindole (DAPI; Dojindo Laboratories, Kumamoto, Japan)
for nuclear staining and observed through a filter set (ex/em,
BP330-385/DM400). In cases requiring staining with X-Neu5Ac
and FRV LB, the hippocampal slices were incubated with 400 ul
of ACSF or high-K™ solution containing 1 mm X-Neu5Ac and
0.1 mg/ml FRV LB at 27 °C for 60 min. After washing with
ACSEF, fluorescence was observed using a filter set (ex/em,
BP530-550/BA575IF). The background level of fluorescence
was determined using a slice incubated in ACSF containing
only 0.1 mg/ml FRV LB. To confirm the specificity of sialidase
activity imaging, the staining was also performed in the pres-
ence of 1-10 mm DANA.

Hydrolysis of 4MU-Neu5Ac with each rat sialidase isozyme

The procedure for rat sialidase isozyme expression was
described previously (14). Briefly, C-terminal Myc-tagged rat
sialidase isozymes Neul, Neu2, Neu3, and Neu4 were stably
expressed in C6 rat glioma cells. Each lysate equalized with the
amount of Myc was incubated in ACSF or 100 mMm sodium
acetate buffer (pH 4.6) containing 200 um 4MU-Neu5Ac at
27 °C for 120 min. The released 4MU was measured using a
microplate reader (ex/em, 355/460 nm).

Real time quantitative RT-PCR

The procedure for real time quantitative RT-PCR was
described previously (14). Briefly, total RNA was isolated by
using the guanidinium phenol reagent (TRIzol reagent, Life
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Technologies) according to the manufacturer’s instructions.
Neu4 cDNA copies were evaluated using a thermal cycler sys-
tem (Thermal Cycler Dice® Real Time System Lite, TaKaRa
Bio), a One Step SYBR PrimeScript PLUS RT-PCR kit (Perfect
Real Time, TaKaRa Bio), and primer pairs (5'-CCCATCCCG-
AGTACCGAGT-3" and 5'-CCCGGCCACAACTGGAC-3’
for Neul, 5'-GAGCCACCAACCATGTCAAG-3" and 5'-
AAGGGACATGGATTCATGGAG-3’ for Neu2, 5-CGGAG-
CTGGTGAGCTGAG-3" and 5 -CCTGCTGGAACAGAGT-
GCTG-3" for Neu3, 5'-TCTGGAGAGTGCCAACTGGC-3’
and 5'-AAGGAAGTGCCTTCATCAGCAC-3’ for Neu4, and
5'-TGAACGGATTTGGCCGTATCGG-3" and 5'-TCAA-
TGAAGGGGTCGTTGATGG-3' for glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH)). To normalize for sample var-
iation, GAPDH mRNA was used as an internal standard.

Immunohistochemical staining

The procedure for immunohistochemistry was described
previously (13). Briefly, the rats were anesthetized using halo-
thane and transcardially perfused with PBS. After embedding,
brains were cut into 10-um-thick sections at —20 °C using a
cryotome. After fixation and antigen retrieval treatment, block-
ing was performed in Tris-buffered saline with 0.1% Tween 20
(pH 7.4) containing 2% BSA. The sections were stained with
goat anti-human Neu4 polyclonal antibody (1:50; Santa Cruz
Biotechnology, Dallas, TX) having cross-reactivity against rat
Neu4 and with HiLyte Fluor 555-conjugated rabbit anti-goat
IgG (1:50; AnaSpec). The sections were also stained using 1
png/ml DAPL

Images were acquired using a fluorescence microscope and a
filter set (ex/em, BP530-550/BA575IF for HiLyte Fluor 555
and BP330-385/BA420 for DAPI). The background level of
fluorescence was determined by using sections stained with
only the secondary antibody. All imaging was performed at
least twice using different rats, and the reproducibility was con-
firmed. The specificity of the anti-Neu4 antibody was deter-
mined by using a rat brain that was inoculated with glioma cells
overexpressing rat Neu4 (data not shown).

Sialidase activity measurement in rat primary cultured
astrocytes

Cell suspensions were isolated from the rat fetal hippocam-
pus (embryonic day 17) by using a nerve cell culture system
(Sumitomo Bakelite, Tokyo, Japan) according to the manufa-
cturer’s instructions and incubated in a nerve cell culture
medium (Sumitomo Bakelite) for 5 days on poly-L-lysine-
coated culture dishes. After removal of neurons and microglia,
astrocytes were subcultured twice using 0.25% trypsin. After
preincubation with serum-free neuron assay medium (Sumi-
tomo Bakelite), sialidase activity was measured by incubation
with serum-free neuron assay medium containing 4MU-
Neu5Ac or 4MU-Neu5Ac and 100 um glutamate for 30 min at
37 °C. The released 4MU was measured in the same manner as
before.

Lectin staining

An acute hippocampal slice incubated with ACSF and an
acute hippocampal slice incubated with high-K* solution were
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embedded in the same block to avoid staining variation. Frozen
blocks were cut into 20-um-thick sections using a cryotome.
After fixation, blocking was performed in Carbo-Free Blocking
Solution (Vector Laboratories, Burlingame, CA). The sections
were stained with FITC-labeled MAA (0.1 mg/ml; EY Labora-
tories, San Mateo, CA) or FITC-labeled PNA (0.02 mg/ml; J-Oil
Mills). Fluorescence intensity was measured using Photoshop
CS4. Images were acquired using a fluorescence microscope
(BZ-X710, Keyence, Osaka, Japan) and a filter set (ex/em,
BP450-490/BA500-550). The background level of fluores-
cence was determined by using non-stained sections.

Time lapse imaging of sialidase activity

Rat acute hippocampal slices were transferred to glass bot-
tom dishes that were each filled with 50 ul of ACSF (pH 7.3;
27 °C) containing 100 um BTP3-Neu5Ac or 10 mm 4MU-
Neu5Ac. Regions of interest (100 um in diameter) were set at
the CA3 stratum lucidum, and fluorescence intensity was mon-
itored using a confocal laser scanning microscope system (LSM
510, Carl Zeiss; 1 frame/s) through a 10X objective lens and a
filter set (ex, 364 nm; em, 530 —600 nm; dichroic mirror, 375
nm) for BTP3-Neu5Ac. Electrical stimuli (1-100 Hz, 5 s, 300 nA)
were delivered to MFs through a tungsten bipolar electrode.

In vivo microdialysis

The procedure for in vivo microdialysis was described previ-
ously (46). Briefly, a microdialysis probe (3-mm membrane
CMA12 Elite microdialysis probe; cutoff, 20,000 daltons; CMA
Microdialysis, Stockholm, Sweden) was attached to a cannula,
and the dialysis membrane was surgically implanted in the rat
hippocampal CA3 (AP = —5.6 mm; ML = 4.6 mm; DV = 6.9
mm) (47) using a stereotaxic instrument (Narishige, Tokyo,
Japan). The hippocampus was perfused with ACSF at 2.3
pl/min over 240 min to stabilize the dialysis. Then 2 ul of 5 or
10 units/ml AUSA in ACSF was injected into the hippocampus
at 0.3 ul/min through the cannula. Perfusate samples were col-
lected every 60 min.

To investigate the effect of high-K™ solution or TTX on
desialylation, a guide tube was surgically implanted in the rat
hippocampus (AP = —5.6 mm; ML = 4.6 mm; DV = 3.9 mm)
under anesthesia and fixed with dental cement (Shofu, Kyoto,
Japan). Forty-eight hours after implantation, a microdialysis
probe was inserted into the hippocampal CA3 through the
guide tube under anesthesia. The hippocampus was perfused
with ACSF at 2.3 ul/min over 4 h to stabilize the dialysis. Then
the hippocampus was perfused with high-K* solution or ACSF
containing 1 um TTX. Perfusate samples were collected every
60 min.

Contextual fear conditioning

A guide tube was surgically implanted in the rat hippocam-
pus (AP = —5.6 mm; ML = 4.6 mm; DV = 3.9 mm) and fixed
using dental cement. Three days after implantation, a microdi-
alysis probe was inserted into the hippocampal CA3 through
the guide tube in the awakened state. After hippocampal perfu-
sion (2.3 ul/min) with ACSF for 3.5 h in the home cage, the rats
were placed in a fear-conditioning chamber (28 (width) X 29.5
(depth) X 29 cm (height); Muromachi Kikai) with shock grid
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floors (bars of 5.0 mm in diameter spaced 1.5 cm apart) fol-
lowed by foot shock training (1 s, 0.2 mA (the feeble electric
current of limit that can be sensed)) every 20 s for 15 min and
then returned to the home cage. Hippocampal perfusion was
continued for 2.5 h after each rat had been returned to the home
cage. Perfusate samples were collected every 30 min. On the
next day, the rats were placed in the conditioning chamber
again. Behavior was recorded by an overhead camera, and
freezing time was assessed for 3 min.

HPLC measurement

HPLC measurement of sialic acid (Neu5Ac), glutamate, and
GABA was performed using precolumn fluorescence deriv-
atization as described previously (46, 48). Neu5Ac in the perfu-
sate (20 ul) was derivatized with 1,2-diamino-4,5-methylene-
dioxybenzene and analyzed using an HPLC system (LC-2000
Plus series, Jasco, Tokyo, Japan) with an octadecylsilyl column
(TSKgel ODS-100V column, Tosoh, Tokyo, Japan) and a
mobile phase of methanol/water (25:75, v/v). Fluorescence was
monitored at excitation and emission wavelengths of 373 and
448 nm, respectively. Glutamate and GABA in the perfusate (10
wul) were derivatized using o-phthaldialdehyde and analyzed
using an octadecylsilyl column (CrestPak C18S, Jasco) and gra-
dient mobile phase of 50 mm sodium acetate and methanol.
Fluorescence was monitored at excitation and emission wave-
lengths of 340 and 450 nm, respectively.

Statistical analysis

Statistical significance was assessed using one-way ANOVA,
one-way repeated measures ANOVA, or two-way repeated
measures ANOVA with Bonferroni’s multiple comparison test,
Kruskal-Weallis test with Dunn’s multiple comparison test, two-
tailed unpaired ¢ test with or without Welch’s correction, and
two-tailed paired  test. Statistical analysis was performed using
Prism 5 (GraphPad, La Jolla, CA). Error bars are expressed as
S.E.
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