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Abstract

Sialic acid bound to glycans in glycolipids and glycoproteins is essential for synaptic plastic-

ity and memory. Sialidase (EC 3.2.1.18), which has 4 isozymes including Neu1, Neu2,

Neu3 and Neu4, regulates the sialylation level of glycans by removing sialic acid from sialyl-

glycoconjugate. In the present study, we investigated the distribution of sialidase activity in

rat hippocampus and the role of sialidase in hippocampal memory processing. We previ-

ously developed a highly sensitive histochemical imaging probe for sialidase activity,

BTP3-Neu5Ac. BTP3-Neu5Ac was cleaved efficiently by rat Neu2 and Neu4 at pH 7.3 and

by Neu1 and Neu3 at pH 4.6. When a rat hippocampal acute slice was stained with BTP3-

Neu5Ac at pH 7.3, mossy fiber terminal fields showed relatively intense sialidase activity.

Thus, the role of sialidase in the synaptic plasticity was investigated at mossy fiber terminal

fields. The long-term potentiation (LTP) at mossy fiber-CA3 pyramidal cell synapses was

impaired by 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (DANA), a sialidase inhibitor.

DANA also failed to decrease paired-pulse facilitation after LTP induction. We also investi-

gated the role of sialidase in hippocampus-dependent spatial memory by using the Morris

water maze. The escape latency time to reach the platform was prolonged by DANA injec-

tion into the hippocampal CA3 region or by knockdown of Neu4 without affecting motility.

The results show that the regulation of sialyl signaling by Neu4 is involved in hippocampal

memory processing.

Introduction

Sialic acid, an acidic monosaccharide, is expressedmost frequently at the ends of glycans and
creates a negative charge on the cell surface. Many neural functions including memory process-
ing depend on sialic acid in glycoproteins and gangliosides [1–3]. Sialic acid contained in gan-
gliosides such as the tetra-sialogangliosideGQ1b is crucial for synaptic plasticity and
hippocampal memory [4, 5]. The sialic acid polymer (poly sialic acid, PSA), having a large
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negative charge, attached to neural cell adhesionmolecules (NCAM) regulates neural circuit
formation in memory and brain development [6, 7].
The sialic acid residue in a sialylglycoconjugate is removed by sialidase, which is one of the

regulators for the sialylation level of glycans [8]. Since exogenous sialidase extracellularly
applied to the hippocampus influencesmemory and synaptic plasticity [9, 10], endogenous sia-
lidase activity in the extracellular space would also affect the hippocampal memory processing.
In the case of inflammatory response in the central nervous system, sialylation level with PSA
on microglial cells was regulated by exovesicular sialidase [11]. Mammalian sialidase isozymes
are designated as Neu1, Neu2, Neu3 and Neu4. All sialidase isozymes, the main subcellular
locations of which are different, show enzyme activity on the plasma membrane or in the extra-
cellular space [8, 11, 12].
We developed a highly sensitive fluorescent histochemical imaging probe, benzothiazolyl-

phenol-based sialic acid derivative (BTP3-Neu5Ac). When BTP3-Neu5Ac, which is water-sol-
uble and shows little fluorescence, is cleaved by sialidase, the water-insoluble BTP3 having
intense fluorescence under UV light is released and stains tissue clearly (Fig 1A) [13]. We also
developed a fluorescent histochemical imagingmethod for sialidase activity by using the com-
bination of 5-bromo-4-chloroindol-3-yl-α-D-N-acetylneuraminic acid (X-Neu5Ac) and Fast
Red Violet LB (FRV LB) [14]. To visualize the distribution of extracellular sialidase activity, rat
brain slices were stained with BTP3-Neu5Ac or X-Neu5Ac and FRV LB at neutral pH. The

Fig 1. Difference in BTP3-Neu5Ac cleavage ability among sialidase isozymes. (A) Schematic staining

mechanism of BTP3-Neu5Ac. (B and C) C-terminal Myc-tagged rat sialidase isozymes, Neu1, Neu2, Neu3

and Neu4, were expressed in C6 rat glioma cells. Lysate of sialidase isozyme-transfected cells (+) or mock-

transfected cells (-, background level) was incubated in ACSF (pH 7.3, n = 4) (B) or sodium acetate buffer

(pH 4.6, n = 4) (C) containing 200 μM BTP3-Neu5Ac. Then, fluorescence (green) was observed on a PVDF

membrane under UV light (upper images). The amount of hydroryzed-BTP3 is shown as a bar graph after

subtraction of each background level.

doi:10.1371/journal.pone.0165257.g001
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hippocampus showed weak but positive sialidase activity, although the white matter region
showed the most intense sialidase activity in the brain [13, 14].
In the present study, we investigated the role of sialidase in hippocampal functions includ-

ing synaptic plasticity and hippocampus-dependent spatial memory. We first determined the
distribution of sialidase activity in the rat hippocampus by using BTP3-Neu5Ac.
BTP3-Neu5Ac was cleaved efficiently by rat Neu2 and Neu4 at pH 7.3. As a result of rat hippo-
campal slice imaging with BTP3-Neu5Ac at neutral pH, mossy fiber terminals showed rela-
tively intense sialidase activity. Thus, we next investigated the effects of a sialidase inhibitor on
long-term potentiation (LTP) at mossy fiber-CA3 pyramidal cell synapses and hippocampus-
dependent spatial memory. We also investigated the effect of Neu4 knockdown on hippocam-
pus-dependent spatial memory.

Materials and Methods

Experimental animals

Male Wistar rats (3 weeks old for electrophysiological experiments and 8–9 weeks old for other
experiments) were purchased from Japan SLC (Shizuoka, Japan). The rats were housed under
standard laboratory conditions (23°C ± 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 experi-
ments. 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 pre-
approved by the Animal Ethics Committee of the University of Shizuoka. Euthanasia was per-
formed under isoflurane anesthesia. All efforts were made to minimize suffering.

Isolation and expression of each sialidase isozyme

Total mRNA of the rat liver (for Neu1, Neu2 and Neu3) or hippocampus (for Neu4) was pre-
pared from a rat by using an RNeasy1 Plus Mini Kit (Qiagen, KJ Venlo, Netherlands) and con-
verted to cDNA using a PrimeScript II High Fidelity One Step RT-PCR Kit (TaKaRa Bio,
Shiga, Japan). The Neu1, Neu2, Neu3 and Neu4 genes were amplified using primers with
restriction sites for ClaI (5'-CCATCGATATGGTGGGGGCAGAGCCAAG-3',5'-CCATCGA
TATGGAGACCTGCCCCGTC-3', 5'-CCATCGATATGGAAGAAGTTTCATCCTGCTCCC-3'
and 5'-CCATCGATATGGGGCCCGCGCATG-3', respectively) and MluI (5'-CGACGCGTGA
GCGTGCCGTAGACGCTG-3', 5'-CGACGCGTCTGAGCACCATGTACTGTGGG-3',5'-
CGACGCGTGTTGCTACTAGGGCTGGTACAG-3' and 5'-CGACGCGTAGAGGGCCAGCAATG
CCC-3', respectively) and PFU Ultra high-fidelityDNA polymerase (Agilent Technologies,
Santa Clara, CA). The PCR products were digested using ClaI and MluI enzymes and then
inserted into a multicloning site of the pQBI25-fPA vector (Wako Chemicals, Osaka, Japan).
The nucleotide sequences of the sialidase isozyme genes in all plasmids were confirmed using
an ABI Prism 310NT Genetic Analyzer (Applied Biosystems). Using these vectors as a PCR
template, each sialidase isozyme gene was subcloned into the EcoRI and MluI restriction sites
of the C-terminal myc tag-modifiedpBabe-puro retrovirus vector. Amplification of the Neu1,
Neu2, Neu3 and Neu4 genes was performed using primers with the EcoRI (5’-CGGAATTCCC
ACCATGGTGGGGGCAGAGCC-3', 5’-CGGAATTCCCACCATGGAGACCTGCCCCGT-3’,
5’-CGGAATTCCCACCATGGAAGAAGTTTCATC-3’and 5’-CGGAATTCCCACCATGGGG
CCCGCGCATGTT-3’, respectively) and MluI (5’-CCGACGCGTGAGCGTGCCGTAGAC
GCT-3’, 5’-CCGACGCGTCTGAGCACCATGTACTGTG-3’, 5’-CCGACGCGTGTTGCTAC
TAGGGCTGGTA-3’ and 5’-CCGACGCGTAGAGGGCCAGCAATGCCC-3’, respectively)
restriction sites and KOD plus DNA polymerase (Toyobo, Osaka, Japan). Each subcloned
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vector was transfected into plat-E cells with pGP + pE-Ampho (Takara Bio) using Lipofecta-
mine 2000 (Invitrogen) and then the supernatants were infected into C6 rat glioma cells as ret-
rovirus solution. Infected cell populations were selected using puromycin (4 μg/ml) for 1 week.

Hydrolysis of BTP3-Neu5Ac with each sialidase isozyme

C6 rat glioma cells stably expressing one of the C-terminalMyc-tagged rat sialidase isozymes,
Neu1, Neu2, Neu3 or Neu4, were lysed in n-octyl-β-D-glucoside(ODG) buffer [20 mM Tris-
HCl (pH 7.4), 150 mM sodium chloride, 1 mM EDTA, 1 mM sodium orthovanadate, 20 mM
sodium fluoride, 1% Nonidet P-40, 5% glycerol, 2% ODG, and a protease inhibitor cocktail
(Nacalai Tesque)]. Each lysate-equalized amount of total protein was separated using sodium
dodecyl sulphate polyacrylamide gel electrophoresis and transferred onto polyvinylidine
difluoride (PVDF) membranes. The membranes were blocked and incubated using primary
antibodies, followed by incubation with horseradish peroxidase (HRP)-conjugated secondary
antibodies. The following primary antibodies were used: anti-myc-tag mAb (My3; MBL) and
anti-beta actin (ab8226; Abcam). Signals from immune-positive bands were visualized using
Lumiviewer (AISIN). Each lysate equalizedwith the amount of Myc were used to determine
sialidase specificity to BTP3-Neu5Ac. For the background level measurement, the lysates of
mock-transfected cells (negative control) that do not express myc were equalizedwith the
amount of total protein in each sialidase isozyme.
For the hydrolysis of BTP3-Neu5Ac, each lysate was incubated in ACSF or 100 mM sodium

acetate buffer (pH4.6) containing 200 μM BTP3-Neu5Ac at 27°C for 60 min. The released
BTP3 was measured using a microplate reader (ex/em, 370 nm/526 nm) or observedusing a
digital camera under UV light (365 nm) after blotting on a PVDFmembrane and a 96-well dot
blotter (Sanplatec).

Imaging of sialidase activity

The procedure for sialidase activity imaging was describedpreviously [14]. Briefly, rat acute
coronal brain slices prepared from 2 rats were incubated with 400 μl of artificial cerebrospinal
fluid (ACSF, pH 7.3) containing 100 μM BTP3-Neu5Ac at 27°C for 60 min. The slices were
washed with ice-cold ACSF and transferred to IWAKI 3.5-mm glass bottom dishes (Asahi
Glass, Tokyo, Japan) filledwith ACSF (27°C). Fluorescence was observedusing a fluorescence
microscope (IX71; Olympus) with a filter set (ex/em, BP330-385/BA510IF). The background
level of fluorescencewas determined using a non-stained brain slice. The gain of the DP70 Dig-
ital Microscope Camera (Olympus) was set in order to not detect background fluorescence.
After acquiring the images, the images were ‘tiled’ together using Photoshop CS4. To confirm
the specificity of imaging for sialidase activity, 2,3-dehydro-2-deoxy-N-acetylneuraminic acid
(DANA) was applied during staining. Since it has been reported that IC50 values of DANA for
Neu1, Neu2, Neu3 and Neu4 are 50–150 μM [15, 16], 10 mM of DANA was used for complete
inhibition of mammalian sialidase activity. To keep the brain slices healthy, all solutions used
in the acute slice experiments were continuously bubbled with 95% O2 and 5% CO2. Staining
was repeated 4 times and reproducibility was confirmed.

Electrophysiology

The mossy fiber-CA3 LTP protocol followed the method reported by Honda et al. [17]. An
acute hippocampal slice prepared from 7 rats was transferred to the recording chamber under
perfusionwith ACSF (1 ml/min, 25–26°C) or ACSF containing 300 μMDANA (Tokyo Chemi-
cal Industry, Tokyo, Japan). Electrical stimuli were delivered through a tungsten bipolar elec-
trode inserted into the stratum granulosum of the dentate gyrus at 0.05 Hz unless otherwise
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stated. Field excitatory postsynaptic potentials (fEPSPs) were recorded from the CA3 stratum
lucidum using a glass electrode (3 M NaCl, 1–2 MO) through low-pass (1 kHz) and high-pass
(1 Hz) filters. Tetanic stimulation (25 Hz, 5 s) was applied in the presence of 50 μM 2-amino-
5-phosphonopentanoic acid (AP5). After LTP recording, 1 μM (2S,2'R,3'R)-2-(2',3'-dicarboxy-
cyclopropyl)glycine (DCG-IV)was applied. In the case of failure to reduce fEPSP to less than
10% with DCG-IV, the data were not used. At the end of each experiment, 10 μM 6-cyano-
7-nitroquinoxaline-2,3-dione (CNQX) was applied. Paired-pulse facilitation (PPF) was
induced by stimulating twice with a 40-ms interval.

DANA injection into the hippocampus

DANA injection into the hippocampus was performed using a method similar to that previ-
ously described [18]. Briefly, guide cannulae with dummy injection cannulae were surgically
implanted into the bilateral hippocampi (AP = −5.6 mm; ML = ±4.6 mm; DV = 5.1 mm) using
a stereotaxic instrument (Narishige, Tokyo, Japan) [19] and fixed using dental cement under
chloral hydrate anaesthesia (400 mg/kg body weight). After surgery, animal condition was
monitored carefully especially during recovery term from anesthesia. Three days after implan-
tation, dummy injection cannulae were replaced with injection cannulae. Five μl of ACSF or
ACSF containing 5 mMDANA was injected into the bilateral hippocampi through the injec-
tion cannulae at 0.1 μl/s in the awakened state. After standing still for 3 minutes, the injection
cannulae were replaced with dummy injection cannulae immediately. Injection was performed
once a day at 10 min before the first trial in the Morris water maze test. After the behavioral
experiments, 5 μl of 1% Evans blue was injected in the same manner to confirm the diffusion
and injection region.

Morris water maze test

TheMorris water maze test was performed as previously described [20]. Briefly, a transparent
platform (10 cm in diameter) was submerged in a pool (130 cm in diameter) filledwith water
(22°C ± 2°C) and surrounded by a grey wall (57 cm in height) and two different objects. Rats
were released into the water facing the wall and trained to find the platform for a maximum of
40 s. In the case of failures, the rats were guided to the platform by hand. After reaching the plat-
form, the rats were kept on the platform for 10 s and then picked up. Each trial was repeated
four times with 1-min intervals, which comprised 1 set. The releasing location was changed in
each trial. The rats were trained for two sets a day up to 2 or 3 days (training session). Daily
training was started at a fixed time, and a second set was performed 3 h after the first set. After
the training session, the rats were allowed to swim for 60 s in the absence of the platform. Mem-
ory for the platform location was assessed by quantifying the time spent in the quadrant in
which the platform had been previously placed in the training session (probe test). For motility
assessment, the total number of times a rat entered each quadrant was counted in the first train-
ing of the first trial on day 1. The experiment was performed in a double-blindmanner.

Knockdown by siRNA

An L-shaped cannula (Durect, CA, USA) was surgically implanted into the dorsal third ventri-
cle (AP = −4.2 mm;ML = 0.0 mm; DV = 4.6 mm). Double-stranded small interfering RNAs
(siRNAs) targeting rat Neu4 (GAGACUUUCUCUACUGUAATT) or a non-targeting double-
stranded siRNA (UGGUUUACAUGUCGACUAATT) were obtained from Hokkaido System Sci-
ence (Hokkaido, Japan). These siRNAs were diluted with an in vivo siRNA transfection reagent
(AteloGene1; Koken, Tokyo, Japan) and continuously injected through the cannula for 7 days
using an Alzet mini-osmotic pump1 (Durect) implanted in the dorsal subcutaneous tissue.
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Behavioral experiments were performed 3 days after the start of injection. To minimize the off-
target effect, siRNA sequences for Neu4 knockdownwere chosen using siDirect version 2.0.

Real-time quantitative reverse transcription-polymerase chain reaction

(real-time RT-PCR)

The procedure for real-time RT-PCR was in accordance with a method reported previously [21].
Total RNA was purified from brain tissues using an RNeasy1 Plus Mini Kit.Neu4 cDNA copies
were evaluated using RT-PCR (LightCycler 2.0; Roche Diagnostics, Basel, Switzerland), a One
Step SYBR PrimeScript PLUS RT-PCR kit (Perfect Real Time, TaKaRa Bio) and primer pairs
[50-TCTGGAGAGTGCCAACTGGC-30 and 50-AAGGAAGTGCCTTCATCAGCAC-30 for Neu4;
50-TGAACGGATTTGGCCGTATCGG-30 and 50-TCAATGAAGGGGTCGTTGATGG-30 for glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH)]. Standard curves of Neu4 or GAPDH cDNA
copies (cycle values vs. cDNA copies) were constructed using data obtained by serial dilution of
total RNA obtained from the rat hippocampus injectedwith non-targeting siRNA. To normalize
for sample variation, cDNA copies of GAPDHwere determined as an internal control.

Statistical analysis

Statistical significancewas assessed using two-tailed unpaired t-test withWelch's correction,
two-tailed paired t-test, one-way ANOVA with Dunnett's multiple comparison test, Kruskal-
Wallis test, and one-way or two-way repeated measures ANOVA with Bonferroni's multiple
comparison test. Statistical analysis was performed using Prism 5 (GraphPad, La Jolla, CA).
Error bars are expressed as standard errors of the mean.

Results

Cleavage of BTP3-Neu5Ac with rat sialidase isozymes

The staining mechanism of BTP3-Neu5Ac is schematically shown in Fig 1A. Briefly,
BTP3-Neu5Ac is water-soluble and has little fluorescence.When BTP3-Neu5Ac is hydrolyzed
with sialidase, BTP3 shows intense fluorescence. Since BTP3 is a water-insoluble fluorophore,
tissue is stained with BTP3. To compare the cleavage abilities of BTP3-Neu5Ac among recom-
binant rat sialidase isozymes, we constructedC-terminalMyc-tagged rat sialidase isozymes in
C6 glioma cells. BTP3-Neu5Ac was hydrolyzed preferentially by Neu2 and Neu4 and weakly
by Neu1 and Neu3 at pH 7.3 (Fig 1B). At pH 4.6, BTP3-Neu5Ac was hydrolyzed efficiently by
Neu1 and Neu3 and also by Neu2 and Neu4 (Fig 1C).

Imaging of sialidase activity in rat hippocampus with BTP3-Neu5Ac

We investigated the distribution of sialidase activity in the rat hippocampus by using
BTP3-Neu5Ac. When acute brain slices including the hippocampus were stained with
BTP3-Neu5Ac at pH 7.3, the white matter regions including corpus callosum and hippocampal
fimbria showed intense fluorescence. In the hippocampus, the CA3 stratum lucidum and hilus
of the dentate gyrus,where mossy fibre terminate, showed relatively intense fluorescence (Fig
2A). Sialidase inhibitor, a 2,3-dehydro-2-deoxy-N-acetylneuraminic acid (DANA), remarkably
attenuated the fluorescence caused by staining with BTP3-Neu5Ac, indicating that
BTP3-Neu5Ac specifically detected sialidase activity (Fig 2B).

Effect of sialidase inhibitor on LTP at the mossy fiber-CA3 synapses

Based on the finding that relative intense sialidase activity was observed in mossy fiber termi-
nal fields, we focused on the function of sialidase in LTP at the mossy fiber-CA3 synapses.
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LTP at the mossy fiber-CA3 synapses can be induced by an N-methyl-D-aspartate receptor-
independent (NMDAR-independent) presynaptic pathway [22] (but see about an NMDAR-
mediated pathway [23, 24]). The NMDAR-independent LTP induced by tetanic stimulation
(25 Hz, 5 s) in the presence of AP5, an NMDAR antagonist, was attenuated by DANA (Fig
3A and 3B). After LTP recording, DCG-IV, a group II metabotropic glutamate receptor ago-
nist, was applied to confirm that the recorded fEPSP originated from the mossy fiber-CA3
synapses. At the end of each experiment, CNQX, an α-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid (AMPA)/kainate receptor antagonist, was applied to isolate the fEPSP
from the presynaptic fiber volley component (Fig 3A). DANA did not affect the basal fEPSP
levels (Fig 3C).

Effect of sialidase inhibitor on PPF reduction after LTP induction

PPF is induced by two stimuli delivered at a 40-ms interval. The Ca2+ transient elicited by the
first stimulation in presynaptic terminals results in the enhancement of postsynaptic potentia-
tion in response to the second stimulation. Thus, PPF is a presynaptic parameter associated
with neurotransmitter release probability. BecauseNMDAR-independent LTP at the mossy
fiber-CA3 synapses is expressed by long-lasting enhancement of transmitter release, PPF
evoked by stimulating the mossy fiber twice at a 40-ms interval was decreased after LTP induc-
tion [25, 26]. However, decrease in PPF after LTP induction was failed in the presence of
DANA (one-way ANOVA, F2,18 = 0.21) (Fig 3D).

Roles of sialidase in hippocampal spatial memory

We next directly assessed the role of sialidase in hippocampus-dependent spatial memory.
In a training session of the Morris water maze test, the latency time to reach the platform
was significantly prolonged by injection of 5 mMDANA (5 μl) into the rat bilateral hippo-
campi (Fig 4A). The motility was not affected by injection of DANA (Kruskal-Wallis test)
(Fig 4B). In the probe test session, quadrant occupancymeasured by quantifying the time
spent in the target quadrant was reduced by DANA injection (Fig 4C). To estimate the diffu-
sion region of DANA, 1% Evans blue dye (5 μl) was injected in the same manner. Most part
of the dye was remained in the hippocampal dentate gyrus and CA3 regions 20 min after
injection (Fig 4D).

Fig 2. Sialidase activity imaging in rat hippocampus. Rat hippocampus and the surrounding region was

stained with 100 μM BTP3-Neu5Ac (A) or with 100 μM BTP3-Neu5Ac +10 mM DANA (B) at pH 7.3. cc:

corpus callosum, fi: hippocampal fimbria. Arrows, CA3 striatum lucidum; arrowheads, hilus. Scale bar, 0.5

mm.

doi:10.1371/journal.pone.0165257.g002
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Importance of sialidase isozyme Neu4 in hippocampal spatial memory

We investigated the role of the sialidase isozyme Neu4 in hippocampal spatial memory.
Since DANA impaired memory after the first trial on day 2, the effect of Neu4 knockdown
on hippocampal spatial memory was examined at the first trial on day 2. Continuous deliv-
ery of siRNA targeting Neu4 into the rat cerebral ventricle for 7 days significantly decreased
Neu4 mRNA levels in the hippocampus by 31.2% and in the cerebral cortex by 32.1% (Fig
5A). As a result of weak Neu4 knockdown, hippocampal memory was impaired in the first
trial on day 2 (Fig 5B). Motility was not affected by Neu4 knockdown (one-way ANOVA,
F2,26 = 0.03) (Fig 5C).

Fig 3. Impairment of mossy fiber-CA3 LTP by a sialidase inhibitor. (A) LTP was induced at 30 min by tetanic

stimulation in the presence of 50 μM AP5. DANA (300 μM), 1 μM DCG-IV and 10 μM CNQX were applied at 10–70, 70–

80 and 80–90 min, respectively. n = 7 each. The inset shows representative fEPSPs recorded at the times indicated by

numbers in the graph. Scale bars, 0.1 mV and 5 ms. (B) The magnitudes of LTP were averaged at 60–65 min. *P < 0.05

(unpaired t-test with Welch’s correction). (C) fEPSPs were averaged at 13–18 min (before LTP), 25–30 min (before LTP

with AP5) and 60–65 min (during LTP) in the vehicle (ACSF)-treated group and at 5–10 min (before LTP), 13–18 min

(before LTP with DANA), 25–30 min (before LTP with DANA+AP5) and 60–65 min (during LTP with DANA) in the DANA-

treated group. **P < 0.01, ***P < 0.001 (repeated measures ANOVA with Bonferroni’s multiple comparison test) (D)

PPF was measured at the times indicated by squares (white: ACSF, orange: DANA) and roman numerals in panel (A).

*P < 0.05 (paired t-test).

doi:10.1371/journal.pone.0165257.g003
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Fig 4. Impairment of hippocampus-dependent memory by a sialidase inhibitor. (A) A Morris water

maze test was performed after injection of 5 μl of ACSF or 5 mM DANA into the rat bilateral hippocampi.

Latency time until reaching the hidden platform was measured (training session). Sham, n = 12; ACSF, n = 7;

DANA, n = 7. §§P < 0.01 and §§§P < 0.001 vs. Sham; †P < 0.05 vs. ACSF; two-way repeated measures

ANOVA with Bonferroni’s multiple comparison test. (B) Motility was assessed in the first trial of the training

session on day 1. (C) A probe test was performed after the training session. Dashed lines represent the

chance level. *P < 0.05 (one-way ANOVA with Dunnett’s Multiple Comparison Test, F2,22 = 4.83). (D)

Diffusion pattern after injection of 5 μl of 1% Evans blue in ACSF into the right hippocampus (AP = −5.6 mm;

ML = +4.6 mm; DV = 5.1 mm). Scale bar, 5 mm.

doi:10.1371/journal.pone.0165257.g004

Fig 5. Impairment of hippocampus-dependent memory by knockdown of Neu4. (A) Neu4 mRNA levels

in the hippocampus and cerebral cortex were measured after continuous injection of Neu4-targeting (n = 9)

or non-targeting siRNA (n = 10) into the dorsal third ventricle for 7 days. *P < 0.05 vs. non-targeting siRNA

(unpaired t-test). (B) Morris water maze test was performed under the effect of Neu4-targeting siRNA (n = 8),

non-targeting (n = 10) or vehicle (n = 10). Latency time at the 1st trial on day 2 was statistically analysed (one-

way ANOVA with Newman-Keuls Multiple Comparison Test, F2,25 = 4.77). (C) Motility was assessed in the

first trial of the training session on day 1.

doi:10.1371/journal.pone.0165257.g005
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Discussion

We first compared the cleavage abilities of BTP3-Neu5Ac among recombinant rat sialidase iso-
zymes. BTP3-Neu5Ac was hydrolyzed preferentially by Neu2 and Neu4 in ACSF (pH 7.3).
Neu4 mRNA is expressed predominantly in the brain, particularly in the hippocampus [27,
28]. Neu4 has broad pH dependencywith optimal pH of 3.5–4.6 and shows sialidase activity
even at neutral pH [29, 30]. In contrast, Neu2 is poorly expressed in the brain [31, 32]. Thus,
Neu4 would mainly contribute to the sialidase activity detected by BTP3-Neu5Ac at pH 7.3 in
the brain.
To visualize the distribution of extracellular sialidase activity in hippocampus, we previously

stained the rat brain slice with X-Neu5Ac and FRV LB at pH 7.3 [14]. Although the hippocam-
pus showed weak fluorescence compared to the white matter, mossy fiber terminal fields
showed relatively intense fluorescence in the hippocampus. In the present study, the rat hippo-
campus was stained with BTP3-Neu5Ac at pH 7.3. Consistent with our previous results, mossy
fiber terminal fields including the CA3 stratum lucidum and hilus of the dentate gyrus showed
intense sialidase activity in the hippocampus. Sialidase activity would be causedmainly by
mossy fiber terminals, but other cells such as glia cells may also contribute to the sialidase activ-
ity and regulation of neural functions. Although sialidase, especially Neu4, is estimated to con-
tribute the function at mossy fiber-CA3 synapses, role of sialidase in hippocampus has been
poorly understood.
The importance of sialic acid in the synaptic plasticity has been reported in hippocampal

CA1 regions. At Schaffer collateral-CA1 synapses, the tetra-sialogangliosideGQ1b increased
the magnitude of LTP much more than did the mono-sialogangliosideGM1 [4, 33–35].
Removal of PSA with endo-N, an endosialidase that specifically cleaves α2,8-linked sialic acid,
causes impairment of long-term depression as well as LTP. The mutant mice lacking ST8SiaIV,
a sialyltransferase for PSA production, exhibit abnormal LTP at Schaffer collateral-CA1 synap-
ses [36]. Since inhibition of sialidase impairs LTP at Schaffer collateral-CA1 synapses, regula-
tion of sialyl signaling by sialidase is necessary for memory processing in the CA1 region [37].
The mechanism by which LTP is induced at mossy fiber-CA3 synapses is different from

that by which LTP is induced at Schaffer collateral-CA1 synapses. LTP at Schaffer collateral-
CA1 synapses is postsynaptically induced by activation of NMDAR. On the other hand, LTP at
mossy fiber-CA3 synapses is presynaptically induced without activation of NMDAR [22].
Here, we investigated the role of intrinsic sialidase in LTP at mossy fiber-CA3 synapses. Chem-
ical inhibition of sialidase activity by DANA impaired LTP at mossy fiber-CA3 synapses.
Decrease in PPF after LTP induction was also impaired by DANA. Thus, sialidase is necessary
for enhancement of transmitter release in the LTP at mossy fiber-CA3 synapses.
The hippocampus-dependent spatial memory process is related to not only CA1 activity but

also CA3 activity [38–40] (but see [41]). Here, we investigated the role of sialidase in hippo-
campus-dependent spatial memory by using the Morris water maze. The escape latency was
prolonged by DANA injection into the hippocampal CA3 region or by knockdown of Neu4
without affectingmotility. AlthoughDANA has an inhibitory effect on all mammalian sialidase
isozymes [15], at least Neu4 seems to be involved in hippocampus-dependentmemory. How-
ever, whether Neu4 knockdown can inhibit LTP at mossy fiber-CA3 synapses remains an open
question, and further experiments are required.
In addition to lysosomes, mitochondria and endoplasmic reticulum,Neu4 is localized at the

cell surface [8, 12, 30, 42]. Since sialidase activity in the mossy fiber terminal region was
detected at neutral pH, a part of Neu4 would work on the cell surface. Desialylation on the cell
surface by sialidase can change cell surface properties quickly and dramatically. Neu1 is also
contributed to the desialylation on the cell surface in the central nervous system [11]. Neu3,
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plasma-membrane-bound sialidase, cleaves sialic acid bound to the major brain gangliosides
that are necessary for memory function. Thus, there is a possibility that sialidase isozymes
other than Neu4 also contribute to hippocampal spatial memory.
Neu4 catalyzes removal of sialic acid from glycoproteins, gangliosides and oligosaccharides

as well as degradation of PSA [27, 28, 42]. PSA regulates the activity of voltage-gated sodium
channels and glutamate receptors [43, 44] and has capturing ability of BDNF and dopamine
[45, 46]. PSA also plays an important role in hippocampal synaptic plasticity and memory [6].
The expression level of PSA on NCAM in hippocampal mossy fiber terminals is related to syn-
aptic maturation. PSA on NCAMwas negative in most of the mature mossy fiber boutons but
was positive in immature boutons. PSA-positive boutons form invagination from finger-like
dendritic outgrowth of pyramidal cells, which develop into a thorny excrescence [47]. These
findings support the idea that PSA removal by Neu4 induces synaptic maturation at mossy
fiber boutons in memory processing.
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