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Abstract Memory deficits with aging are related to the
neurodegeneration in the brain, including a reduction in
arginine vasopressin (AVP) in the brain of patients with
Alzheimer’s disease (AD). AVP(4-8), different from its
precursor AVP, plays memory enhancement roles in the
CNS without peripheral side-effects. However, it is not
clear whether AVP(4-8) can improve cognitive behaviors
and synaptic plasticity in the APP/PS1 mouse model of
AD. Here, we investigated for the first time the neuropro-
tective effects of AVP(4-8) on memory behaviors and
in vivo long-term potentiation (LTP) in APP/PS1-AD mice.
The results showed that: (1) APP/PS1-AD mice had lower
spontaneous alternation in the Y-maze than wild-type
(WT) mice, and this was significantly reversed by AVP(4-
8); (2) the prolonged escape latency of APP/PS1-AD mice
in the Morris water maze was significantly decreased by
AVP(4-8), and the decreased swimming time in target
quadrant recovered significantly after AVP(4-8) treatment;
(3) in vivo hippocampal LTP induced by high-frequency
stimulation had a significant deficit in the AD mice, and
this was partly rescued by AVP®4-8); (4) AVP(4-8)
significantly up-regulated the expression levels of postsy-
naptic density 95 (PSD95) and nerve growth factor (NGF)
in the hippocampus of AD mice. These results reveal the
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beneficial effects of AVP(4-8) in APP/PS1-AD mice,
showing that the intranasal administration of AVP(4-8)
effectively improved the working memory and long-term
spatial memory of APP/PSI1-AD mice, which may be
associated with the elevation of PSD95 and NGF levels in
the brain and the maintenance of hippocampal synaptic
plasticity.

Keywords AVP(4-8) - APP/PS1 transgenic mice - Cog-
nitive behavior - Synaptic plasticity - In vivo hippocampal
LTP

Introduction

Alzheimer’s disease (AD) is an insidious degenerative
disease of the brain characterized by progressive cognitive
deficits, memory loss, and specific neuropsychiatric
anomalies [1]. Multiple pathological characteristics of
AD have been identified in the brain, including amyloid-
beta (AB) deposits, tau hyperphosphorylation, neurotrophic
factor dysregulation, and synaptic deficits [2—4]. Interest-
ingly, a significant decrease in arginine vasopressin (AVP)
has been found in the cerebrospinal fluid and many brain
regions, especially in the hippocampus [5, 6] of AD
patients.

AVP, traditionally associated with the regulation of
water balance and blood pressure in the periphery [7], has
been considered as a neurotransmitter and/or neuromodu-
lator in the central neural system (CNS) and affects diverse
aspects of cognitive ability such as the consolidation and
retrieval of memory [8]. Previous research has shown that
AVP-deficient rats have poor social discrimination, object
discrimination, and conditioned learning [2, 9]; mice with
Vla and V1b receptor knockout have deficits in mnemonic
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function [10-12]; and administration of AVP receptor
antagonists leads to memory impairment in rats [13]. On
the contrary, administration of AVP has been reported to
facilitate learning and memory [14-16], and enhance
synaptic plasticity and the expression of synapse-related
protein in the hippocampus [15]. We have reported that
AVP rescues AB-induced impairments of spatial memory
[17], hippocampal long-term potentiation (LTP) [18], and
spontaneous discharges [17] in rats.

Unfortunately, the effects of systemic administration of
AVP are more complicated [19-21] due to the widely
distributed receptors and more peripheral side-effects.
AVP(4-8), a major metabolic fragment of AVP, differs
from its precursor and has specific receptors and distribu-
tion in the CNS including the hippocampus [22] and cortex
[23]. There is evidence that the hippocampus may be an
important target site for the effect of AVP(4-8), and its
receptor may be a link between AVP and cognitive
behavior [24]. More importantly, AVP(4-8) has a
1000-times more potent effect on memory processes than
AVP in a passive avoidance experience [25, 26]. Besides,
another advantage of AVP(4-8) in the CNS is that it lacks
the peripheral side-effects of its parent hormone AVP, like
pressor and/or antidiuretic activity [25, 26].

However, it is not clear whether AVP(4-8) can improve
the cognitive behaviors and synaptic plasticity in the APP/
PS1 mouse model of AD. We supposed that the decreased
AVP, especially its intermediate product AVP(4-8), in the
brain may contribute to the cognitive impairment of AD,
and exogenous application of AVP(4-8) might be beneficial
for improving synaptic plasticity and cognitive behaviors
in AD. Therefore, we investigated for the first time the
neuroprotective effects of AVP(4-8) on the cognitive
behaviors in APP/PS1-AD mice using several behavioral
techniques. We also examined memory-related activity
(in vivo hippocampal LTP) and proteins [post-synaptic
density-95 (PSD95) and nerve growth factor (NGF)] in the
hippocampus to clarify the possible electrophysiological
and molecular mechanisms.

Material and Methods
Animals and Grouping

Male heterozygous APP/PS1 transgenic mice (APPswe/
PS1dE9, Beijing Huafukang Bioscience Co., Inc.) and wild-
type (WT) mice (C57BL/6J, Beijing Vital River Laboratory
Animal Technology Co., Ltd.) were maintained in an animal
room (20 °C £ 2 °C, 12 hlight/dark cycle) with enough food
and water. All operations on mice were approved by the
Ethical Committee of Shanxi Medical University. At 8
months of age, the mice were randomly divided into 4 groups

(n = 10-13/group): WT+Saline, WT+AVP(4-8), APP/
PS1+Saline, and APP/PS1+AVP(4-8).

Drug Administration

Before behavioral tests, vasopressin metabolite neuropep-
tide [pGlu4, Cystine6]-AVP(4-8) (2 pg/kg, Phoenix Phar-
maceuticals, Inc., USA) or an equivalent volume of saline
was administered intranasally three times a day for 4
weeks. The application of AVP(4-8) or saline was contin-
ued throughout the behavioral test period. Fig. 1 shows the
timeline of the experimental procedures.

Y-Maze Test

After 4 weeks of drug administration (Fig. 1), the Y-maze
was first used to measure short-term working memory in
mice. This was a three-arm equiangular maze, and the arms
were 30 cm long, 7 cm high, and 15 cm wide. Each animal
(n = 9/group) was placed in the central triangular region
and allowed to travel freely in the maze for 8 min. The
Smart 3.0 software system was used to record the number
and order of arm entries. A correct spontaneous alternation
was identified as a set of three different arm entries. The
percentage of correct spontaneous alternation was calcu-
lated as (number of correct alternations)/(total arm entries
— 2) x 100%. A higher percentage of correct spontaneous
alternation indicates better working memory.

Morris Water Maze (MWM) Test

Hippocampus-dependent spatial learning and reference
memory were assessed with the MWM test, as performed
previously in our lab. The pool (diameter, 120 cm; height,
50 cm) filled with opaque water (temperature 20 °C =+
2 °C), was conceptually divided into four equal quadrants
with the escape platform submerged in the center of the
first quadrant (target quadrant) (1 cm below the water
surface). Different-shaped black marks were displayed at
the perimeter of each quadrant. During the acquisition
phase, mice (n = 9-10/group) were trained in 4 sessions
(60 s per session) per day over 5 consecutive days in
searching for the underwater platform. The escape latency
and swimming trials were recorded by a video-tracking
system (Ethovision 3.0, Noldus Information Technology,
Wageningen, Netherlands). In probe trials (day 6), mice
were allowed to swim freely for 1 min without the
platform. The swimming time in the target quadrant and
the swimming speed were recorded. After that, a visible
platform test was performed to assess the visual and motor
ability of mice by recording the time when they arrived at
the escape platform.
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AVP(4-8) (2 pg/kg) or equivalent saline (0.9% NaCl)
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Fig. 1 Timeline of the experimental procedures. After 1 day of
adaptation to the lab setting and 4 weeks of treatment with AVP(4-8)
(2 pg/kg) or equivalent saline, the Y-maze test (YMT), Morris water

In Vivo Hippocampal LTP Recording

Hippocampal LTP is a synaptic model of memory with the
closest connection to long-term memory due to its long
duration. Therefore, field excitatory postsynaptic potentials
(fEPSPs) in the hippocampal CAl region were recorded
after the MWM test was finished. Mice were anesthetized
with chloral hydrate (5%, i.p., 0.08 mL/kg) and placed in a
stereotaxic apparatus (RWD Life Science, Shenzhen,
China). Then, a hole (2.0 mm posterior to bregma and
1.5 mm from midline) was drilled through the skull for a
self-made bound stimulating/recording electrode (FHC,
USA) inserted into the Schaffer collateral/CA1 region and
recording fEPSPs. The distance between the tips of the
recording and stimulating electrodes was 0.5 mm horizon-
tally, with a 0.3 mm of vertical difference. The tips of the
stimulating and recording electrodes were located in the
Schaffer collateral/commissural pathway and the stratum
radiatum of the hippocampal CAl region. The orientation
of the tips was determined by electrophysiological criteria
(appearance of an evoked fEPSP) and final histological
verification. Test stimuli from Master-9 stimulator (AMPI,
Jerusalem, Israel) were delivered to the Schaffer-collat-
eral/commissural pathway at 0.033 Hz and an intensity that
induced 40%-50% of the maximum fEPSP response.
Baseline synaptic transmission was recorded for 30 min
to ensure stability. Paired pulse facilitation (PPF) was
initiated by paired stimuli at an interval of 50 ms, and
calculated as fEPSP2/fEPSP1. Then, LTP was induced by
high-frequency stimulation (HES) (three trains of 20 pulses
at 200 Hz with an interval of 30 s) at an intensity that
evoked 80% of the maximum fEPSP. After that, fEPSPs
were evoked and recorded again for at least 60 min with the
same intensity as the test stimuli. The voltage signals were
acquired at 40 kHz and filtered with a 1-kHz cutoff
frequency and a 1-s time constant. The slopes of the raw
fEPSP traces were obtained automatically by the system
software (RM-6240 Biological Signal Collecting and
Processing System, Chengdu Instruments Ltd, China),
and every four fEPSPs were averaged.
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maze (MWM) test, in vivo hippocampal long-term potentiation (LTP)
recording, Western blotting, and ELISA were performed sequentially.

Western Blotting

Mice (n = 6/group) were sacrificed to obtain whole brains
and the hippocampus was quickly dissected on ice to
determine the level of PSD95. All samples were snap-
frozen in liquid nitrogen and stored at — 80 °C until use.
The hippocampal tissue was homogenized in the tissue
protein extraction reagent and phenylmethylsulfonyl fluo-
ride (PMSF). After centrifugation (13,000 rpm, 15 min,
4 °C), protein in the supernatant was quantified using a
BCA Protein Assay Kit. Each sample (20 pg) was
separated by 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis for detecting B-actin, PSD95, and NGF.
Separated proteins were then transferred onto polyvinyli-
dene difluoride membranes, which were blocked with 5%
bovine serum albumin (BSA) for 2 h and then incubated
with primary rabbit antibodies against B-actin (1:5,000,
ZSGB-BIO, Beijing), PSD95 (1:500, Abcam), or mouse
antibody against NGF (1:200, Santa Cruz Biotechnology)
in TBST containing 5% BSA at 4 °C overnight. After
washing with TBST 3 times for 15 min, 10 min, and 5 min,
the blots were incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:5,000, Abcam) and goat
anti-mouse IgG (1:5,000, Abcam) for 2 h at 4 °C. After
washing as above, the blots were assessed by an ECL assay
system. Densitometric analysis of the Western blots was
performed using Alpha View software.

Enzyme-Linked Immunosorbent Assay (ELISA)

To further verify the result of hippocampal NGF measure-
ment in Western blots, we used a pre-coated Mouse NGF/
NGF Beta ELISA Kit (Boster Biological Technology,
Wuhan, China. Catalog #EK0470) (n = 4-5/group) to
measure the NGF content in the hippocampus according to
the manufacturer’s instructions. The absorbance was mea-
sured at 450 nm using an Enspire™ multilabel reader 2300
(Perkin Elmer, Turku, Finland).
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Statistical Analysis

All data are reported as the mean = SEM, and analyzed
with SPSS 16.0 and SigmaPlot 12.3 statistical packages.
Three-way repeated measure analysis of variance
(ANOVA) with time, genotype, and treatment as within-
subject factors was used to analyze the escape latency in
MWM acquisition and the fEPSP slopes from in vivo
hippocampal LTP. The other data were analyzed with two-
way ANOVA followed by Tukey’s post hoc test. Statistical
significance was considered to be P < 0.05.

Results

AVP(4-8) Improves Working Memory of Both WT
and APP/PS1 Mice in the Y-Maze Test

The total arm entries did not show any significant
difference among the four groups (P > 0.05), which
revealed that genotype and AVP(4-8) had no influence on
the locomotor activity and motor function (Fig. 2A). In
contrast, a significantly less spontaneous alternation was
seen in the APP/PS14-Saline group (59.67% =+ 4.98%) than
in the WT+Saline group (76.56% =+ 2.01%, P < 0.001).
AVP(4-8) treatment caused significantly more spontaneous
alternation in the WT+AVP4-8) (81.44% + 1.16%,
P < 0.05) and APP/PS1+AVP(4-8) groups (71.78% =+
1.14%, P < 0.001) than in their respective saline control
groups (Fig. 2B; two-way ANOVA: genotype: F(j32) =
74.449, P < 0.001; AVP(4-8): F(; 35y = 30.510, P < 0.001;
genotype x AVP@4-8): Fi3 = 5507, P < 0.05),
indicating a working memory enhancement in normal
mice by AVP(4-8), an impairment in APP/PS1 mice, and
its reversal by AVP(4-8).

Fig. 2 AVP(4-8) improved the
working memory of APP/PS1
mice in the Y-maze test. A Total
arm entries during 8 min, with
no significant difference
between groups (n = 9/group).
B Percentage of correct sponta-
neous alternation, with a signif-
icant decrease in the APP/PS1
mice compared with controls,
and a significant reversal after
AVP(4-8) treatment (*P < 0.05,
P < 0.001).
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AVP(4-8) Rescued Spatial Learning and Reference
Memory Impairments of APP/PS1 Mice in MWM

The MWM test was used to assess the spatial learning and
memory of mice. The three-way repeated measure
ANOVA showed no interaction among the three within-
subject factors (time x genotype X treatment: F43;) =
1.015, P > 0.05), but genotype and treatment had
significant main effects and an interaction on the escape
latency (genotype: F(; gy = 112.694, P < 0.001; treatment:
Fqg) = 5755, P < 0.05; genotype x treatment: F(;g) =
448.594, P < 0.05). Throughout the acquisition session
there was an overall gradual decrease in escape latency
(day: F4, 32)=45.195, P <0.001; Table 1, Fig. 3A). What
is more, the APP/PS1+Saline group spent more time on
finding the hidden platform than the WT+Saline group on
days 3-5 (P < 0.001), while treatment with AVP(4-8)
decreased the escape latency in the APP/PS14+AVP(4-8)
group on days 4-5 (P < 0.05). Representative swimming
traces of mice on navigation training day 5 are shown in
Fig. 3B. This result indicated a spatial learning impairment
in APP/PS1 mice, which was partly rescued by AVP(4-8)
treatment. In the probe test (Fig. 3C, D), a reference
memory deficit also occurred in the APP/PS1+Saline
group, with a lower percentage of swimming time in the
target quadrant than its WT control (P < 0.001). After
treatment with AVP(4-8), the APP/PS14+AVP(4-8) group
showed a significantly higher percentage of swimming
time (P < 0.05) than the APP/PS1+Saline group (two-way
ANOVA: genotype: F(; 35y = 31.43, P < 0.001; AVP(4-8):
Fa3s) = 6.62, P < 0.05; genotype x AVP(4-8): F(y3s) =
0.586, P = 0.450). Meantime, all mice in the four groups
showed similar swimming speeds in the probe test
(Fig. 3E) and similar swimming times to the visible
platform (Fig. 3F). These results suggested that the differ-
ences in spatial learning and memory did not result from
alterations of motor ability and visual acuity.

Total arm entries (count/8 min)
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Table 1 The escape latency (s) of mice in the four groups during acquisition phase.

WT+Saline (n = 9) WT+AVP (4-8) (n = 9)

APP/PS1+Saline (n = 9) APP/PS1+AVP (4-8) (n = 9)

Day 1 50.58 £ 3.14 50.06 + 3.69
Day 2 42.37 £ 3.92 44.74 £ 3.82
Day 3 36.18 £ 2.48 38.78 £4.75
Day 4 20.82 £ 2.07 20.24 £2.33
Day 5 20.71 £ 2.15 15.54 £ 1.42

55.60 + 2.56 57.34 + 131
54.22 + 2.50 46.78 + 3.08
50.46 + 3.26%#* 54.92 + 1.48
46.19 + 5.00%%* 32.10 + 3.37%
45.38 £ 4.11%** 32.99 + 4.40%

##kP < 0.001 versus WT+Saline mice; #p < 0.05 versus APP/PS1 + Saline mice.
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Fig. 3 AVP(4-8) rescued the spatial learning and memory of APP/
PS1 mice in MWM tests. A Average escape latencies of mice in the
place navigation test during 5 training days (¥**P < 0.001 vs
WT+Saline mice, *P < 0.05 vs APP/PS1+Saline mice). B Represen-
tative swimming traces of mice on navigation training day 5.
C Percentages of swimming time spent in the target quadrant in the
spatial probe test (*P < 0.05, ***P < 0.001). D Representative
swimming traces in the probe test. E, F Average swimming speed in
the probe test (E) and swimming time to the visible platform (F) (n =
9).

AVP(4-8) Partly Reversed the Suppression of Hip-
pocampal Synaptic Plasticity in APP/PS1 Mice

The hippocampal fEPSP slope differed before and after
HFS (Fig. 4A, B). During 30 min of fEPSP recording
before HFS, the basic synaptic transmission was stable in
each group. After HFS, LTP was induced successfully with

@ Springer

a rapid increase in the fEPSP slope and then gradual
attenuation with time in the four groups (time: F4, 176) =
293.464, P < 0.001). At 30 and 60 min after HFS, the
fEPSP slope in the APP/PS14-Saline group was signifi-
cantly lower (n = 6; 30 min: 139.09% =+ 2.69%, P < 0.01;
60 min: 116.69% =+ 5.09%, P < 0.001) than in the
WT+Saline group (n = 8; 30 min: 176.19% =+ 8.86%; 60
min: 166.72% + 3.68%). After treatment with AVP(4-8),
the fEPSP slopes in the APP/PS1+AVP(4-8) group
significantly increased compared to that in the APP/
PS1+Saline group (n = 7; 30 min: 157.19% =+ 3.52%,
P < 0.05; 60 min: 145.06% =+ 3.38%, P < 0.001)
(genotype: F(1’24) = 23604, P < 0.01, AVP(4-8) F(1,24) =
4204, P < 0.05; genotype x AVP(4-8): F(j 24y = 0.507,
P < 0.05). Representative fEPSP traces before and 60 min
after HFS in different groups are shown in Fig. 4C.
Besides, we did not find any significant difference in the
PPF ratio among the four groups. These results demon-
strated that AVP(4-8) partly rescued the LTP maintenance
in APP/PS1 mice, and this could involve a postsynaptic
mechanism.

AVP(4-8) Up-Regulated the Levels of PSD95
and NGF in the Hippocampus of APP/PS1 Mice

To further clarify the molecular mechanisms underlying
the improving effects of AVP(4-8) on behaviors and LTP
in APP/PS1 mice, the expression levels of PSD95 and NGF
were measured using Western blot (n = 6/group). The data
(Fig. 5A) showed that the level of PSD95 in the APP/
PS1+Saline group was significantly lower (P < 0.001) than
in the WT+Saline group, while AVP(4-8) application
significantly up-regulated the level of PSD95 in the APP/
PS1+AVP(4-8) group (P < 0.001). Two-way ANOVA
showed significant main effects and an interaction (geno-
type: F(1’23) = 128605, P < 0001, AVP(4-8) F(1!23) =
32.890, P < 0.001; genotype x AVP(4-8): F(j 3y = 7.319,
P < 0.05). In addition, the NGF data (Fig. 5B) showed a
distinct increase in the NGF level in the WT+AVP(4-8)
(P < 0.05) and APP/PS1+AVP(4-8) (P < 0.05) groups
compared to their respective saline controls (two-way
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ANOVA: genotype: F(; 17y =2.937, P = 0.109; AVP(4-8):
Fa.17)=12.116, P < 0.01; genotype x AVP(4-8): F(4 17, =
0.117, P = 0.738), but without any significant difference
between the WT4Saline and APP/PS14-Saline groups.
Similarly, the result of ELISA measurement of NGF (data
not shown) was in accord with that from the Western blots.
These together indicated that the neuroprotection of
AVP(4-8) on the cognitive behavior and synaptic plasticity

in APP/PS1 mice is closely associated with the up-
regulation of PSD95 and NGF levels in the hippocampus.
Discussion

AD brings about a number of neurophysiological and

neurochemical dysfunctions, like decreased AVP in the rat
hippocampus [6], which partly accounts for the impairment
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of learning and memory. AVP exerts complicated effects in
the periphery and CNS, such as a classical neuroendocrine
role, and neurotransmitter or neuromodulator functions.
Interestingly, the central behavioral effects of AVP are
dissociated from its traditional peripheral effects [26].
AVP(4-8), a more potent peptide than its parent molecule,
is considered to be a mediator of the central behavioral
effects of AVP [24]. Moreover, it has been established that
there are specific receptors for AVP(4-8) in regions such as
the hippocampus, cerebral cortex, and amygdaloid nucleus
[22]. These regions are closely associated with learning and
memory. Thus, AVP(4-8) receptors have been thought to
link AVP with cognitive behaviors.

In the present study, we investigated for the first time the
effects of AVP(4-8) on learning and memory in the APP/
PS1 mouse model of AD. Because the hippocampus is
essential for place learning and cognitive mapping, we first
used the Y maze and MWM to study spatial reference
memory. The behavioral tests showed that intranasal
administration of AVP(4-8) for > 4 weeks improved the
deficits in learning and memory of APP/PS1 mice. In the
Y-maze test, AVP(4-8) increased the percentage of correct
spontaneous alternation in both WT and APP/PS1 mice.
This suggested that AVP(4-8) not only facilitated working
memory in WT mice but also rescued the working memory
impairment due to the gene mutation in APP/PS1 mice.
Afterwards, the classical MWM test showed that the APP/
PS14+AVP(4-8) group had a decreased escape latency in
the acquisition phase and an increased swimming time in
the target quadrant compared with the APP/PS1+-saline
group. These results indicated that AVP(4-8) partly
improved the long-term spatial learning and memory in
APP/PS1 mice. We noted that the escape latency of the
APP/PS1+AVP(4-8) group on training day 3 had an
unexpected increase over that on training day 2. We
suppose this resulted from internal or external influences.
The acquisition phase involves many complex memory
processes, including collecting visual information about
spatial location, and processing and remembering it to find
the hidden platform. In the AD model treatment group, the
drug effect might be another influencing factor. So, the
escape latency is vulnerable to many internal or external
factors. Maybe environmental disturbances on training day
3 affected the learning behaviors.

The mechanisms underlying the neuroprotective effects
of AVP(4-8) are uncertain. It is known that hippocampal
synaptic failure is the best correlate of cognitive decline in
AD patients and in animal models of the disease. Hip-
pocampal LTP, defined as long-lasting modifications of
synaptic potentiation, is believed to be the basis of memory
processes in the mammalian brain [27]. Thus, the improve-
ment of cognitive behavior in APP/PS1 mice might be due
to the recovery of hippocampal synaptic function [28].
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Similar to our in vivo results for PPF and LTP, a recent
in vitro brain slice study showed that APP/PS1 mice (8-10
months old) exhibit reduced basal synaptic transmission
and LTP in the CAl area of the hippocampus [29]. It has
been reported that AVP and AVP(4-8) potentiate the
excitatory postsynaptic potential and elicit the LTP of
synaptic transmission of CAl/subiculum neurons in rat
hippocampal slices [30]; AVP potentiates or rescues LTP
in the hippocampal DG region of rats [18, 31, 32]. The
present study further showed that AVP(4-8) treatment
effectively rescued the hippocampal LTP in the CAl
region of APP/PS1 mice, adding to the research on AVP(4-
8). The electrophysiological results were also consistent
with and supported our findings in the cognitive behavioral
tests, further clarifying the relevance of hippocampal LTP
to spatial learning and memory.

Similar to our results, Gelman et al. also found that the
reduction of basal synaptic transmission and LTP in the
CAl area is accompanied by invariant PPF [29]. This
suggests that the impairments in basal synaptic transmis-
sion and LTP may result from a postsynaptic mechanism. It
has been reported that hippocampal mutant APP and A
significantly reduce the level of PSD [33]. Moreover, AD
patients with mild cognitive impairment already demon-
strate a decline of PSD95 [34]. Thus, a dysfunction of
PSD95 may be the beginning of the process of synaptic
damage prior to synaptic loss in the pathology of AD [35].
PSD95 is closely associated with synaptic plasticity
because the neuronal scaffolding protein is associated with
NMDA- and AMPA-type glutamate receptors and their
downstream signaling molecules [36]. In accordance with
previous studies, our Western blot results showed that the
expression level of PSD95 in the hippocampus of APP/PS1
mice was markedly decreased. Interestingly, AVP(4-8)
administration significantly up-regulated the level in APP/
PS1 mice, which might partly account for the improvement
of behavior and the rescue of LTP.

Previous studies [37] have confirmed the molecular
basis of AVP(4-8) in cognitive protection, including:
binding to and stimulating G protein-coupled receptors
[38, 39], accumulating inositol 1,4,5-triphosphate, activat-
ing Ca**/CaM-dependent kinase II [40] and protein kinase
C [41], facilitating the phosphorylation of growth-associ-
ated protein and mitogen-activated protein kinase [42],
enhancing the gene expression of NGF [43, 44] and brain-
derived neurotrophic factor [45], and finally, strengthening
synaptic plasticity and LTP [46]. In accordance with the
above, our experimental results from Western blotting and
ELISA showed that the expression level of NGF was
greatly up-regulated in both WT and APP/PS1 mice by
AVP(4-8). NGF is a neurotrophin particularly necessary for
the survival, differentiation, maintenance and plasticity of
forebrain cholinergic neurons. The degeneration of these
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neurons has been thought to be responsible for cognitive
impairments in AD patients [47, 48]. Early studies reported
that anti-NGF antibody impairs cognitive behavior in rats,
while NGF synthesis stimulators restore it [49]. The
function of NGF has also been demonstrated in ADI11
mice. These mice express recombinant anti-NGF mono-
clonal antibodies and thus show marked neuronal degen-
eration, memory impairments, and A accumulation in the
cortex and hippocampus, while these deficits can be
rescued by exogenous NGF [50, 51]. Besides, NGF
stimulates nerve fiber growth in cultured spinal ganglia
and increases the cell body size of septal neurons [47].
Likewise, AVP(4-8) also affects nerve growth in cultured
hippocampal neurons [52]. Together, these findings imply
that increased NGF content in the hippocampus plays an
important role in improving learning and memory in APP/
PS1 mice. It is interesting that AVP(4-8) enhanced working
memory but not spatial memory in WT mice while the
NGF level was dramatically increased. This probably
involves the time-dependence of memory development.
Correct alternation in the Y maze reflects working memory,
which is a component of short-term memory. On the other
hand, spatial memory in the probe test of the MWM
represents long-term memory. The establishment of long-
term memory needs more and longer associative learning.
Four weeks of treatment with AVP(4-8) in the present
study may be enough for working memory, but not enough
for the long-term spatial memory in WT mice. In fact, the
WT mice still expressed an increasing trend (although not
significant) in spatial memory induced by AVP(4-8).

In addition, the present study also indicated that
intranasal administration is a convenient and -effec-
tive drug-delivery approach for central effects. De Wied
et al. showed that central administration (intracerebroven-
tricular; icv) of AVP(4-8) is 2,300 times more potent than
peripheral administration (subcutaneous) [16, 25]. Because
icv injection is impractical for patients, nasal administra-
tion may be the only drug-delivery route for easy entry into
the brain. By bypassing liver metabolism and the blood-
brain barrier, the half-life of AVP(4-8) in the brain may be
much longer and the final concentration in the brain should
be much higher. Meantime, intranasal application of
AVP(4-8) also avoids peripheral side-effects.

In conclusion, our study reveals for the first time the
neuroprotective effects of AVP(4-8) in APP/PS1-AD mice.
These results indicate that intranasal administration of
AVP(4-8) effectively improves working memory and long-
term spatial memory in APP/PS1-AD mice, and this is
associated with the elevation of PSD95 and NGF levels in
the brain and the maintenance of hippocampal synaptic
plasticity.
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