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Abstract Women experience dramatic changes in hormones,
mood and cognition through different periods of their repro-
ductive lives, particularly during pregnancy and giving birth.
While limited human studies of early pregnancy and mother-
hood showed alteration of cognitive functions in later life,
researches on rodents showed a persistent improvement of
learning and memory performance in females with history of
giving birth compared to virgin controls. Alzheimer's disease
(AD), the most common dementia in elderly, is more prevalent
in women than in men. One of the risk factors is related to the
sharp reduction of estrogen in aged women. It is unknown
whether the history of fertility activity plays any roles in
altering risk of AD in females, such as altering cognitive
function. Would reproductive experience alter the risk of AD
in females? If so, what might be the mechanisms of the
change? In this study, we examined the effects of reproductive
experience on cognitive function in an AD transgenic mouse
model (APP23) and age-matched wild-type non-transgenic
control mice (WT). Our data showed an age-dependent effect
of reproductive experience on learning and memory activity
between breeders (had one or more litters) and non-breeders
(virgins). More importantly, our data, for the first time,

demonstrated a genotype-dependent effect of parity on cogni-
tive function between APP23 and WT mice. At the age of
12 months, WT breeders outperform non-breeders in spatial
working and reference memory while APP23 breeders
performed worse in spatial learning and memory than age-
matched APP23 non-breeders. These genotype- and age-
dependent effects of reproductive activity on cognitions are
significantly associated with changes of neuropathology of
AD in the APP23 mice, expression of proteins related to
synaptic plasticity and cognitive functions in the brain.
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Introduction

Alzheimer's disease (AD) is more prevalent in women than
in men, and this difference in prevalence remains even after
adjusting for age and level of education [1, 2]. The age of AD
onset in women is also influenced by factors such as having
children. Previous studies showed that women with past
fertility experience had higher risk of AD compared to those
who had never given birth to a child [3]. Other studies also
reported that having children might be linked to cognitive
decline [4] and earlier onset of AD [5], while the number of
children made no difference in the risk of AD [6]. While it is
uncertain whether the lifelong effect of past fertility on
cognitive function is related to changes in estrogen levels
in women, studies found that the higher estrogen levels
usually present in nulliparous women who had no past fer-
tility history may be sufficient to delay the AD onset. How-
ever, there is always a possibility that there are more birth
control pills users in the nulliparous women, which might be
interfering with the outcome of those human studies. The
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concerns of having additional estrogen such as birth control
pills in nulliparous females can be totally excluded in animal
studies. Interestingly, multiple researches conducted on ro-
dents showed a persistent improvement of learning and
memory performance in females with past history of giving
birth compared to virgin controls [7–9].

AD is the most common type of progressive dementia in
the elderly. AD neuropathology is characterized by deposi-
tion of β-amyloid peptide (Aβ), which is generated from
amyloid precursor protein (APP) by enzymatic digestion
involving β-secretase and γ-secretase activity, and the ex-
tracellular Aβ plaques formation along with accumulation of
intracellular neurofibrillary tangles, and neuronal cell loss
[10–13]. There are several AD transgenic animal models that
have been used to study AD neuropathology and disease-
related cognitive impairment. Age-associated Aβ plaque
formation, synaptic impairment, and learning and memory
decline have been well documented in those transgenic an-
imal models, including APP23 mice as previously reported
[14–16]. Our recent studies showed that early estrogen treat-
ment prevents Aβ plaque formation in APP23 mice at later
age, suggesting a potential neuroprotective role of estrogen
in female AD pathology [17].

Several cognition-related genes have been identified to be
related to the hormone changes in pregnancy and postpartum
period bymultiple studies. Ca2+/calmodulin-dependent protein
kinase II (CaMKII) is known to be involved in synaptic plas-
ticity and memory. A down-regulation of CAMKII is found in
the brain of individuals with depression, AD as well as in early
postpartum period [18–20]. Furthermore, in animal studies, the
level of Thr286 phosphorylation of CaMKII in the hippocam-
pus is associated with faster hippocampal-dependent spatial
memory formation [21]. The cAMP-response element-
binding (CREB) protein is a crucial transcription factor
regulating expression of genes involved in neuronal growth
and plasticity and plays a role in neuronal survival. Studies
showed that estradiol induces spine plasticity in the hippo-
campus via rapid membrane effects and slower transcrip-
tional regulation via the CREB pathway [22–24]. Further-
more, the number of cells with positive immunostaining for
phospho-CREB in the medial preoptic area of the hypothal-
amus, a key region for the expression of genes involved in
maternal behavior, is increased about 3-fold in female ma-
ternal mice who had exposure to their pups [25]. A multi-
functional mitochondrial enzyme 17β-hydroxysteroid de-
hydrogenase type 10 (HSD10), formerly called endoplas-
mic reticulum-associated Aβ-binding protein (ERAB), is
involved in maintaining brain synaptic functions and ele-
vation of HSD10 is associated with AD [26–28]. Studies
found that the gene that codes for HSD10 is located on
chromosome X which might be associated with gene-
related dementia [29]. Moreover, the elevation of HSD10
levels in synaptic mitochondria might eliminate estrogen

neuroprotective activity and impair hippocampal-dependent
learning and memory [28].

Together, increasing interest in reproductive activities (fertil-
ity experience) and ageing related cognitive function in females
suggest that early fertility experience in females have a long
lasting effect on learning and memory activities later in life.
However, most findings from human studies are contradictory
with the reports from animal studies. This contrary might be due
to most human studies containing insufficient information on
birth control pills usage, especially in nulliparous women, which
might significantly affect the outcome of the cognitive function-
al analyses [30, 31]. To examine whether reproductive activity
affect age-related cognitive decline in AD, we investigated the
spatial learning and memories, neuropathology of AD and
synaptic associated proteins expression in the brain of APP23
mice with or without fertility history. Age-matched WT mice
with or without fertility experience were included as controls.
We identified an age- and genotype-dependent effect of fertility
on cognitive function with ageing.

Results

Early Fertility in APP23 Mice with Swedish Mutation Failed
to Enhance Spontaneous Cognition

Female behavior changes with pregnancy and motherhood in
both human and non-human studies. Ageing is associated
with decrease of alternation [32]. Thus, before examining
APP gene mutated mice, we first examined whether such
reproductive activity altered cognitive function during normal
ageing. We tested female WT breeders and non-breeders at
age of 6 and 12 months for spontaneous cognition in the Y
maze, a nature and hippocampal-dependent behavior as an
initial test of memory function. At the age of behavioral tests,
all breeders had given birth at least once and were tested at
least 1 month after the last delivery and non-breeders were
virgins without history of pregnancy or giving birth. As shown
in Fig. 1a, at 12 months of age, WT breeders maintain 60% of
alternation rate compared to WT non-breeders who showed
great reduction of alternation behavior as part of normal
ageing [32]. To examine whether AD's gene, i.e., a popular
one, Swedish mutation in APP gene, would affect fertility-
enhanced cognition, we used APP23 mice, a mouse model of
AD which contains a Swedish mutation [33]. Specifically, we
examined the spontaneous alternation in young (6months old)
and aged (12 months old) APP23 transgenic mice. In contrast
to WT breeders that showed an improved alternation rate,
APP23 breeders showed a tendency of reduction of alternation
rate compared to age-matched APP23 non-breeders in both
young and aged mice as shown in Fig. 1b. To examine
whether reproductive activity alters spatial working memory,
we also examined two-trail recognition memory. Our data
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showed that WT breeders entered more frequently into and
spent more time in the novel arm than WT non-breeders,
while APP23 breeders with APP Swedish mutation showed
the same exploration to the novel arm as age-matched APP23
non-breeders (Fig. 2a and b). Interestingly, APP23 breeders
showed a higher number of arm entries than APP23 non-
breeders, while WT breeders failed to show a significant
difference in total number of arm entries compared to WT
non-breeders (Fig. 2c). The result suggests that the deficiency
of spontaneous alternation behavioral in APP23 breeder mice
is not related to lacking of locomotion.

Further Spatial Memory Tests by Barns Maze Confirm
that Fertility Activity Failed to Improve Cognition
in APP23 Mice Containing Swedish Mutation

The Barnes maze spatial memory is used as an equivalent to
the Morris water maze test without water stress, especially
since water stress can modulate phosphorylation of proteins,
including tau [34, 35]. Learning abilities were tested using
the Barnes maze at 6 or 12 months of age for 4 consecutive
days. Figure 3 shows that all mice learned to locate the target

hole during the course of the training period (days 1–4), as
indicated by a progressive reduction in target latencies and
the number of errors. As shown in Fig. 3d, both WT
breeders and APP23 breeders showed a better spatial learning
curve compared to genotype-matched non-breeders at age of
12months (using total errors as a measurement), while APP23
breeders showed a longer target latency than APP23 non-
breeders at age of 12 months (Fig. 3b). There was a similar
learning curve between breeders and non-breeders at 6 months
of age for both genotypes (Fig. 3a and c), suggesting an age-
associated effect of fertility on learning. To examine the spatial
reference memory, animals were examined on day 5 and day
12 for 90 s for short-term and long-term memories, respec-
tively. As shown in Fig. 4a and c, the WT breeders required
significantly shorter time to enter the target hole (shorter target
latency time) than that of WT non-breeders in both short-term
and long-term memory tests at 6 and 12 months of age. No
statistical significance was found between WT breeders and
WT non-breeders in long-term reference memory test at
6 months of age. Unlike WT breeders, APP23 breeders
showed a longer time to enter the target hole compared to
age-matched APP23 non-breeders (Fig. 4b and d). Our data

Fig. 1 Effects of fertility experience on spontaneous alternation behav-
ior in WT and APP23 mice. At 6 and 12 months of age, alternation
performance was examined in WT (a) and APP23 (b). Breeders had

given birth at least once and non-breeders were virgins. Values are given
as mean ± SEM. Asterisk indicates a p value of <0.05 compared to age-
matched non-breeders
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Fig. 2 Effects of fertility on recognition memory WTand APP23 mice.
Two-trial recognition memory test was performed in the Y maze.
Percentage of entries to novel arm (a), time spent in novel arm (b)
and total number of entries to all arms (c) were examined and compared

between breeders and non-breeders for both WT and APP23 mice at
12 months of age. Values are given as mean ± SEM. Asterisk indicates a
p value of <0.05 compared to genotype-matched non-breeders
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suggested that fertility activity does not affect learning until
later in life but does affect spatial memory as early as at age of
6 months.

Fertility Alters Brain Amyloid Pathology in APP23 Mice

Although human studies showed that fertility experience in-
creases risk of AD in women, our studies of APP23 transgenic

mice showed that reproductive activity improves learning
performance at 12 months of age (Fig. 3d), but significantly
impairs short- or long-term spatial reference memory at 6 and
12 months of age (Fig. 4b and d). To further investigate
whether fertility induces pathology alteration in the brain of
APP23 mice, we detected amyloid plaques, a landmark of AD
pathology, in the brain of APP23 breeders and APP23 non-
breeders. As shown in Fig. 5, at the age of 12 months, APP23
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Fig. 3 Effects of fertility on
spatial learning curves inWTand
APP23 mice during the 4-day
learning trails in Barns maze test.
Target latency generated from
mice at 6 months of age (a) and
12 months of age (b) in the
Barnes maze reference memory
test. Total errors made by mice at
6 months of age (a) and
12 months of age (d) in the
Barnes maze reference memory
test. Values are given as mean ±
SEM. Asterisk indicates a p value
of <0.05 compared to genotype-
matched non-breeders
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Fig. 4 Effects of fertility on
spatial memory in WT and
APP23 mice. Target latency was
recorded on day 5 and day 12
probe trails as time to enter the
escape hole in WT mice at
6 months (a) and 12 months (c)
of age, and APP23 mice at age of
6 months (b) and 12 months (d).
Values are given as mean ± SEM.
Asterisk indicates a p value of
<0.05 compared to genotype-
matched non-breeders
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breeders developed more plaques (more in numbers and larger
in size) in the cortex and hippocampus than APP23 non-
breeders. This marks the first report of the evidence that
reproductive activity affects AD neuropathology.

Fertility Activity Alters Cognitive-Related Protein
Expression

One of the questions we are facing is that WT breeders are
doing better in spatial memory thanWT non-breeders, which
is opposite to what we observed with those that contain
Swedish mutation, the APP23 breeders. To examine whether
synaptic related proteins are also affected by reproductive
activities— specifically, to examine whether the influence of
fertility on cognition is caused by alteration of synapse or

cognition related gene expression, we first examined synap-
tic proteins such as SYP and SNAP25 as shown in Fig. 6a
and b. Our data showed an elevation of SYP expression in
the brain of WT breeders compared to that in WT non-
breeders only. However, fertility in APP23 mice showed a
mild inhibitory effect on SYP protein expression, since
APP23 breeders showed lower SYP expression than that in
APP23 non-breeders. There is no significant difference in
SNAP25 expression levels between breeders and non-
breeders. CREB is a transcription factor which has been
shown to be integral in the formation of spatial memory
and may possess therapeutic potential for AD [36]. We
detected CREB protein expression in breeders and non-
breeders. As shown in Fig. 6a and b, a reduction in CREB
expression level was noticed in the brain of APP23 breeders

Fig. 5 Effects of fertility on Aβ
plaques formation in APP23
mice. Aβ accumulation in
APP23 mice cortex and
hippocampus were identified
with immunostaining of
monoclonal antibody against
amino acid residues 1–16 of Aβ
(6E10) and the histological
ground was counterstained with
haematoxylin (a). The 6E10-
immunopositive structures were
counted and statistical analysis
(b). Bar: 100 μm

a b

c d

Fig. 6 Effects of fertility on
synaptic associated protein
expression in WT and APP23
mice. Western blot analysis of
CREB, SYN, SYNAP25 (a, b)
and ERAB and p-CaMKII (c, d)
protein expression in the brain of
WT non-breeders (WT-NB), WT
breeders (WT-B), APP23 non-
breeders (APP-NB) and APP23
breeders (APP-B) at 12 months
of age. The bar graphs present
normalized density of each target
protein with value as mean ±
SEM. Asterisk indicates a p value
of <0.05 compared to genotype-
matched non-breeders
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compared to that in APP23 non-breeders, while no changes
were observed between breeders and non-breeders of WT
mice.

To further understand the effect of reproductive activity
on regulation of cognitive-associated proteins, we extended
our investigation to ERAB (HSD17B10) and phosphorylat-
ed CaMKII. As shown in Fig. 6c and d, there was an increase
in ERAB (dimer) level in APP23 breeders compared to that
in APP23 non-breeders (p<0.05), and no effect of fertility on
p-CaMKII was found in APP23 and WT mice.

Discussion

To assess the specificity of spatial working memory related to
the fertility activity, we chose to test spontaneous alternation
and spatial working memory in the Y maze and spatial refer-
ence and working memories in Barnes maze to avoid water
stress since water stress has been reported to modulate phos-
phorylation of proteins, including tau [34, 35]. To examine the
effect of reproductive activity on AD related cognitive func-
tion, we examined learning and memory activities in APP23
transgenic mice with age-matched wild type mice as control
group. Our data demonstrated, for the first time, that virgin
APP23 mice (non-breeders) outperform APP23 mice with a
history of having one or more litters (breeders) in both spon-
taneous alternation behavior (Fig. 1b) and spatial reference
and working memories (Figs. 2 and 4). However, APP23
breeders showed no difference in spatial learning compared
to age-matched APP23 non-breeders (Fig. 3), suggesting a
functional-specific effect of reproductive activity on cognitive
function. In addition, the effect of reproductive activity on
cognitive function is genotype-dependent. In contrast to non-
breeders outperforming breeders in APP23 mice, WT
breeders outperformedWT non-breeders in alternation behav-
ioral (Fig. 2a), recognition working memory (Fig. 2a and b),
and spatial reference memory (Fig. 3). Together, our data is in
support of several human reports that number of pregnancies
is a risk factor for AD [3, 6, 37].

Reproductive experiences in females, pregnancy and giv-
ing birth, constitute special conditions in women's lives that
affect various physiological and endocrinological systems.
The reproductive hormones produced during pregnancy and
postpartum period cause changes in the brain, such as in-
creasing of the size of the brain cell bodies, extending the
length of dendritic branches, and altering of neurogenesis in
several brain regions [38–40]. The reproductive activity
associated changes of cognitive function with ageing have
also been reported in human studies as well as animal in-
vestigations with some controversial findings. For example,
in human studies, pregnant women showed impairments in
verbal memory [41], word fluency, word list learning [42,
43], and performance on priming tasks and incidental

learning tasks [44, 45], when compared to non-pregnant
controls. Other human studies with a smaller sample size
showed no differences in memory performance between
pregnant subjects and non-pregnant controls [46, 47]. How-
ever, findings from animal studies showed an improved
cognitive performance in pregnant rats as well as in the rats
during postpartum period [8, 48–51]. It is noteworthy that
human studies of reproductive activity in risk of AD are most
weakened by their lack of information about contraception
usage in the nulliparous control females who had no past
fertility history. Nulliparous females are more likely to take
birth control pills as contraceptives and these pills contain
mixed sex hormones that can impact verbal and spatial
abilities [30, 31]. While it is unclear what causes the discrep-
ancies in findings of cognitive function between human and
animal studies, our studies on the effect of fertility on cog-
nitive function in AD transgenic mouse model marks the first
demonstration of a direct evidence that reproductive activi-
ties impairs both spatial working and reference memories in
aged female APP23 mice which is in support of several
human reports that number of pregnancies is a risk factor
for AD.

In addition, our studies also showed an age-dependent
effect of fertility on cognitive function, showing that repro-
ductive activity had greater effects on cognitive function in
older mice (12 months old) than in younger mice (6 months).
The age-dependent effect of reproductive activity on cogni-
tion is also consistent with previous reports which found that
reproductive experience induced behavioral changes last
longer than the postpartum or mother care periods and may
have important impacts later in life [17, 52]. Furthermore, a
recent longitudinal clinical study demonstrated an interesting
correlation between an early serum estrogen levels and cog-
nitive decline years later in aged women [53], providing
more clinical support of a long-lasting impact of endogenous
estrogen on cognitive function.

To further understand whether the reproductive activity in
APP23 mice alters neuropathological processes in the brain,
we examined the Aβ plaques in the brain of APP23 breeders
and non-breeders at 12 months of age. In line with our cogni-
tion data, APP23 breeders developed greater numbers and
larger size of Aβ plaques in both the hippocampus and cortex
as shown in Fig. 5. Although it is unclear bywhat mechanisms
fertility affected brain Aβ deposition and plaque formation,
our recent studies of APP23 mice have not only demonstrated
an objective evidence of the influence of reproductive activity
on learning and memory function in AD, but also presented a
pathological evidence of fertility-related change of AD pa-
thology in the brain. Our data, for the first time, suggested a
potential underlying mechanism of the spatial memory im-
pairment found in the APP23 breeders.

Spontaneous alternation, spatial working and reference
memories are hippocampal and cortex dependent cognitive
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functions. To understand the genotype-dependent effect of
fertility activity on brain synaptic plasticity, we examined
several synaptic associated proteins by Western blot analy-
sis. As shown in Fig. 6b, the expression of synaptophysin
(SYP), the major synaptic vesicle protein, is up-regulated in
WT breeders compared to WT non-breeders, while a down-
regulation of SYP and CREB expressions was found in
APP23 breeders compared to APP23 non-breeders. There
is no difference in synaptosomal-associated protein 25
(SNAP25) between breeders and non-breeders, suggesting
that fertility did not affect the trans-SNARE complex, which
is important in recruiting synaptic vesicle and plasma mem-
branes together to form a tight complex. However, the up-
regulation of SYP in WT breeders suggests a possible mech-
anism of enhanced cognitive function observed in behavioral
studies. In contrast, a down-regulation of SYP in APP23
breeders might contribute to the cognitive impairment iden-
tified in the Y maze and Barnes maze studies. The CREB
protein is a crucial transcription factor regulating the expres-
sion of genes involved in neuronal growth and plasticity and
associates with spatial memory. CREB in neurons is neces-
sary for the late stage of long-term potentiation [54]. Impair-
ment of CREB phosporylation may be a pathological com-
ponent in AD, and the pharmacological induction of CREB
phosphorylation has been proposed as a therapeutic ap-
proach for AD [55]. Whether the reduction of CREB
expression levels found in APP23 breeders was induced
by the down-regulation of phosphorylation of CREB
requires further investigation. Moreover, we also examined
phophorylated Ca2+/calmodulin-dependent protein kinase II
(p-CaMKII) protein expression in aged APP23 and WT mice,
and observed an up-regulation of p-CaMKII in APP23
breeders compared to APP23 non-breeders as shown in Fig. 6-
d. Because the activity of CaMKII is essential in learning and
memory and the expression of p-CaMKII is critical for syn-
aptic plasticity [56–58], an up-regulation of p-CaKMII in
APP23 breeders is an unexpected surprise. Recent studies
reported that the levels of p-CaMKII protein were decreased
in hippocampus the CA1 and CA3 brain regions of AD and
vascular dementia models [59], and the p-CaMKII expression
level in the hippocampus is associated with noise-induced
stress [60], suggesting brain region-specific effects of
p-CaMKII in the brains. Brain region-specific expres-
sion of p-CaMKII was also reported in other animal models
[61]. Whether the overall increase in p-CaMKII protein
level found in the brains of APP23 breeders represents any
brain region-specific level changes of p-CaMKII needs
to be further examined. It is possible that a down-regulation
of p-CaMKII expression in the hippocampus caused a
complementary up-regulation of p-CaMKII in other brain
regions.

In summary, our studies show that cognitive function in
females is influenced by past fertility activities in an age- and

genotype-dependent manner. The effect of fertility on cog-
nitive function lasts longer than the postpartum period and
becomes even more affective later in life. Our studies of
fertility's influence on cognitive function in APP23 mice
suggested, for the first time, that reproductive activity causes
cognitive impairment with no interference of any extra es-
trogen uptake, such as birth control pills in human studies,
and this fertility-induced cognitive impairment is associated
with promoting AD pathology and down-regulation of syn-
aptic associated protein expression in the brain. In contrast,
WT mice with a history of giving birth outperformed WT
non-breeders, showing better cognitive performance and up-
regulation of synaptic proteins. It is known that the changes
of sex hormones during pregnancy and postpartum periods
promote neurogenesis and improve neuronal network [38,
48, 50]. It is unknown if and how AD-related pathogenesis,
such as overproduction of Aβ by gene mutation, prevent and
even reverse the fertility-induced up-regulation of synaptic
proteins in later of life. While the molecular mechanisms of
the fertility-related changes in cognitive function remain
unknown and the APP23 mouse line is one of transgenic
models of AD amyloid pathogenesis which might not
completely present human AD, dramatic changes of synaptic
associated proteins may contribute to the reproductive expe-
rience induced alteration of cognitive functions.

Materials and Methods

Animal

The generation of B6,D2-TgN(Thy1-APPSwe) transgenic
mouse line (APP23) has been described previously [33]. The
APP23 mice have been bred for three generations with ani-
mals of the same background. Generation 4 animals will also
be bred with C57Bl/6 (Jackson Laboratory) for five genera-
tions to produce a line with a more inbred background for this
study. The APP23 line selected for this study expresses 7-fold
more APP23, form typical plaques at 9 months, and the
formation of plaques increases with age. In this study, all
breeders had one or more litters before the age of 5 months.
At age of 6 or 12 months, breeders and non-breeders (virgins)
were tested for cognitive function. All mice were maintained
on a 12 h:12 h reversed-light cycle (lights off at 0800 h) with
continuous free access to food chow and water.

Tissue Preparation and Immunohistochemistry

At the end of the behavioral tests, mice were anesthetized
and their brains quickly removed and bisected. One hemi-
sphere of brain tissue was fixed with 4 % paraformaldehyde
for immunohistochemistry, and another half was frozen at –
80 °C for biochemistry and molecular biological analysis.

Mol Neurobiol (2014) 49:103–112 109



The fixed tissue was serially sectioned (15–30 μm in thick-
ness) in the sagittal plane with a Leica CA 1900 cryostat.
Eight to ten sections (about 400 μm apart) were immuno-
stained for Aβ (6E10; 1:250; Invitrogen). The images were
digitally documented, then processed with a Leica DMLS
complementary software package (MagnaFire SP).

Western Blot Analysis

To extract total protein, brain samples were homogenized in
buffer containing 1 % Nonidet P-40, 0.1 % SDS, 50 mM Tris
(pH 8.0), 50 mM NaCl, 0.05 % deoxycholate, and protease
inhibitors (Boehringer Mannheim). Extracts (20–40 μg pro-
tein) were subjected to polyacrylamide gel electrophoresis,
and separated proteins were transferred onto nitrocellulose
membranes, which were then immunostained with the fol-
lowing primary antibodies: polyclonal anti-ERAB (1:1,000;
Novus), and anti-CAMKII (1:500; Santa Cruz), anti-CREB
(1:1,000; Cell Signaling), anti-SNAP25 (1:1,000; Abcam),
and anti-SYP (1:1,000; Sigma). The membranes were incu-
bated with peroxidase-conjugated secondary antibodies
(1:1,000; Santa Cruz), and immunoreactive bands were vi-
sualized with an ECL system.

Behavioral Tests

Y Maze

The Y maze was used for initial memory study by detecting
spontaneous alternation as well as recognition memory as
described by others [62, 63]. A Y-shaped maze with three
white plastic arms at a 120° angle from each other was used.
Y-maze alternation was done by introducing a mouse in the
center of the maze, and the mouse was allowed to freely
explore the three arms for 5 min. The number of arm entries
and the number of triads were recorded in order to calculate
the percentage of alternation. Spontaneous alternation is a
natural, hippocampal-dependent behavior of rodents in
which they tend not to repeat exploration of a region that
has no reward. The percentage spontaneous alternation was
defined as the ratio of successive entries into each of the
three arms on overlapping triplet sets (actual total alterna-
tions) to possible alternation (total arm entries–2)×100. To-
tal entries were also scored as an index of ambulatory activ-
ity in the Y maze. We also performed the two-trial recogni-
tion memory test. In details, the mouse starts at the end of
one arm (start arm), then chooses one of the other two arms.
To test if mice prefer to spend time in novel or known areas,
one arm of the Y maze is blocked off and the mouse is
allowed to explore the other two arms for 15 min. The mouse
was returned to the maze 2 h later with all arms open and
scored for 5 min. The amount of time spent in each arm, and
the number of entries into each arm were recorded. Seven

days later, the test was repeated with a delay time of only
2 min between the trials. The number of arm entries and time
in the novelty arm were recorded. An arm entry was recorded
when all four limbs were within the arm.

Barnes Maze

The Barnes maze is a dry-land maze test for spatial learning
and memory that requires mice to learn the position of a hole
that can be used to escape from the bright light [64]. The
Barnes table contained a total of 20 holes including one target
(escape) hole that leads to a dark cage and 19 empty holes.
The latencies to enter the escape box (target latency) and the
number of errors (defined as visits to any non-target hole)
were recorded by a video camera mounted directly over the
center of the maze. AVideo Tracking System (ViewPoint Life
Sciences) was used to analyze all the parameters mentioned
above as well as the distance an animal moved and the amount
of time the animal spent ambulating and freezing. In the cued
version of the Barnes maze, the location of the tunnel was
indicated by a prominent visual cue on the wall next to the
target hole for the animal to develop a spatial map of the extra-
maze cues and then used to locate the target hole with hidden
tunnel. A spatial learning ability test may address reference
memory, which refers to learning the rules associated with a
task, such as the location of the target hole remaining the same
between testing sessions, and the entire testing time. The test
includes two parts: spatial learning acquisition and spatial
reference memory. For the learning and acquisition, mice were
tested daily for 4 days. Mice were engaged in spatial learning
acquisition trails, in which each mouse was allowed 3 min to
find or be guided into the target hole. The learning trial was
repeated four times a day, with 15–20 min between trials. For
the spatial memory, mice were recorded for 90 s on day 5 and
day 12 as short- and long-term memory trial, respectively.
Target latency (time to locate the escape hole), search pattern
(number of head poke for each hole nearby the escape hole),
and total errors (total number of head deflections into non-
target holes) were recorded and analyzed.

Statistical Analysis

All results are expressed as mean ± SEM (standard error of
the mean). Statistical calculations were performed with the
software Sigmastat (Systat Softwares Inc.). For multi-group
comparisons, data were analyzed for statistical significance
using two-way analysis of ANOVA. If there were significant
values, post-hoc Bonferroni's or Dunnett's multiple compar-
ison tests were subsequently used. The criterion for statistical
significance was p<0.05 in all evaluations.
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