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Vesicular glutamate transporters (VGLUTs), which include VGLUT1, VGLUT2 and VGLUTS3, are responsible
for the uploading of L-glutamate into synaptic vesicles. The expression pattern of VGLUTs determines the
level of synaptic vesicle filling (i.e., glutamate quantal size) and directly influences glutamate receptors
and glutamatergic synaptic transmission; thus, VGLUTs may play a key role in learning and memory in
the central nervous system. To determine whether VGLUTs contribute to the degeneration or acquisition
of learning and memory, we used an animal model for the age-related impairment of learning and mem-
ory, senescence-accelerated mouse/prone 8 (SAMP8). KM mice were divided into groups based on their
learning and memory performance in a shuttle-box test. The expression of VGLUTs and synaptophysin
(Syp) mRNA and protein in the cerebral cortex and hippocampus were investigated with real-time fluo-
rescence quantitative PCR and western blot, respectively. Our results demonstrate that, in the cerebral
cortex, protein expression of VGLUT1, VGLUT2, VGLUT3 and Syp was decreased in SAMP8 with age
and increased in KM mice, which displayed an enhanced capacity for learning and memory. The protein
expression of VGLUT2 and Syp was decreased in the hippocampus of SAMP8 with aging. The expression
level of VGLUT1 and VGLUT2 proteins were highest in KM mouse group with a 76-100% avoidance score
in the shuttle-box test. These data demonstrate that protein expression of VGLUT1, VGLUT2 and Syp
decreases age-dependently in SAMP8 and increases in a learning- and memory-dependent manner in
KM mice. Correlation analysis indicated the protein expression of VGLUT1, VGLUT2 and Syp has a positive
correlation with the capacity of learning and memory.
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1. Introduction

L-glutamate, the major excitatory neurotransmitter in the
mammalian brain, plays a pivotal role in central nervous system
(CNS) functions such as synaptic plasticity, cognition, learning
and memory. However, glutamatergic excitotoxicity can occur
when there is an excess of glutamate. Synaptic functions related
to glutamate are tightly regulated on several levels: its assembly
into synaptic vesicles, its release into the synaptic cleft, and its
reuptake by glial cells and neurons (Zink, Vollmayr, Gebicke-
Haerter, & Henn, 2010). Three distinct vesicular glutamate trans-
porter (VGLUT) isoforms have been identified. These transporters
are responsible for the uploading of glutamate into synaptic
vesicles; VGLUT1 and VGLUT2 are present at the majority of the
excitatory glutamatergic terminals in the CNS, whereas VGLUT3
is sparsely expressed in the brain, defining a discrete subpopula-
tion of nonglutamatergic neurons (Aihara et al., 2000; Bellocchio,
Reimer, Fremeau, & Edwards, 2000; Boulland et al., 2004; Fremeau
et al., 2001; Gras et al., 2002; Herzog et al., 2001; Takamori, Rhee,

* Corresponding author. Fax: +86 10 68211656.
E-mail address: zhouwx@nic.bmi.ac.cn (W.-X. Zhou).

1074-7427/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.nIm.2011.01.010

Rosenmund, & Jahn, 2001). VGLUT1 and VGLUT?2 are specific mark-
ers for glutamatergic neurons, whereas VGLUT3 is expressed not
only in glutamatergic neurons but also in cholinergic, serotoniner-
gic, and even GABA-ergic neurons (Fremeau et al., 2002; Fremeau
et al., 2004; Gras et al., 2002). VGLUT1 and VGLUT?2 are still gener-
ally considered to be selective markers of the glutamatergic corti-
costriatal and thalamostriatal afferents in the adult CNS (Kaneko,
Fujiyama, & Hioki, 2002; Lacey et al., 2005; Miré-Bernié, Ichinohe,
Pérez-Clausell, & Rockland, 2006; Raju et al., 2008). VGLUTs trans-
port glutamate into synaptic vesicles, which affects the glutamate
concentrations in the synaptic cleft and plays an essential role in
learning and memory in the CNS. However, their role in the degen-
eration and acquisition of learning and memory is not clear.
Because VGLUTs load glutamate into vesicles for release, the
number of VGLUT molecules per synaptic vesicle was shown to be
a main factor for determining the quantal size in glutamatergic neu-
rons, and variations in VGLUT expression levels significantly impact
synaptic transmission (Ishikawa, Sahara, & Takahashi, 2002; Wilson
et al., 2005; Wojcik et al., 2004). For particular brain regions, the
expression levels of VGLUTSs serve as indicators for the relative syn-
aptic strength of presynaptic glutamatergic innervation (Massie,
Schallier, Vermoesen, Arckens, & Michotte, 2010). Analyzing the
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Fig. 1. The normal probability of total distance of KM mice in spontaneous
locomotor activity.
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Fig. 2. The performance of KM mouse in the shuttle-box test.

differences in VGLUT expression provides a model system to under-
stand how the targeting of individual synaptic vesicle proteins can
influence neurotransmitter signaling and learning and memory.
The senescence-accelerated mouse (SAM) was originally gener-
ated from a common genetic pool of AKR/] mice (Takeda et al.,
1981). The SAM strains consist of the senescence-accelerated-
prone mouse (SAMP) and the senescence-accelerated-resistant
mouse (SAMR), with the latter showing normal aging characteris-
tics. SAM resistant/1(SAMR1) are long-lived, and are commonly
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Fig. 4. The performance on the sixth day of mouse selected to be used in the
experiment. There was statistically significant difference among all five groups
analyzed by using ANOVA (GraphPad Prism 5.0).

Table 1
Primers of GAPDH, VGLUT1, VGLUT2, VGLUT3 and Syp in real-time fluorescence
quantitative PCR assay.

Gene Upper primer (5'-3'-) Lower primer (5-3') Product
name

GAPDH  CCTTCCGTGTTCCTACCC AAGTCGCAGGAGACAACC 163 bp
VGLUT1 TGTTCCTCATAGCCTCCC GTCCTCCATTTCACTTTCGT 167 bp
VGLUT2 CCCTGGAGGTGCCTGAGAA GCGGTGGATAGTGCTGTTGTT 173 bp
VGLUT3 CACATCCTTGCCTGTCTAT GACCCACCTTACTTATTGC 128 bp
Syp ACAGCAGTGTTCGCTTTCA  GGGTCCCTCAGTTCCTTG 152 bp

used as a control strain. SAM prone/8 (SAMP8) shares similar fea-
tures with neurodegenerative diseases, especially Alzheimer’s dis-
ease (AD). Some of these features include learning and memory
deficits (Nomura & Okuma, 1999; Spangler et al., 2002), spongy
degeneration (Yagi et al., 1989), neuronal cell loss (Kawamata
et al,, 1997), gliosis (Nomura & Okuma, 1999), alteration of the
cholinergic system (Onozuka, Watanabe, Fujita, Tomida, & Ozono,
2002) and other neurotransmitter changes (Flood & Morley,
1998; Kondziella, Bidar, Urfjell, Sletvold, & Sonnewald, 2002;
Nomura, Kitamura, Ohnuki, et al., 1997). Additionally, they show
altered emotions and abnormality of the circadian rhythm
(Miyamoto, 1997), microvessel defects (Ueno et al., 2001), and blood-
brain barrier dysfunction (Del Valle et al., 2009; Pelegri et al.,
2007). Furthermore, similar to what occurs in the early stages of
AD, SAMPS8 mice display increases in oxidative stress (Petursdottir,
Farr, Morley, Banks, & Skuladottir, 2007; Zhang et al., 2009),
mitochondrial dysfunction (Nakahara et al., 1998), age-related
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Table 2
Antibodies of GAPDH, VGLUT1, VGLUT2, VGLUT3 and Syp in western blot assay.
Protein Primary antibody Secondary antibody
fame Name Dilution Name Dilution
GAPDH Goat polyclonal IgG (sc-20357, Santa Cruz) 1:300 Peroxidase-conjugated affinipure goat anti-mouse igG (H + L) (ZB-2306, ZSGB- 1:10,000
BIO)
VGLUT1 Goat polyclonal antibody (sc-13320, Santa Cruz) 1:400 Peroxidase-conjugated affinipure goat anti-mouse igG (H + L) (ZB-2306, ZSGB-  1:10,000
BIO)
VGLUT2 Rabbit polyclonal antibody (Ab72310, Abcam) 1:100 Peroxidase-conjugated affinipure rabbit anti-goat igG (H + L) (ZB-2301, ZSGB-  1:10,000
BIO)
VGLUT3 Rabbit polyclonal antibody (Ab23977, Abcam) 1:800 Peroxidase-conjugated affinipure rabbit anti-goat igG (H + L) (ZB-2301, ZSGB-  1:10,000
BIO)
SYP Mouse monoclonal antibody (sc-55507, Santa 1:800 Peroxidase-conjugated affinipure mouse anti-rabbit igG (H + L) (ZB-2305, 1:10,000

Cruz)

ZSGB-BIO)

increases in the expression of APP, f-amyloid peptide alterations
(Morley et al., 2000), and tau phosphorylation (Canudas et al.,
2005). From as early as 6 months, SAMP8 have p-amyloid (AB)
deposition in the hippocampus that increases in quantity and
scope with age. These deposits are composed of clustered granules
that contain AB42, Ap40, and other AB protein precursor fragments.
In contrast, control ICR-CD1 mice and SAMR1 mice demonstrate
low levels of A clusters that do not develop until 15 months of
age (Del Valle et al., 2010). SAMPS8 exhibit age-related deteriora-
tion in learning and memory compared to SAMR1, which show
normal aging characteristics and are commonly used as a control
strain (Flood & Morley, 1998; Tajes et al.,, 2008). Age-related

behavioral changes occur in SAMP8 at 4 months of age (Alicja,
Markowska, Spangler, Donald, & Ingram., 1998), and age-related
deficits in learning and memory occur as early as 2 months after
birth (Miyamoto et al., 1986). SAMP8 exhibits significant impair-
ments in active avoidance tasks, such as one-way active avoidance
(Miyamoto et al., 1986), T-maze active avoidance (Flood & Morley,
1993) and Sidman avoidance (Ohta et al.,, 1989). Furthermore,
avoidance responses in SAMP8 did not improve with training, as
opposed to a linear increase in the SAMR1 control group in the
shuttle-box test (Miyamoto, 1997). SAMP8 is used as an age-
associated AD animal model due to their age-related deficits in
learning and memory (Morley, Banks, Kumar, & Farr, 2004; Ohta

S 0.05 g 0.03-
@ ‘@
g o004 g
3 2 0.02
< 008 o
=2 <
o r4
€ 0.02 o
5 £ 0.01
5 0.01 °
> [
S 2
00075 6 12 2 6 12 (monthy — 3 & 12 2 6 12 (month)
SAMR1 SAMP8 SAMR1 SAMP8
Hippocampus Cerebral cortex
VGLUT! e (D S i o o VGLUT! o oy s e s oo o

GAPDH ammms s s e w——

500+

4004

300+

200

100

Level of protein expression ()

12 2 6
SAMP8

SAMR1
Hippocampus

12 (month) 0-0—% 1

GAPDH "N S — — — ——

D

1.57

1.0

Level of protein expression

12 2 6

12 (month)

SAMR1 SAMP8

Cerebral cortex
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Fig. 6. mRNA and protein expression of VGLUT1 in the cerebral cortex and hippocampus of of KM mice tested by shuttle-box; (I) expression of mRNA in the hippocampus; (II)
expression of mRNA in the cerebral cortex; (IIl) expression of protein in the hippocampus; (IV) expression of protein in the cerebral cortex; Con, control group; A, score = 0-
20; B, score = 21-40; C, score = 41-60; D, score = 61-75; E, score = 76-100; *P < 0.05, **P < 0.05, E vs Con; *P < 0.05, E vs A. mean +S.D., n =5, ANOVA.

Fig. 7. Correlation between mRNA and protein expression of VGLUT1 in the cerebral cortex and hippocampus of of KM mice tested by shuttle-box and the ability of learning
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et al., 1989; Yagi, Katoh, Akiguchi, & Takeda, 1988). Therefore,
SAMPS can be used to study age-related cognitive decline related
to altered gene expression and protein abnormalities associated
with AD (Butterfield & Poon, 2005; Morley, 2002).

The shuttle-box behavior test has been used to examine the
conditioned active avoidance reflex of animal subjects and was
performed in the present study to evaluate learning and memory
function. Executing the shuttle-box test is a multi-trial procedure
utilizing complex tasks and is used to assess the learning and
memory ability of rodents because it is reliable, sensitive and
quantitative for active avoidance learning (Bozarth, 1983; Cuomo
et al.,1996). The KM mouse strain, which is a Swiss mouse origi-
nally generated from non-inbred albino mice and established by
Dr. Clara Lynch at the Rockfeller Institute in 1926, was introduced
from India Hoffkine institute by Professor Feifan Tang in 1944 and
bred in Kunming, China. Because the strain originated in Kunming,
it is referred to as KM. In this study, learning performance and
memory formation in the KM mice were tested with a shuttle-
box test.

The hippocampus and cerebral cortex are brain regions crucial
for learning and memory. In this study, we used SAMPS8 as an ani-
mal model of age-related impairment in learning and memory. KM
mice were divided into groups based on their learning and memory
ability as determined by their performance in the shuttle-box test.
The expression of VGLUT1-3 and synaptophysin (Syp) mRNA and
protein in the cerebral cortex and hippocampus of the tested sub-
jects was examined employing real-time fluorescence quantitative

PCR and western blot, respectively, to determine whether VGLUT
expression correlates with the process of learning and memory.

2. Materials and methods
2.1. Subjects

Original SAMR1 and SAMP8 mice were kindly provided by Dr. T.
Takeda at Kyoto University (Kyoto, Japan) and housed in the
Beijing Institute of Pharmacology and Toxicology under a natural
light-dark cycle (12h light:12h dark), room temperature
(25+1°C), and normal relative humidity (50 £ 5%). The animals
had free access to food and water. Two-, six- and twelve-month-
old male SAMP8 and SAMR1 mice were used in this study, with
10 mice per substrain. Each group (n = 10) was sacrificed by decap-
itation, and their brains were removed and placed on ice before
dissecting out the hippocampus and cerebral cortex. Both sides
(left and right) of the hippocampus and cerebral cortex were used
for real-time PCR and western blot, respectively.

Male KM mice weighing 18-20 g were obtained from the Labora-
tory Animal Center of Beijing Institute of Medical Science and kept
on a 12:12 h light:dark cycle at room temperature (25 = 1 °C) and
normal relative humidity (50 + 5%). Food and water were available
ad libitum throughout the shuttle-box test. After a 3 day acclimation
to the laboratory conditions and the detection of locomotor activity,
the learning and memory ability of 61 male KM mice were evaluated
using the shuttle-box test.
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All experimental procedures were performed following with the
Guidelines of the Animal Care and Use Committee of Beijing Insti-
tute of Pharmacology and Toxicology.

2.2. Behavioral procedures

2.2.1. Locomotor activity

The spontaneous locomotor activity of KM mice was recorded
for 15 min. Motor tracking was performed using an experimental
animal behavior monitoring system (AniLab v2.0, AniLab™ Soft-
ware and Instruments Co., Ltd., China). Prior to the start of record-
ing, the animals were habituated for 5 min in Plexiglas cages
(30 x 30 x 30 cm, width x length x height; one animal per testing
cage). Total distance per mouse was indicative of its motor activity,
and only KM mice with total distances following the normal distri-
bution were employed for the shuttle-box test (Fig. 1).

2.2.2. Shuttle-box test

KM mice were tested in the shuttle-box apparatus (Med Associ-
ates Inc., EAST FAIRFIELD, VT 05448, USA), which was divided into
two equal compartments connected by a gate. A light (8 W) was
switched on alternately in the two compartments and used as
the conditioned stimulus. The conditioned stimulus was presented
for 5s, followed by the unconditioned stimulus (a 1.5 mA foot
shock) for a maximum of five seconds. The electric shock (5 s)
was applied to the grid floor. The shuttle-box procedure was per-
formed every day between 6:00 PM-5:00 AM. Each mouse was al-
lowed 5 min to acclimate to the chambers before testing began. At
the beginning of the test, the mouse was placed in the left com-
partment of the shuttle-box, close to and facing the end wall. If

the mouse moved to the opposite compartment during the condi-
tioned stimulus, an active avoidance response was recorded auto-
matically. Each mouse was given 60 consecutive trials with 20 s
intertrial intervals (lighting, 5 s; interval, 10 s; electric shock, 5 s;
interval, 20s) daily for six consecutive days. The learning and
memory ability of each KM mouse was assessed as the percentage
of the ratio of active avoidance response number to the total avoid-
ance (number is 60). For example, if one mouse’s active avoidance
times are 42 in the test, its score is the percent of the ratio of 42-
60, so its score is 70.

All test subjects were divided into six groups depending on the
active avoidance response number on the sixth trial day (Figs. 2
and 4). The control group (con) had five mice that received no
shock; group A contained five mice with 0-12 times of avoidance,
and their score was 0-20; group B had 10 mice with 13-24 times of
avoidance, and their score was 21-40; group C had 21 mice with
25-36 times of avoidance, and their score was 41-60; group D
had 12 mice with 37-45 times of avoidance and a score of 61—
75; and group E had five mice with 46-60 times of avoidance
and a score of 76-100. Using linear regression analysis, the mouse
with a correlation coefficient from high to low was used in the next
experiment (Figs. 3 and 4).

Each group (n =5) was processed as described above.

2.3. Total RNA preparation and reverse transcription

Total RNA was isolated from the hippocampus and cerebral
cortex using TRIzol reagent (Cat. No. 15596-026, Invitrogen)
according to the manufacturer’s instructions. The total RNA ex-
tracted was measured at 260 nm, and the purity of the samples
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was determined by the A260/280 ratio using spectrophotometric
measurements (UV-2802H, UNICO). The integrity of total RNA
was detected by denaturing formaldehyde 1% agarose/ethidium
bromide gel electrophoresis. First-strand cDNA was reverse-tran-
scribed from 2 pg of total RNA using MMLV Reverse Transcriptase
(Cat No. M1705, Promega), Oligo (dT) 15 primers (Cat.# CD106,
TianGen, 10 uM) and dNTP mixture (Cat# CD117-1, TianGen,
10 mM each). The cDNA was stored at —20 °C for real-time fluores-
cence quantitative PCR analysis.

2.4. Real-time fluorescence quantitative PCR

The cDNA was used as template for PCR in the iTaqTM SYBRR
Green Supermix with ROX (172-5851, BIO-RAD). The reaction
was performed at 95.0 °C for 2 min, 40 cycles (95.0 °C for 15s,
55 °C for 30s, 72 °C for 45 s), auto-dissociation, data collection at
stage 2 step 3, using the thermal cycler (7500, Applied Biosystems),
and primers for glyceraldehyde-3-phosphate dehydrogenase (GAP-
DH), VGLUT1, VGLUT2, VGLUT3 and synaptophysin (Syp) (Table 1).

The melting curve analysis verifies the presence of primer di-
mers and specificity in the PCR product. The assay software was
ddCt (relative quantitation) plate and ddCt (relative quantitation)
of the SDS v1.4 software package. The endogenous control was
GAPDH, and the target gene was VGLUT1, VGLUT2, VGLUT3 and
Syp. The confidence interval was 95.00%, with baseline starting at
cycle 3 and ending at cycle 15. The calculations were performed

based on the Ct method. The level of target gene expression was
calculated using the formula 274,

2.5. Western blot

The cerebral cortex and hippocampus tissues were homoge-
nized in lysis buffer containing Tris, urea, thiourea, 4% chaps,
DTT, and complete™ cocktail protease inhibitor (1169748001,
Roche), extracted by liquid nitrogen freeze thawing and supersonic
quassation, and then centrifuged for 30 min at 20,000 rpm. The fi-
nal supernatants were aliquoted and stored at —70 °C. The protein
concentrations were determined using a Bradford protein assay kit
(PR102, Galen Biopharm International Co., Ltd.).

Samples containing equal protein amounts (50 L1g) were boiled
in 5x loading buffer (B1012, Applygen Technologies Inc.). The
denatured protein and prestained molecular weight standards
were separated on 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis mini-gels. Electrophoresis was performed at
60V for concentration and 100V for separation in Mini-Protean
(Mini-PROTEAN® Tetra cell, Bio-Rad). After electrophoresis, pro-
teins were transferred on ImBlotter-nitrocellulose membrane
(HAHYO00010, Millipore) with transfer buffer (48 mM Tris; 39 mM
glycine; 0.0037% SDS and 20% methanol) at constant 15V for
30 min using a Trans-blot SD semi-dry transfer cell (Bio-Rad).
The membrane was blocked with 5% non-fat milk in TBS containing
0.05% Tween 20 for 4 h at room temperature. The membrane was
immunoblotted with the primary antibody (Table 2) in TBST
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solution containing 5% non-fat milk at 4 °C overnight. After being
washed with TBST five times (5 min each), the membrane was
incubated with the appropriate secondary antibody (Table 2) in
TBST for 45 min at 37 °C. After being washed, the immunoblots
were developed with SuperSignal WestPico Chemiluminescent
Substrate (34080, Thermo Scientific) and quantified using the
ImageQuant LAS 4000 mini (GE healthcare, USA) and were ex-
pressed as the ratio relative to GAPDH protein.

2.6. Statistical analysis

For the expression of mRNA and protein expression, all data are
presented as the mean + standard deviation (S.D.). In all cases, data
were analyzed using ANOVA (GraphPad Prism 5.0) to evaluate differ-
ences. Differences were considered statistically significantif P < 0.05
and P < 0.01. Graphs were created using GraphPad Prism 5.0.

Correlation between expression of mRNA and protein and
capacity of learning and memory analysis was performed using
two-tailed Pearson analysis with a 95% confidence interval using
GraphPad Prism 5.0, and the correlation was considered statisti-
cally significant if P <0.05, P<0.01 and P < 0.001.

3. Results

3.1. Expression of VGLUTT1 in the cerebral cortex and hippocampus of
aging SAMP8 and KM mice following shuttle-box test

Differences in VGLUT1 mRNA expression from the hippocampus
and cerebral cortex were not observed (Fig. 5A and B) between

aging SAMR1 and SAMPS. There was a tendency towards increased
expression of VGLUT1 protein in the hippocampus of SAMR1 with
aging but a decreased expression level was found in SAMPS8
(Fig. 5C). There was a tendency towards increased expression of
VGLUT1 protein in the cerebral cortex of SAMR1 with aging
(Fig. 5D), but there was a significant decrease in the expression le-
vel in the cerebral cortex of 12-month-old SAMP8 compared with
age-matched SAMRI1 (P < 0.05) (Fig. 5D). These results showed that
VGLUT1 protein expression was decreased in the cerebral cortex
and hippocampus of SAMPS8, which is associated with a deteriora-
tion of learning and memory.

Messenger RNA and protein expression of VGLUT1 trended to-
wards an increase in the hippocampus of KM mice following the
shuttle-box test and were significantly elevated in group E (score
76-100) compared to the control group (P < 0.05) (Fig. 61 and III),
VGLUT1 protein expression was also significantly elevated in the
hippocampus of group E as compared to group A with a score
0-20 (P < 0.05) (Fig. 61II). Changes in mRNA expression levels were
not detected for VGLUT1 in the cerebral cortex of KM mice follow-
ing the shuttle-box test (Fig. 611), whereas protein expression was
increased significantly in group E when compared with the control
group (P<0.01) and group A (P<0.05) (Fig. 61V). These findings
indicate that VGLUT1 protein expression was increased in the cere-
bral cortex and hippocampus of KM mice and suggest that this is
correlated with an elevation in learning and memory ability.

Correlation analysis (Fig. 7) indicated that VGLUT1 mRNA
expression in the hippocampus of KM mice following the shuttle-
box test positively correlated with learning and memory
(P<0.05) (Fig. 7A), which is also found with protein expression
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in the hippocampus (P<0.001) (Fig. 7C) and cerebral cortex
(P<0.01) (Fig. 7D).

3.2. Expression of VGLUTZ in the cerebral cortex and hippocampus of
aging SAMP8 and KM mice following the shuttle-box test

VGLUT2 mRNA expression trended towards a decrease in the
hippocampus of SAMR1 with aging, which is in contrast to SAMP8
with aging where mRNA expression was increased (Fig. 8A). VGLUT2
protein expression in the hippocampus (Fig. 8C) of 12-month-
old SAMR1 was significantly lower than 2-month-old SAMR1
(P <0.05). Compared with age-matched SAMR1, the VGLUT2 protein
expression level was also significantly reduced in the hippocampus
of 2-month-old SAMP8 (P < 0.05). A comparison of VGLUT1 and
VGLUT2 expression in the hippocampus of SAMR1 and SAMPS8
revealed the possibility of complementary VGLUT1 and VGLUT2
function in the same brain region.

We could not detect a significant change in VGLUT2 mRNA lev-
els in the cerebral cortex of SAMR1 and SAMPS (Fig. 8B). However,
for VGLUT2 protein (Fig. 8D), there was a trend toward a decreased
expression level in cerebral cortex of aging SAMP8 and a significant
decrease in SAMP8 at 12-month-old as compared to 2-month-old
SAMPS8 and age-matched SAMR1 (P < 0.05). This indicates that
VGLUT2 protein expression was reduced in the cerebral cortex
and hippocampus of SAMPS, coinciding with age-related impair-
ment of learning and memory.

We could not detect any significant alterations in VGLUT2
mRNA levels in the cerebral cortex or hippocampus of KM mice fol-
lowing shuttle-box training (Fig. 91 and II), but protein expression

of VGLUT2 was significantly elevated in group E (score 76-100)
compared with the control group (P < 0.05), group A (score 0-20,
P <0.05), and group B (score 20-40, P < 0.05) (Fig. 9III and IV). This
demonstrated that VGLUT2 protein expression was increased in
the brain of KM mice with enhanced learning and memory
capability.

Correlation analysis (Fig. 10) indicated that VGLUT2 mRNA
expression in the hippocampus of KM mice following the shuttle-
box test was negatively correlated with the ability to increase
learning and memory (P < 0.05) (Fig. 10A). In contrast, the protein
expression in the hippocampus (P<0.01) (Fig. 10C) and cerebral
cortex (P < 0.01) (Fig. 10D) was positively correlated with the abil-
ity to perform learning and memory.

3.3. Expression of VGLUT3 in the cerebral cortex and hippocampus of
aging SAMP8 and KM mice following the shuttle-box test

Messenger RNA expression of VGLUT3 in the hippocampus of
SAMR1 at 6 months was lower than at 2 months (P <0.01), and it
tended to increase in the hippocampus of aging SAMP8. Furthermore
(Fig. 11A), VGLUT3 was increased significantly in 12-month-old
SAMP8 compared with 2-month-old (P<0.01) and 6-month-
old SAMP8 (P < 0.05) but was decreased significantly in 2-month-
old SAMP8 compared with age-matched SAMR1 (P<0.01).
Age-related changes in the expression level of VGLUT3 mRNA could
not be observed in the cerebral cortex nor could protein in the
hippocampus or cerebral cortex of SAMR1 and SAMP8; however,
there was a tendency toward a decreased expression level in aging
SAMPS (Fig. 10B-D).
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Following the shuttle-box training, we could not detect a signif-
icant alteration in VGLUT3 mRNA expression levels in either the
hippocampus or cerebral cortex of KM mice (Fig. 121 and II) as well
as protein expression in the hippocampus (Fig. 12I1I). However, for
VGLUTS3 protein, there was a tendency toward an increased expres-
sion level in the cerebral cortex and was elevated significantly in
group E (score 76-100) compared with the control group
(P<0.05) (Fig. 121V).

Correlation analysis (Fig. 13) indicated that there was no corre-
lation of VGLUT3 mRNA and protein expression in the hippocam-
pus and cerebral cortex of KM mice with learning and memory
performance in the shuttle-box test.

3.4. Expression of Syp in the cerebral cortex and hippocampus of aging
SAMPS8 and KM mice following the shuttle-box test

There was no difference in Syp mRNA expression in the hippo-
campus or cerebral cortex of aging SAMR1 or SAMP8 (Fig. 14A and
B). In addition, there was no change in the protein expression
levels in SAMRI1, but Syp protein expression showed an age-
dependent decline in the hippocampus and cerebral cortex of
SAMPS (Fig. 14C and D). Syp protein expression was decreased sig-
nificantly in the hippocampus of 12-month-old SAMPS8 (Fig. 14C)
compared to 2-month-old (P<0.01) and 6-month-old SAMP8
(P <0.05) and age-matched SAMR1 (P < 0.01). In the cerebral cortex
of 12-month-old SAMPS, the protein levels were also reduced as
compared to age-matched SAMR1 (P < 0.05) (Fig. 14D).

Changes in Syp mRNA expression levels were not detected in
the cerebral cortex (Fig. 151I), and protein levels were unchanged

in the hippocampus of KM mice following the shuttle-box test
(Fig. 15III). However, Syp mRNA expression was upregulated sig-
nificantly in the hippocampus of group C (score 40-60) compared
to the control group (P <0.05) (Fig. 15I). In the cerebral cortex,
protein expression was significantly upregulated in group E (score
76-100) compared with the control group (P < 0.01), group A (score
0-20, P<0.01), and group B (score 20-40, P < 0.05) (Fig. 151V).

Correlation analysis (Fig. 16) indicates that Syp protein expres-
sion in the hippocampus (P < 0.05(Fig. 16C) and cerebral cortex
(P<0.01) (Fig. 16D) was positively correlated with learning and
memory performance.

4. Discussion

In this study, we showed that protein expression of VGLUT1,
VGLUT2, VGLUT3 and Syp was decreased in an age-dependent
manner in the cerebral cortex of SAMP8 with age-related deterio-
ration of learning and memory. Expression of these proteins was at
the highest level in the cerebral cortex of mice in group E with an
avoidance score of 76-100% following the shuttle-box test. In addi-
tion, we found that there was an increase in the protein expression
of VGLUT1 and VGLUT2 in the hippocampus of KM mice with in-
creased learning and memory performance and a trend toward a
decrease in VGLUT1, VGLUT2, VGLUT3 and Syp in the hippocampus
of SAMPS8 with age-related deficits in learning and memory. Corre-
lation analysis indicated that the protein expression of VGLUT1,
VGLUT2 and Syp positively correlated with learning and memory
ability. This raises the question of how differences in VGLUT
expression affect learning and memory ability.
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VGLUTSs are responsible for transporting glutamate into synap-
tic vesicles and are specifically required for exocytotic release
(Reimer & Edwards, 2004; Takamori, 2006). For glutamatergic syn-
apses, a single functional vesicular glutamate transporter is both
necessary and sufficient to fill a synaptic vesicle. However, ele-
vated VGLUT expression increases the quantal size of vesicle, and
vesicles without VGLUT are empty (Daniels et al., 2006). Therefore,
the expression level of VGLUTs determines the amount of gluta-
mate that is loaded into vesicles and released and thereby regu-
lates the efficacy of neurotransmission (Ishikawa et al., 2002;
Woijcik et al., 2004). Another study has shown that VGLUT expres-
sion is used endogenously to directly regulate the extent of gluta-
mate release, which provided a concise, presynaptic mechanism
for controlling the quantal efficacy of excitatory transmission dur-
ing synaptic refinement and plasticity (Wilson et al., 2005). There-
fore, we demonstrated that VGLUT expression was positively
correlated with the ability to learn and memorize, and we suggest
that this occurs by affecting glutamatergic signaling, which affects
behavior.

A study has recently demonstrated that Ts65Dn (TS) mice with
cognitive disturbances exhibited a significantly reduced labeling of
VGLUT1 compared to disomic control mice. After the TS mice were
treated with memantine, the levels of hippocampal VGLUT1 were
significantly increased, with levels similar to vehicle-treated con-
trol animals (Rueda et al., 2010). Furthermore, reduced expression
of VGLUT1 was found in learned helpless rats (Zink et al., 2010). In
addition, significantly lower immunoreactivity for VGLUT1 in AD
patients was reported (Kirvell, Fremeau, & Francis, 2002). Other

studies have shown that the loss of vesicular glutamate transport-
ers, VGLUT1 and VGLUT?2, in the prefrontal cortex was correlated
with cognitive decline in Alzheimer’s disease (AD) (Kashani et al.,
2008), and glutamatergic dystrophic neuritis and structural gluta-
matergic deficits are present in AD pathology (Bell et al., 2006).
These studies are consistent with our findings that protein expres-
sion of VGLUT1 and VGLUT2 was decreased age-dependently in the
cerebral cortex and hippocampus of SAMP8 with age-related dete-
rioration in learning and memory. These results also suggest that
the reduced expression of VGLUTSs is involved in the pathology of
some neuropsychiatric disorders through glutamatergic signaling.
For example, mice with reduced expression of VGLUT1 exhibit en-
hanced anxiety, depressive-like behavior and impaired recognition
memory (Tordera et al., 2007). Decreased VGLUT1 in the forebrain
increased vulnerability to depressive-like behavior and chronic
mild stress (Garcia-Garcia et al., 2009). Additionally, expression
levels of VGLUT1 were reduced in animal models of depression
(Zink et al., 2010). The reduced levels of VGLUT2 decrease motor
neuron degeneration but do not prevent the loss of motor neuron
function in the SOD1%%** mouse model for amyotrophic lateral
sclerosis (ALS) (Wootz, Enjin, Wallén-Mackenzie, Lindholm, & Kul-
lander, 2010). VGLUT2 heterozygotes exhibit decreases in neuro-
pathic pain responses (Moechars et al., 2006), and there were 9
rare variants of VGLUT2 that may contribute to the pathogenesis
of schizophrenia (Shen et al., 2010). Lastly, mice lacking VGLUT3
have sensorineural deafness and seizures (Seal et al., 2008). These
data indicate that decreased expression of VGLUTs results in
homeostatic changes in several systems.
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Glutamate and glutamate receptors have been identified as
important interfaces in learning and memory paradigms as well
as in mechanisms of synaptic plasticity, such as long-term potenti-
ation (LTP) and long-term depression, which are believed to be the
underlying cellular basis of some forms of learning and memory.
Glutamate is essential and indispensable for the induction and
maintenance of long-lasting hippocampal LTP in vitro and in vivo
(Riedel & Reymann, 1996). The ability of synaptic vesicles to store
glutamate is conferred by VGLUTSs, which undergo differential reg-
ulation during development and in response to activity. VGLUTs
undergo regional, developmental, and activity-dependent changes
in expression, and the expression of VGLUT protein appears to have
a direct role in the biogenesis or recycling of synaptic vesicles
(Santos, Li, & Voglmaier, 2009). Although the mechanisms of path-
way specificity of LTP are poorly understood, glutamate uptake
determines pathway specificity of LTP in the neural circuitry of fear
conditioning (Tsvetkov, Shin, & Bolshakov, 2004). The capacity for
neuroplasticity can be affected by sensory deprivation (LeVay,
Stryker, & Shatz, 1978), task learning (Ding et al., 2002), environ-
mental enrichment (Nithianantharajah, Levis, & Murphy, 2004),
and drugs such as d-amphetamine (d-AMPH) (Boikess, O’Dell, &
Marshall, 2010). These reports suggest that synaptic plasticity
could be regulated by a variety of factors. It is not clear what mech-
anisms underlie the shuttle-box learning affect on neuroplasticity
or of the non-coordinated VGLUT expression on the transcriptional
and translational level. However, our present study demonstrates
that the protein expression of VGLUTs was positively correlated

with the capacity for learning and memory in the shuttle-box test,
which is an indicator of the conditioned active avoidance reflex
ability. This suggests that glutamate uptake though VGLUTs plays
a prominent role in synaptic plasticity, which underlies the cellular
basis of shuttle-box learning and memory processing.

VGLUTs are often localized together but can also be found in dif-
ferent regions of the CNS, with VGLUT1" neurons located in neo-
cortex, hippocampus, and cerebellar cortex and VGLUT2* neurons
in thalamus, midbrain, and hindbrain. When localized together,
VGLUT1 and VGLUT2 are found at the axon terminals in several
rat brain regions (Kaneko & Fujiyama, 2002). VGLUT3 is generally
expressed by populations of neurons that release different trans-
mitters, such as cholinergic interneurons of the striatum and sero-
tonin neurons in the raphe (Fremeau et al., 2004; Herzog et al.,
2001; Kaneko & Fujiyama, 2002; Ziegler, Cullinan, & Herman,
2001). In contrast, our data indicated that in the hippocampus of
aging SAMR1 and SAMPS, expression of VGLUT1 and VGLUT2 had
opposite patterns. This suggested that in the same brain region,
the loss of VGLUT1 function could be compensated for by VGLUT2.

The VGLUTs localize to synaptic vesicles in nerve endings
(Fremeau et al., 2001; Fremeau et al., 2002) and have been identi-
fied as markers for glutamatergic neurons and their axon terminals
(Fremeau et al., 2001; Fujiyama, Furuta, & Kaneko, 2001; Stornetta,
Sevigny, & Guyenet, 2002; Takamori, Rhee, Rosenmund, & Jahn,
2000). VGLUT1 and VGLUT2 are considered better markers of
glutamatergic processes than glutamate, glutaminase, or plasma
membrane excitatory amino acid transporters, which have also
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been used to identify glutamatergic neurons (Kaneko et al., 2002).
However, VGLUTs exist in astrocytes (Anlauf & Derouiche, 2005;
Bergersen & Gundersen, 2009; Zhang et al., 2004; Stenovec et al.,
2007). Although astrocytes contain approximately 10 times less
VGLUT than nerve terminals (Bezzi et al., 2004), these transporters
are functional within astrocytes because Rose Bengal, an allosteric
modulator of VGLUTs, greatly reduced glutamate release from
astrocytes (Montana, Ni, Sunjara, Hua, & Parpura, 2004). Astrocytes
can release a variety of gliotransmitters into the extracellular
space, including glutamate that has been uptaken by VGLUTs
(Parpura and Zorec, 2010). Additionally, gonadotropin-releasing
hormone (GnRH) neuronal cell bodies or processes express
VGLUT1 or VGLUT2 (Khan, De Sevilla, Mahesh, & Brann, 2010; Kiss,
Kocsis, Csaki, & Halasz, 2003). Therefore, on the one hand, our
study that protein expression of VGLUTs was decreased in the
brain of aging SAMP8 and elevated in KM mice following
shuttle-box learning cannot indicate the number of glutamatergic
neuronal decrease in SAMP8 and increase in KM mice, but in com-
bination with the alteration of expression level of synaptic vesicle
protein synaptophysin (Syp), as a marker of synapse (Kashani et al.,
2008), could indicate that the glutamatergic synaptic transmission
was weakened in the brain of aging SAMP8 and strengthened in
KM mice. On the other hand, our results suggest that VGLUTs
and Syp are involved in the behavior of learning and memory
and SAMPS8 cognitive impairment.

Based on the above data combined with our present findings,
alterations in the function and/or expression of VGLUTs have been

implicated in a range of psychiatric and neurological disorders.
VGLUTSs, especially VGLUT1 or VGLUT2, are potential therapeutic
targets for neurodegenerative and neuropsychiatric disorders re-
lated to malfunction of glutamate signaling in humans. Therefore,
the development of molecules that specifically activate or block
VGLUTSs at low concentrations will be highly valuable for neurode-
generative and neuropsychiatric disorders. Because glutamatergic
neurotransmission begins with vesicular release, compounds that
inhibit or activate VGLUTs may fine-tune glutamatergic neuro-
transmission in the CNS. Several classes of competitive VGLUT
inhibitors have emerged, including amino acids and amino acid
analogs, fatty acids, azo dyes, quinolines and alkaloids (Thompson
et al.,, 2005). The alkaloid bromocryptine has a Ki of 20 uM (Patel,
Nagy, Bolstad, Gerdes, & Thompson, 2007), dyes have a Ki in the
20nM to 10 uM range (e.g., RB, ICso=19nM and Trypan Blue
ICso =50 nM) (Bole & Ueda, 2005; Ogita et al., 2001), substituted
quinolines have a Ki in the 40-300 ptM range (Quinolein dicarbox-
ylic acid, ICsp =40 uM) (Carrigan et al., 2002; Shigeri, Seal, &
Shimamoto, 2004) aspartate or glutamate analogs have an
IC50>230uM (e.g., (1S,3R)-ACPD 1Cs50=230 uM) (Thompson
et al, 2005), and tetrapeptide DQLIDELW have a Ki = 828 + 252 uM
(Patel et al., 2007). Among them, RB is the most potent known
VGLUT inhibitor (Ki 25 nM), which potently inhibits vesicular
monoamine transporter (Ki 64 nM) but weakly inhibits vesicular
acetylcholine transporter (Ki > 9.7 uM) (Pietrancosta et al., 2010).
In addition, new compounds have been developed to regulate the
function of VGLUTS, including RB analog synthesis (Pietrancosta
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et al,, 2010) and substituted thienyl- and benzthienylglycines (Eto-
ga, Ahmed, Patel, Bridges, & Thompson, 2010).

In summary, the current study showed that protein expression
of VGLUT1, VGLUT2, VGLUT3 and Syp in the cerebral cortex and
protein expression of VGLUT2 and Syp in the hippocampus were
decreased in SAMPS8 with aging. In contrast, protein expression of
VGLUT1, VGLUT2, VGLUT3 and Syp was increased in the cerebral
cortex of the KM mice following the shuttle-box test. Furthermore,
the protein levels of VGLUT1 and VGLUT2 were the highest in the
hippocampus of KM group E mice with an avoidance score of 76—
100% in the shuttle-box test. Although VGLUTSs are expressed in a
non-coordinated manner on the transcriptional and translational
level in the brain of aging SAMP8 and KM mice following the
shuttle-box test, our findings also indicate that VGLUT expression
age-dependently declined along with degeneration and ability-
dependent elevation of learning and memory. These data illustrate
that the protein expression of VGLUT1, VGLUT2 and Syp positively
correlate with learning and memory ability. Further, the mecha-
nism of VGLUT expression that significantly affects the behavior
of learning and memory may be achieved through affecting gluta-
matergic signaling. This suggests that VGLUTs might be potential
therapeutic targets for some neurodegenerative and neuropsychi-
atric disorders related to malfunction of glutamate signaling.
How changes in VGLUT expression and their functional modulation
contribute to the mechanism of learning and memory process
requires better understanding and further investigation.
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