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Abstract
Background Alzhermer’s disease (AD) is a neurodegenerative disease characterized by progressive
decline in cognitive function and high-density deposition of amyloid-β (Aβ) plaques in the brain. Type 2
diabetes mellitus (T2DM) is an important risk factor for AD. Glucose-dependent insulinotropic polypeptide
(GIP) has been identi�ed to be effective in T2DM treatment and neuroprotection. The present study
further investigated the neuroprotective effects of a novel long lasting GIP analogue DAla2GIP-Glu-PAL in
9-month-old APP swe /PS1 dE9 (APP/PS1) AD mice. Methods Multiple behavioral tests including new
object recognition, Y maze and Morris water maze were performed to examine the cognitive function of
mice. In vivo hippocampal late-phase long-term potentiation (L-LTP) was recorded to re�ect synaptic
plasticity. Immunohistochemistry and immuno�uorescence were used to examine the Aβ plaques and
neuroin�ammation in the brain. The expression levels of cAMP, S99 p-PKA, S133 p-CREB, S468 NF-κBp65
and IL-1β were detected by western blotting or ELISA. Results DAla2GIP-Glu-PAL effectively improved
cognitive behaviors and synaptic plasticity of APP/PS1 mice, with increased new object recognition,
spontaneous alternation and target quadrant swimming time, as well as enhanced in vivo hippocampal
L-LTP. DAla2GIP-Glu-PAL signi�cantly reduced Aβ deposition and inhibited astrocyte proliferation, IL-1β
secretion and NF-κB activation. Besides, . DAla2GIP-Glu-PAL also up-regulated cAMP/PKA/CREB signal
transduction in the hippocampus of APP/PS1 mice. Conclusion DAla2GIP-Glu-PAL improves cognitive
behaviors, long-term synaptic plasticity and pathological damages in APP/PS1 mice, which are
associated with the reduction of neuroin�ammation and the up-regulation of cAMP/PKA/CREB signaling
in the hippocampus. This study suggests a potential bene�t of DAla2GIP-Glu-PAL in the treatment of AD.

Introduction
Alzhermer’ disease (AD) is a progressive neurodegenerative disease in the central nervous system.
According to World Alzheimer’s Disease Report 2018, dementia a�icts more than 47 million people
worldwide, and this number will increase to 152 million by 2050[1]. However, there is no effective drug to
stop the AD process. It is well known that the main pathological hallmarks in the AD brain are high-
density of amyloid-β (Aβ) plaques and neuro�brillary tangles (NFTs), as well as progressive neuronal loss
and brain atrophy[2]. Aβ deposition in the brain may be the basis for the pathological changes in AD,
which triggering tau protein hyperphosphorylation and ultimate neuronal degeneration. It has been
reported that intracerebral ventricular[3] or intra-hippocampal[4] injection of Aβ suppressed late-phase
long-term potentiation (L-LTP) of synaptic transmission in the hippocampal CA1 region of rats; Aβ
damaged spatial learning and memory behavior in rats[5]; and Aβ evoked neuroin�ammation in the
hippocampus[6, 7]. Further, in�ammatory factors such as interleukin 1 beta (IL-1β) and TNF-α could
accelerate Aβ deposition[8, 9]. Therefore, it is still a promising strategy for the treatment of AD by
preventing Aβ accumulation and neuroin�ammatory response.

Type 2 diabetes mellitus (T2DM) is an important risk factor for AD[10, 11]. Several studies have shown
close association between abnormal glucose and insulin metabolism and the development of AD[12, 13].
Talbot et al. [14] con�rmed that insulin signaling was severely desensitized in the brain of AD patients,
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even in non-diabetic patients. Insulin is a key growth factor which not only regulates energy metabolism
but also affects structural and functional integrity of synapses in the central nerves system[15]. A recent
clinical study demonstrated that long-acting intranasal insulin improves cognition for adults with mild
cognitive impairment or early-stage AD dementia[16]. In view of the similarities and close association
between AD and T2DM, drugs originally developed for T2DM treatment such as insulin have been tested
as potential treatments for AD. However, the desensitization of the insulin receptor has been discovered in
the brain of AD patients[17], which is one of the underlying mechanisms of neurodegeneration in AD. So,
it is not sensible to give insulin administration to people with AD. Moreover, chronic administration of
insulin has dangerous effects on blood sugar levels in the AD patients[16]. Glucose-dependent
insulinotropic polypeptide (GIP), a 42-amino acid incretin growth factor, is a potential candidate in the
treatment of AD as it activates a parallel signaling pathway to insulin[18]. GIP modulates the insulin-
signaling pathway intracellularly, rather than directly facilitats insulin receptor expression. Meantime, the
glucose-dependency of GIP make it more safe for the AD patients with normal blood glucose level[19].
GIP receptors are expressed in the brain especially on larger neurons such as the cerebral cortex and
hippocampal pyramidal neurons[20]. Moreover, the neuroprotective and regenerative properties of GIP
have been reported[21]. For example, GIP prevents the detrimental effects of Aβ on synaptic plasticity[22]
and spatial learning and memory during water maze task[23]; GIP promote axonal regeneration after
sciatic nerve injury[20]. However, endogenous GIP can be quickly degraded by the enzyme dipeptidyl
peptidase IV (DPP-IV), with only 2 minutes of biological half-life [24]. Luckily, several enzyme-resistant
super-GIP molecules have been designed, such as DAla2GIP[18] and DAla2-GIP-GLU-PAL[25], which have
a signi�cantly extended half-life to several hours. Moreover, our previous studies have shown that
DAla2GIP could cross the blood brain barrier[26, 27]. DAla2-GIP-GLU-PAL, a structure-modi�ed peptide of
DAla2GIP with higher resistance to DPP-IV cleavage and stronger lipid solubility, has shown
neuroprotective roles in a chronic Parkinson's disease mouse model after intraperitoneal (i. p.)
injection[28]. Therefore, it will be interesting to test whether this novel GIP analogue has neuroprotective
properties in the AD animal model.

In the present study, we explored the effects of DAla2-GIP-glu-PAL on the cognitive behaviors in 9-month-
old APP/PS1 transgenic mouse model of AD by using multiple behavioral tests. Further, we examined the
pathological features in the brain of AD mice and investigated electrophysiological and molecular
mechanisms by recording in vivo hippocampal late phase LTP (L-LTP) and measuring neuroin�ammatory
responses and cAMP/PKA/CREB pathway in the hippocampus of APP/PS1mice.

Materials And Methods

Animals and treatments
Heterozygous male APPswe/PS1dE9 (APP/PS1) mice with a C57BL/6J background and wild-type (WT)
littermates were purchased from the Institute of Laboratory Animal Sciences (SCXX: 2013 -0002) and
bred at the Research Animal Center of Shanxi Medical University with approval of the Shanxi Committee
on Ethics of Animal Research. Animals were kept in a room with controlled temperature (20–24℃),
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humidity (60–80%), light-dark cycle (12/12 hr) and free access to standard rodent chow and water. The
APP/PS1 and WT mice were randomly divided into four groups: WT + PBS, APP/PS1 + PBS, WT + 
DAla2GIP-Glu-PAL, and APP/PS1 + DAla2GIP-Glu-PAL (n = 12 in each group).

Peptides and Drug treatment
DAla2GIP-Glu-PAL was presented by Professor Christian Holscher of Lancaster University, UK. The
powdery DAla2GIP-Glu-PAL was dissolved in 0.01 M PBS solution at a �nal concentration of 5 µM, and
stored in a refrigerator at -20 °C after dispensing. APP/PS1 and WT mice were intraperitoneally injected
with PBS (0.01M) or DAla2GIP-Glu-PAL (5 µM) at a volume of 0.2 ml once a day for three weeks prior to
behavioral study, maintaining the injection during all the behavioral tests.

New object recognition test in open �eld
New object recognition test was performed in an open �eld. The apparatus consisted of an open �eld
arena (length, 55 cm; width, 55 cm; height, 30 cm). Each mouse was placed in the middle of the open-�eld
and was allowed to freely explore for 5 min. All behaviors of mice were recorded by an infrared camera
�xed 2 m above the center point of the open-�eld. The camera was connected to a video recorder, monitor
and a computer. The movement traces and running distance of the animals in the open-�eld were
analyzed by the Ethovision 3.0 software system (Noldus Information Technology, Wageningen, the
Netherlands). In new object recognition test, mice were �rstly subject to a 10 min acquisition trial, during
which they were placed in the open-�eld in the presence of two identical objects (cubes) situated at 15 cm
from the arena wall (acquisition task). On completion of 10 min exploration, the mouse was returned to
its cage for a 3 h delay. Then, the mouse was placed back and exposed to one familiar object (cube) and
a novel object (ball) for 10 min (test task). The objects were placed in the same locations as the objects
in the previous acquisition task. The total time spent for exploring each object (when the animal’s snout
was directly toward the object at a distance ≤ 2 cm) was recorded, and the recognition index (RI) was
de�ned as the amount of time exploring the novel object over the total time spent exploring both objects
times [(time exploring the novel object/total time exploring both objects) × 100%]. A higher RI indicates
greater memory retention. In the acquisition and test tasks, if the exploration time was < 30 s and < 15 s,
respectively, the mouse was excluded from analysis.

Y maze spontaneous alternation test
Spontaneous alternation in Y maze was tested 24 h after new object recognition test. The Y maze has
three arms separated from each other at the same angle (120°), and each arm was 30 cm long, 12 cm
height, and 5 cm wide. Each mouse was placed at the intersection point of three arms and allowed to
move freely for 8 min. The entries of mouse into each arm were recorded and every entry different from
last two entries was considered as a successful alternation. The alternation percentage, an index of
spatial working memory, was calculated according to the following: (number of alternations) / (total
number of arm entries − 2) × 100%.

Morris water maze test
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After Y maze test, the mice were subjected to Morris water maze (MWM) test to evaluate the long term
spatial memory of mice. The maze was a circular pool with a diameter of 120 cm and a wall height of
50 cm. The pool was �lled with water at a temperature of 23 ± 2 °C, and the water was made opaque with
non-toxic white tempera paint. Various prominent visual cues were positioned on the inner wall of the
pool. A platform (diameter, 12 cm; height, 29 cm) was submerged approximately 1.0 cm below the water
surface at the midpoint of one quadrant of the pool. The swimming activity of each mouse was
monitored via a camera mounted overhead, and a video tracking system (Ethovision 3.0, Noldus
Information Technology, Wageningen, The Netherlands) was used to collect movement information
(latency, swim path, distance and speed) of mice. In the hidden platform test, each mouse was trained
four times per day for 5 consecutive days. On each experimental day, a trial was initiated by placing each
mouse in the water facing the pool wall in one of the four quadrants and allowing it to swim freely to the
escape platform. When mouse found the platform, it was allowed to stay on it for 5 s. If it did not �nd the
platform within 60 s, the mouse was guided gently to the platform. And then the mouse was placed back
to the home cage for 20 s before the next trail. On the next day after the hidden platform tests, each
animal was given a 60 s probe trial to evaluate its memory retention ability. During the probe test, the
platform was removed and the searching behavior of mice in the target quadrant (where the platform was
located during hidden training) was measured.

In vivo hippocampal L-LTP recording
After behavioral tests, in vivo hippocampal L-LTP recording was performed. Mice were anesthetized with
5% chloral hydrate (0.07 ml/10 g, i.p.) and placed in a stereotaxic device for acute surgery and L-LTP
recording. A bound stimulating/recording electrode was inserted into the CA1 region of hippocampus,
with a tip location of the recording electrode at 2.0 mm posterior to the bregma and 1.5 mm lateral to the
midline. Baseline �eld excitatory postsynaptic potentials (fEPSPs) were monitored for 30 min with
repeated test stimuli (intensity, 30–50% of maximal EPSPs; frequency, 0.033 Hz) delivered to the
Schaffer-collateral/commissural pathway. High-frequency stimulation (HFS) was applied to induce L-LTP
of fEPSPs. The HFS consisted of 3 series stimuli with a 5 min interval, each series containing 3 trains of
20 stimuli with an inter-stimulus interval of 5 ms (200 Hz) and an inter-train interval of 30 s, as described
in our previous studies [3, 4]. After 3 series of HFS, fEPSPs were evoked at 0.033 Hz for at least 3 h. The
slop of fEPSP was normalized to basal fEPSP and averaged. To test whether presynaptic mechanism
was involved, paired-pulse facilitation (PPF), a short-term enhancement of synaptic transmission, was
also observed in the CA1 region by using paired stimuli with an interval of 50 ms before HFS. The change
in the PPF ratio (calculated by dividing the slope of the second fEPSP by the slope of the �rst fEPSP)
re�ects the alteration of neurotransmitter release from presynaptic terminals.

Immunohistochemistry and immuno�uorescence double
labeling
After completion of LTP recording, the mice (n = 6 in each group) were sacri�ced by heart perfusion
�xation with phosphate-buffered saline (PBS) and 4% paraformaldehyde (PFA). The brains of the mice
were rapidly dissected and post-�xed for 24 h at room temperature. Then the brains of the mice were
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dehydrated. The brain blocks were sliced into 25-µm-thick coronal sections. For immunohistochemical
staining, the sections were incubated in 5% H2O2 at room temperature for 15 min, followed by washing 3
times with 0.01 M PBS. After blocking in 5% goat serum (Solarbio, China) for 30 min, brain slices were
incubated with primary antibodies [anti-Aβ antibody (6E10), dilution 1:500, 803105, Biolegend,USA; anti-
GFAP antibody, dilution 1:200, bs-0199R, Bioss, China] overnight at 4 °C, and secondary antibodies
(Biotin-goat anti-mouse IgG, dilution 1:100, BST10G22C01, Boster, China; Biotin-goat anti-rabbit IgG,
dilution 1:100, BST10G22C03 Boster, China) were incubated at room temperature for 2 h after washing
the primary antibodies with PBS three times. Then, the brain slices were incubated with ABC complex
(1:200) and DAB method was applied for positive coloration. Images were analyzed with Image-Pro Plus
6.0 (Media Cybernetics, USA). For immuno�uorescent staining, the sections were washed and blocked
with 5% serum for 30 min. Then brain slices were incubated with primary antibodies [Anti-GFAP antibody,
dilution 1:200, bs-0199R, Bioss, China] overnight at 4 °C, and secondary antibodies [GFAP: Alexa
Fluor547-Donkey Anti-Rabbit IgG (H + L), 1:200 117995 Jackson USA] for 2 h at room temperature in the
dark. Then, the slices were incubated with the second primary antibodies [IL-1β Antibody (M-20): sc-
1251 Santa USA] overnight at 4 °C. The sections were incubated with Alexa Fluor488-conjugated
A�nipure Bovine Anti-Goat IgG (H + L)(1:100,116969 Jackson USA). The sections were incubated with
DAPI for 10 min at room temperature. A laser scanning confocal microscope was used to obtain
immuno�uorescence images in the brain slices.

Western blot
One side of the mice hippocampi (n = 6 in each group) was dissected and used for measuring protein
expression by western blot. The hippocampus was homogenized in tissue protein extraction reagent
(Boster, Inc. China), supplemented with complete protease and phosphatase inhibitor (Boster, Inc. China).
The homogenates were centrifuged (30 min, 15,000 rpm, 4 °C), and protein concentration was measured
using BCA protein assay kit (Boster, Inc. China). A total of 50 µg of protein from each sample was used.
Sample proteins were separated on 12% SDS-polyacrylamide gels. After electrophoresis, the proteins were
transferred onto 0.45 µm PVDF membranes (Solarbio, inc. China) and nonspeci�c binding was blocked
with 5% BSA (Solarbio, inc. China) in Tris-buffered saline containing 0.05% Tween-20 (TBST). The
membranes were incubated with a primary antibody overnight at 4◦C, followed by a secondary antibody
for 2 h at 4◦C. The primary antibodies used were as follows: Anti-Phospho-NF-κBp65 (Ser468) antibody
(#3039,Cell Signaling Technology USA, dilution 1:1000); Anti-NF-κBp65 antibody (#3034 Cell Signaling
Technology USA, dilution 1:1000);Anti-Phospho-PKA R2/PKR2 (phospho S99) antibody (ab32390,
Abcam UK, dilution 1:1000); Anti-PKA R2/PKR2 antibody (ab38949, Abcam UK, dilution 1: 3000) Anti-
cAMP protein kinase catalytic subunit antibody (ab26322, Abcam UK, dilution 1:1000); Anti-phosphor-
CREB (phospho S133) antibody (ab32096 Abcam UK, dilution 1:500); Anti-CREB antibody (ab31387,
Abcam, UK, dilution 1:700), The secondary antibodies used were Biotin-goat anti-rabbit IgG
(BST10G22C03 Boster, Inc. China, dilution 1:1000); Goat anti-rabbit IgG HRP (ZSGB-BIO, Inc. China,
dilution1:100,000). After rinsing with TBST, the immunocomplexes were visualized by
chemiluminescence using the ECL (Beyotime, Inc.). The �lm signals were digitally scanned with a Fluor
Chem Scanner (Protein Simple) and quanti�ed with Alpha View SA software. β-actin (PR-0255 ZSGB-BIO
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Inc. China, dilution 1:3000) was utilized as an internal control for sample loading, and each blot was
normalized to its corresponding β-actin value.

ELISA
The other side of the mice hippocampi (n = 6 in each group) were dissected and used to detect the
content of IL-1β by Enzyme-linked immunosorbent assay (ELISA, SEA563Mu, Cloud-Clone Corp, USA).
The hippocampal tissues were minced to small pieces and homogenized in fresh lysis buffer with a glass
homogenizer on ice. The resulting suspension was sonicated with an ultrasonic cell disrupter till the
solution is clari�ed. Then, the homogenates were centrifuged for 5 minutes at 10000 g. The supernatant
was collected for analysis. At the same time, mouse plasma was collected for analysis of insulin level
with another ELISA kit (CEA448Mu, Cloud-Clone Corp, USA). 5 wells were for standard points, 1 well for
blank, and 3 replicate wells were set for each concentration standard. 50 µl detection reagent A was
added to each well. The enzyme labeling plate was covered with a plate sealer and incubated for 1 hour
at 37℃. After discarding the liquid in the well, 100 µl of the test solution B was added to each well for a
30 minutes of incubation at 37℃. Then, 90 µl of TMB substrate solution was added to each well. After
10–20 min of incubation, 50 µl of stop solution was added, and the optical density (OD value) of each
well was measured at 450 nm wavelength.

Statistical analysis
All values are expressed as means ± standard errors (SEM). Mouse body weight, blood glucose, plasma
insulin and water maze navigation data were analyzed using three-way repeated measures analysis of
variance (ANOVA). Other data were analyzed using two-way repeated measures ANOVA and post hoc
Tukey’s test. Statistical signi�cance was de�ned as p < 0.05, and all statistical analyses were performed
using software packages SPSS 18.0 and SigmaPlot 12.0.

Results

DAla2GIP-Glu-PAL treatment enhanced new object
recognition ability in APP/PS1 mice
Before new object recognition test, the motor capability of mice was evaluated in the open �eld task. As
shown in Fig. 1A, there was no signi�cant difference in total moving distance among the four groups
(APP/PS1: F(1,47) = 3.532, P = 0.067; DAla2GIP-Glu-PAL: F(1,47) = 0.204, P = 0.655; APP/PS1 × DAla2GIP–
Glu-PAL interaction: F(1,47) = 1.813, P = 0.189). Thus, no evidence showed that APP/PS1 gene mutation
and DAla2GIP-Glu-PAL treatment affect the motor capability of the mice. Based on the instinct of mice to
explore new things, new object recognition test was performed on the second day after the open �eld test.
Two-way ANOVA showed that APP/PS1 gene mutation and GIP analogs treatment had signi�cant main
effects on new object recognition memory (APP/PS1: F(1,47) = 23.507, P < 0.001; DAla2GIP-Glu-PAL: F(1,47) 
= 4.626, P = 0.037; APP/PS1 × DAla2GIP-Glu-PAL interaction: F(1, 47) = 13.758, P < 0.001). Tukey’s post hoc
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tests (Fig. 1B) showed that the RI in the APP/PS1 + PBS mice (49.12 ± 0.05%) signi�cantly lower than that
in the WT + PBS group (61.99 ± 0.04%, P < 0.001), indicating that the APP/PS1 mice spent less time in
exploring the novel object. However, the RI in the APP/PS1 + DAla2GIP-Glu-PAL group (58.45 ± 0.03%) had
a signi�cant increase compared with the APP/PS1 + PBS mice (P < 0.001).

DAla2GIP-Glu-PAL alleviated working memory de�cits in
APP/PS1 mice
The spontaneous alternation of mice in Y maze was tested to examine the working memory of animals.
Two-way ANOVA showed that APP/PS1 gene mutation and DAla2GIP-Glu-PAL treatment had signi�cant
main effects on the spontaneous alternation of the mice(APP/PS1: F(1, 47) = 7.223,P = 0.01; DAla2GIP-Glu-
PAL: F(1, 47) = 11.910, P < 0.01; APP/PS1 × DAla2GIP-Glu-PAL interaction: (F(1, 47) = 4.626, P = 0.037).
Tukey’s post hoc tests showed that the percentage of correct alternation in APP/PS1 + PBS (50.93 ± 
1.97%) was signi�cantly lower than that in WT + PBS group (61.51 ± 2.20%, P < 0.01). After treatment with
DAla2GIP-Glu-PAL, the correct alternation percentage in APP/PS1 + DAla2GIP-Glu-PAL group (63.30 ± 
2.64%) had a signi�cant increase (P < 0.01) compared with APP/PS1 + PBS mice (Fig. 2A). Meantime, the
total arm entries of mice did not show any signi�cant difference among these groups (P > 0.05, Fig. 2B),
suggesting that the differences in spontaneous alternation among groups were due to impairment of
spatial working memory rather than a disability of locomotor activity.

DAla2GIP-Glu-PAL improved long term spatial learning and
memory of APP/PS1 mice
The MWM was used to assess the long term spatial learning and memory of mice. The learning ability of
mice to acquire spatial information was �rst assessed by a consecutive 5 days of hidden platform test.
As shown in the table 1 and Fig. 3A, the escape latency in all groups gradually decreased with the
increase of training days. Although there was no signi�cant difference among groups on day 1 and day 2,
the mean escape latency had a signi�cant increase in the APP/PS1 + PBS group on days 3–5, compared
with the WT + PBS group. Interestingly, the increased escape latency was signi�cantly decreased in the
APP/PS1 + DAla2GIP-Glu-PAL group on days 4–5. This result indicates that chronic DAla2GIP-Glu-PAL
treatment could improve the spatial learning ability of APP/PS1 mice.

Table.1 Mean escape latencies of mice during 5 training days ( s, Mean ± S.E.M.)
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Group
(n =12 in each group)

Day 1 Day 2 Day 3 Day 4 Day 5

WT+PBS 54.22±2.44 52.27±4.35 30.77±4.06 33.08±3.63 21.69±4.28

APP/PS1+PBS 56.71±1.94 55.52±1.90 54.60±2.39** 46.08±3.73** 44.62±3.89**

WT+DAla2GIP-Glu-PAL 52.26±2.18 43.33±3.06 36.16±4.15 28.45±4.69 29.59±4.51

APP/PS1+DAla2GIP-Glu-PAL 55.94±1.88 49.22±3.68 42.50±5.16 35.07±3.85## 29.47±4.93##

             

**P < 0.01 vs. WT+PBS group; ##P <0.01 vs. APP/PS1+PBS group.

 

To exclude the possibility that the difference in escape latency might be caused by drug-induced visual
and locomotor de�cits, a visual platform test was performed after the probe trials. Statistical analysis
showed that there was no signi�cant difference in the swimming speed in probe trials and the swimming
time arriving the visible platform between groups (Fig. 3D and E, P > 0.05), suggesting that the changes in
escape latency and swimming time percentage exactly resulted from the impairments of spatial learning
and memory.

DAla2GIP-Glu-PAL reversed in vivo hippocampal L-LTP
suppression in APP/PS1 mice
To clarify the possible mechanism underlying the neuroprotective effects of DAla2GIP-Glu-PAL on
learning and memory, we investigated the effects of DAla2GIP-Glu-PAL on the long term synaptic
plasticity by recording in vivo fEPSPs in the hippocampal CA1 region. After 30 min of stable basal fEPSP
recording, three series of HFS were given to induce L-LTP. The potentiation of fEPSPs was compared at
60 min, 120 min, and 180 min after HFS (Fig. 4). Two-way ANOVA demonstrated that APP/PS1 gene
mutation and DAla2GIP-Glu-PAL treatment had signi�cant main effects on the fEPSP slope at 60 min
(APP/PS1: F(1,26) = 3.321, P = 0.028; DAla2GIP-Glu-PAL: F(1,26) = 4.380, P = 0.005; APP/PS1 × DAla2GIP-
Glu-PAL interaction: F(1,26) = 4.917, P = 0.002), 120 min (APP/PS1: F(1,26) = 4.799, P = 0.003; DAla2GIP-Glu-
PAL: F(1,26) = 4.215, P = 0.007; APP/PS1DAla2GIP-Glu-PAL interaction: F(1,26) = 6.096, P < 0.001) and
180 min (APP/PS1: F(1,26) = 6.802, P < 0.001; DAla2GIP-Glu-PAL: F(1,26) = 4.425, P = 0.005; APP/PS1 × 
DAla2GIP-Glu-PAL interaction: F(1,26) = 8.546, P < 0.001) post-HFS. Tukey’s post hoc test shown that the
slopes of the fEPSPs immediately after HFS abruptly increased from 100% to 219.5 ± 1.16%, 202.34 ± 
4.39%, 220.93 ± 2.74%, and 220.32 ± 4.19% in the WT + PBS, APP/PS1 + PBS, WT + DAla2GIP-Glu-PAL,
and APP/PS1 + Dala2GIP-Glu-PAL groups, respectively, indicating that LTP was successfully induced in
the four groups (Fig. 4A). However, the L-LTP values in the APP/PS1-PBS group obviously decreased from
40 min post-HFS. As shown in the Fig. 4A and 4C, compared with the WT + PBS mice, the L-LTP value was
signi�cantly suppressed at 60 min (131.92 ± 8.57%, P < 0.05), 120 min (121.76 ± 6.36%, P < 0.05) and
180 min (103.57 ± 1.67%, P < 0.05) in APP/PS1 + PBS mice. In contrast, there was a relative large
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maintenance of L-LTP in the APP/PS1 + DAla2GIP-Glu-PAL group at 60 min (177.28 ± 5.97%, P < 0.05),
120 min (165.58 ± 6.06%, P < 0.05) and 180 min (162.41 ± 7.08%, P < 0.05) compared with the APP/PS1 + 
PBS group.

Further, paired pulse facilitation (PPF) was examined to detect the possible involvement of presynaptic
mechanism in the effects of DAla2GIP-Glu-PAL on the LTP (Fig. 4D). Application of paired pulses to the
Schaffer collaterals always induced PPF (see inset of Fig. 4D). Two way ANOVA showed that APP/PS1
gene mutation and DAla2GIP-Glu-PAL treatment had no signi�cant main effects on PPF (APP/PS1: F(1,26) 
= 0.369, P = 0.550; DAla2GIP-Glu-PAL: F(1,26) = 0.003, P = 0.956; APP/PS1 × DAla2GIP-Glu-PAL interaction:
F(1,26) = 0.298, P = 0.590). Thus, no evidence showed that APP/PS1 gene mutation and DAla2GIP-Glu-PAL
treatment affected presynaptic neurotransmitter release in the hippocampal CA1 region.

DAla2GIP-Glu-PAL treatment reduced Aβ plaques in the
hippocampus of APP/PS1 mice
High-density Aβ plaques is typical pathological hallmarks in the AD brains. In the immunohistochemistry,
we aimed to evaluate the histopathological changes in the hippocampus of mice. Aβ plaques were
detected using speci�c antibodies 6E10 (Fig. 5). Two way ANOVA showed that APP/PS1 gene mutation
and DAla2GIP-Glu-PAL treatment had signi�cant main effects on the numbers of 6E10 positive plaques
(APP/PS1: F(1,23) = 222.732, P < 0.001; DAla2GIP-Glu-PAL: F(1,23) = 52.745, P < 0.001;APP/PS1 × DAla2GIP-
Glu-PAL interaction: F(1, 23) = 52.745,P < 0.001). As shown in the Fig. 5A, 6E10 positive plaques could be
easily seen in the hippocampus of APP/PS1 transgenic mice under low magni�cation. Tukey’s post hoc
test showed that the number of Aβ plaques in APP/PS1 + PBS group (15.13 ± 0.89) was signi�cantly
more than that in WT + PBS group (0.33 ± 0.00, P < 0.001), while DAla2GIP-Glu-PAL treatment effectively
reduced the number in the hippocampus of APP/PS1 mice (6.98 ± 0.46, P < 0.001). These results above
demonstrated that DAla2GIP-Glu-PAL treatment could attenuate cerebral pathological changes in the
APP/PS1 transgenic mice.

DAla2GIP-Glu-PAL attenuated in�ammatory response in the
hippocampus of APP/PS1 transgenic mice
In view of the fact that Aβ can promote astrocyte proliferation and trigger in�ammatory reactions in the
brain, we further observed the effects of DAla2GIP-Glu-PAL injection on the in�ammatory responses in the
APP/PS1 transgenic mice by using immunohistochemistry and immuno�uorescence double labeling
techniques (Fig. 6). Two way ANOVA showed that APP/PS1 gene mutation and DAla2GIP-Glu-PAL
treatment had signi�cant main effects on intensity of GFAP, astrocyte speci�c antibody (APP/PS1: F(1,23) 
= 43.197,P < 0.001; DAla2GIP-Glu-PAL: F(1,23) = 13.259, P = 0.002;APP/PS1 × DAla2GIP-Glu-PAL interaction:
F(1 23) = 8.459 P = 0.009). As shown in the Fig. 6A and C, Tukey’s post hoc test showed that the GFAP
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immunoreactivity had a signi�cant increase in the APP/PS1 + PBS group (163.38 ± 12.21%) compared
with the WT + PBS group (100.24 ± 4.71%) (P < 0.001), while the increased GFAP value has a signi�cant
reduction in DAla2GIP-Glu-PAL treated APP/PS1 group (120.14 ± 3.23%) (P < 0.001).

Because Aβ and phosphorylated Tau can stimulate astrocytes to synthesize and secrete in�ammatory
factors such as IL-1β, we further observed the double staining of GFAP-positive astrocytes and
in�ammatory factor IL-1β by immuno�uorescence technique. As shown in the Fig. 6B, there were small
number of GFAP (red) and IL-1β (green) immunopositive cells in the hippocampus of the WT + PBS and
WT + DAla2GIP-Glu-PAL groups, while a lot of GFAP and IL-1β positive cells were found in the APP/PS1 + 
PBS group. The increased GFAP and IL-1β positive cells were signi�cantly reduced after treatment with
DAla2GIP-Glu-PAL. We further tested the content of IL-1β in the hippocampus by ELISA. Two way ANOVA
showed that APP/PS1 gene mutation and DAla2GIP-Glu-PAL treatment had signi�cant main effects and
interaction on IL-1β content (APP/PS1: F(1,23) = 145.079,P < 0.001; DAla2GIP-Glu-PAL: F(1,23) = 49.654, P < 
0.001;APP/PS1 × DAla2GIP-Glu-PAL interaction F(1 23) = 34.968 P < 0.001). Tukey’s post hoc test showed
that IL-1β OD values was signi�cantly increased in the APP/PS1 + PBS group (331.61%±16.37%)
compared with the WT + PBS group (126.77%±8.19%, P < 0.001), while treatment with DAla2GIP-Glu-PAL
signi�cantly reduced the values of IL-1β in the APP/PS1 + DAla2GIP-Glu-PAL group (183.78%±11.63%, P 
< 0.001, Fig. 6D).

In addition, considering that IL-1β and TNF-α can activate NF-κB to enter the nucleus and up-regulate the
expression of in�ammatory factors, and trigger the in�ammatory cells proliferation [28, 29], we also
examined the expression level of NF-κBp65 (Ser468) in the hippocampus by western blot (Fig. 6E and F).
Two way ANOVA showed that APP/PS1 gene mutation and DAla2GIP-Glu-PAL treatment had signi�cant
main effects and interaction on NF-κBp65 (Ser468) expression level (APP/PS1: F(1,23) = 19.269,P < 0.001;
DAla2GIP-Glu-PAL: F(1,23) = 14.293, P < 0.001;APP/PS1 × DAla2GIP-Glu-PAL interaction F(1 23) = 4.964 P = 
0.038). Tukey’s post hoc test showed that the value of NF-κBp65 (Ser468) in the hippocampus of
APP/PS1 + PBS mice (141.95%±8.31%) was signi�cantly higher than that of other groups (P < 0.01), while
DAla2GIP-Glu-PAL signi�cantly reduced the expression level of NF-κBp65 in APP/PS1 + DAla2GIP-Glu-
PAL group (103.86%±5.94%, P < 0.01). These results indicate that chronic i.p. injection of DAla2GIP-Glu-
PAL attenuated in�ammatory response in the hippocampus of APP/PS1 mice.

The DAla2GIP-Glu-PAL treatment up-regulated the
expression levels of cAMP, S99p-PKA and S133p-CREB in the
hippocampus of APP/PS1 transgenic mice
To investigate the possible mechanism of DAla2GIP-Glu-PAL in improving cognitive behavior and
pathological features of APP/PS1 transgenic mice, we detected the expression levels of cAMP, S99p-PKA
and S133p-CREB in the hippocampus. As shown in the Table 2, the two way ANOVA showed that the
APP/PS1 gene mutation and DAla2GIP -Glu-PAL drug treatment have obvious main effects and
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interaction effects on each signal molecule. The typical Western-blotting bands and Tukey’s post hoc test
(Fig. 7) showed that the relative gray values of cAMP, S99p-PKA, S133p-CREB were signi�cantly decreased
(P < 0.01) in APP/PS1 + PBS group compared with that in WT + PBS group. However, chronic i.p. injection
of DAla2GIP-Glu-PAL effectively reversed the down-reglulation (P < 0.01). These results indicate that
neuroprotective effects of DAla2GIP-Glu-PAL may be involved in the up-regulation of cAMP/ PKA/ CREB
signaling pathway in the hippocampus of APP/PS1-PBS mice.

Table.2 Two-way ANOVA for the levels of cAMP, S99p-PKA and S133p-CREB in the hippocampus. (n=6 in each group)

Protein Main effect Interaction effect
APP/PS1 DAla2GIP-Glu-PAL

cAMP 38.243 P<0.001 28.028 P<0.001 11.052 P=0.003
S99p-PKA 21.237 P<0.001 11.584 P=0.003 4.558 P=0.045

S133p-CREB 32.412 P<0.001 20.127 P<0.001 8.669 P=0.008

Discussion
Working memory and spatial reference memory are dependent on hippocampal functions[3]. Therefore,
the memory disorder will gradually aggravate with the development of hippocampal dysfunction during
AD processes. Although the exact pathogenesis of AD remains elusive, mutations of several genes such
as amyloid-β precursor protein (APP), presenilin-1 (PS1) and presenilin-2 (PS2) has been closely linked to
AD[29]. Moreover, the APP/PS1 mice with memory impairments and hippocampal pathology have been
widely used in the AD research [30, 31]. In the present study, 9-month-old APP/PS1 mice were �rst
subjected to multiple behavioral tests. The decreased RI in new object recognition test and reduced
spontaneous alternation in Y maze clearly indicate impairment in short-term memory in the APP/PS1
mice, while the increased escape latency in place navigation and decreased swimming time in probe test
in MWM suggest an obvious decline in spatial long-term learning and memory in APP/PS1 mice. These
results are consistent with previous reports for the APP/PS1 mouse model of AD[18, 32, 33]. Importantly,
we found for the �rst time that intraperitoneal injection of DAla2GIP-Glu-PAL effectively alleviates the
cognitive de�cits in the APP/PS1 transgenic mice, with signi�cant improvements in working memory and
long-term reference memory. These behavioral experiments suggest that DAla2GIP-Glu-PAL treatment
may be an effective strategy for the cognitive decline in AD.

Due to a close association between spatial memory and hippocampal synaptic plasticity, hippocampal
LTP has been deemed to be a major cellular mechanism underlying learning and memory[34, 35].
Previously, we have demonstrated that intracerebroventricular (i.c.v.) injection of Aβ1–42 suppressed in
vivo hippocampal L-LTP in normal rats[3]. In the present study, we con�rmed that the in vivo L-LTP in the
hippocampal CA1 region was also seriously impaired in the APP/PS1 double transgenic mice. The L-LTP
value was signi�cantly suppressed at 60 min, 120 min and 180 min in APP/PS1 mice. Unlike the early
phase LTP (E-LTP), the L-LTP requires new protein synthesis and correlates much with the long-term
memory. Of particular note is the L-LTP recordings in the present study were conducted on the same
behaviorally trained mice, which thus providing further insights on the relationship between the spatial
memory and hippocampal L-LTP in the APP/PS1 mice. Interestingly, DAla2GIP-Glu-PAL treatment
improved hippocampal synaptic plasticity in the transgenic mice, with relative larger and longer
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maintenance of L-LTP in the APP/PS1 + DAla2GIP-Glu-PAL group. Therefore, the electrophysiological
results of L-LTP support the behavioral improvement induced by DAla2GIP-Glu-PAL in the APP/PS1 mice.

Aβ is a main pathological biomarker in the AD brain, which triggers synaptic dysfunction, neuronal
degeneration, astrocyte proliferation and cognitive disorders in rats and mice [36–39]. Astrocytes are also
capable of synthesizing and secreting cytokines, including TNF-α, IL-1β, IL-6 and TGF-β. Impairments in
astrocytes can trigger or exacerbate hyperphosphorylated tau and Aβ pathologies, leading to the
formation of both amyloid plaques and neurofbrillary tangles (NFTs), as well as neuronal dysfunction.
Our recent study also justi�ed that not only microglia but also astrocytes in the hippocampus of AD mice
displayed stronger activation[40]. More importantly, a kind of GLP1 analog liraglutide has shown a
bene�cial effect in the hippocampal in�ammation including reactive microgliosis and astrogliosis[41].
Therefore, the present study further explored the neuroin�ammatory responses caused by astrocytes and
the effects of DAla2-GIP-glu-PAL on the in�ammatory response in APP/PS1 transgenic mice. Interestingly,
the present study found that large number of Aβ plaques and astrocyte proliferation appeared in the
hippocampus of 9-month-old APP/PS1 mice, while DAla2GIP-Glu-PAL treatment attenuated the cerebral
pathological change. Further, the immuno�uorescence double labeling well demonstrated the coexistence
of GFAP and IL-1β in the hippocampus of APP/PS1 transgenic mice. ELISA and western blot results
showed that the contents of IL-1β and phosphorylated NF-κBp65 in the brain of APP/PS transgenic mice
were signi�cantly increased. These results indicate that IL-1β and NF-κBp65 induced in�ammatory
damage may be closely associated with Aβ deposition in the brain of APP/PS1 transgenic mice. As we
know, NF-κB is widely expressed in human tissue cells and is involved in cell proliferation, differentiation,
apoptosis, and in�ammation. When cells are stimulated by appropriate extracellular substances such as
proin�ammatory cytokines and neurotoxic Aβ, NF- κB can be activated and enters the nucleus to regulate
gene expression of various proteins [42]. Studies have con�rmed that in�ammatory factors such as TNF-
α and IL-1β can activate NF-κB, which in turn not only up-regulates in�ammatory factors and triggers
in�ammatory cell proliferation such as astrocytes[43, 44], but also up-regulates the expression of β-
secretase and APP genes, and promotes the production of Aβ[45]. So, the mutual dependence and mutual
promotion between in�ammatory response and pathological Aβ in the brain would accelerate the
progression of AD. On one hand, the Aβ deposition induces astrocyte proliferation, which promotes the
synthesis and secretion of in�ammatory factors, thereby activates nuclear transcriptional effects of NF-
κB, and aggravates in�ammatory reaction in the brain. On the other hand, the proliferation of astrocytes
and activation of NF-κB can inhibit the phagocytic and scavenging effects of microglia on senile plaques,
and increase the deposition of senile plaques by inhibiting Aβ autophagy, aggravating pathological
damage and in�ammation in the brain[46]. It is interesting that DAla2GIP-Glu-PAL chronic treatment in
the present study broke the vicious circle and effectively reduced Aβ plaque and in�ammatory response
in the hippocampus of APP/PS1 transgenic mice.

It is reported that GIP, as an incretin growth factor, activates pancreatic islets to enhance insulin secretion
and has a signaling pathway parallel to insulin. However, the present study found that DAla2GIP-Glu-PAL
treatment for more than 28 days did not affect the plasma insulin, as well as the body weight and blood
glucose in AD or WT mice (data not shown). Similarly, our recently published data [38] also show that i.p.
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injection of another novel candidate drug for treating T2DM did not affect the plasma insulin, body
weight and blood glucose of APP/PS1/Tau transgenic mice. Therefore, we speculate that the
neuroprotective effects of DAla2GIP-Glu-PAL by i.p. injection are mediated by GIP receptors in the brain.
The GIP receptor (GIPR) is a member of G-protein-coupled receptor superfamily. It has been justi�ed that
GIPR KO mice had clear impairments in memory formation, synaptic plasticity, and progenitor cell
proliferation[47]. GIP(3–30)NH2, a competitive antagonist of GIPR, effectively inhibited GIP-mediated
insulin, glucagon, and somatostatin release[48]. The GIP’s effect on bone metabolism was also reduced
by the selective GIPR antagonist GIP(3–30)NH2[49]. Activation of GIPRs by native GIP or protease-
resistant analogs, such as Nacetyl-GIP, enhanced synaptic plasticity and protected synapses from the
detrimental effects of Aβ on LTP formation, however, the selective GIP antagonist Pro(3)GIP weakened
the synaptic plasticity[22]. These �ndings clearly demonstrate that the GIPR plays an important role in
neuronal communication and brain function. Activation of GIP receptors is coupled to increases in cAMP
and intracellular Ca2+ levels, as well as activation of PI3K, PKA and PKB. Our study also showed that the
levels of cAMP/p-PKA/p-CREB in the hippocampus of APP/PS1 mice were signi�cantly decreased, while
chronic intraperitoneal injection of DAla2GIP-Glu-PAL effectively reversed the decline in these signal
molecules. These results indicate that DAla2GIP-Glu-PAL, by up-regulating cAMP/p-PKA/p-CREB signal
pathway, can improve cognitive function and synaptic plasticity, and ameliorate pathological damage
and in�ammatory injury in the hippocampus of APP/PS1 mice. Li et al. also reported that DAla2GIP-Glu-
PAL reduced damage of dopaminergic neurons and neuroin�ammation in Parkinson's disease mouse
model by increasing CREB and Bcl-2 expression in the brain[28]. In addition, up-regulation of PI3K/AKT1
and down-regulation of GSK3β in the hippocampus of APP/PS1 transgenic mouse might be also linked
to the neuroprotection of DAla2GIP-Glu-PAL[50].

Conclusions
The present study demonstrated for the �rst time that chronic application of DAla2GIP-Glu-PAL could
effectively improve multiple cognitive behaviors of APP/PS1 mice and reduce AD-like pathological
damages in the brain. DAla2GIP-Glu-PAL signi�cantly inhibited astrocyte proliferation and IL-1β secretion.
DAla2GIP-Glu-PAL also up-regulate cAMP/PKA/CREB signal transduction and inhibited NF-κB activation
in the hippocampus of APP/PS1 mice. These results indicate that DAla2GIP-Glu-PAL can prevent
cognitive de�cits and pathological damage of APP/PS1 mice by reducing neuroin�ammation and
improving synaptic plasticity, suggesting that DAla2GIP-Glu-PAL might be potentially bene�cial in the
treatment of AD.
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Figures

Figure 1

DAla2GIP-Glu-PAL treatment improved new object recognition ability in APP/PS1 mice. A) Histograms
showing the total running distance of mice in the open �eld, no signi�cant difference between groups
(n=12 for each group). B) Histograms showing the new object RI of mice. The reduced RI in APP/PS1
mice was signi�cantly reversed by DAla2GIP-Glu-PAL treatment (***P<0.001, n=12 for each group). C)
Representative running traces of mice in new object recognition test. The blue cube represents familiar
object and the yellow ball represents novel object.
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Figure 2

DAla2GIP-Glu-PAL treatment alleviated the working memory de�cits of APP/PS1 mice in Y maze test. A)
Histograms showing lower spontaneous alternation in the APP/PS1+PBS group and signi�cant recovery
after treatment with DAla2GIP-Glu-PAL (*P<0.05, **P<0.01, n=12 for each group). B) Histograms showing
no signi�cant difference in total arm entries among the different groups.
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Figure 3

DAla2GIP-Glu-PAL treatment improved spatial learning and memory of APP/PS1 mice. A) Plots showing
the changes in average escape latencies of mice in searching for the hidden platform during �ve
consecutive training days (**P<0.01 vs. WT+PBS group; ##P<0.01 vs. APP/PS1+PBS group, n=12 for
each group). B) Histograms showing the swimming time percentage of the mice in the target quadrant,
with a signi�cant decrease in the APP/PS1-PBS group and a reversal after DAla2GIP-Glu-PAL treatment.
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C) Representative swimming traces of mice in the four groups during probe trials. The large circle
represents the water maze pool, and the small circle represents the platform. D) Plots showing the
changes in the average swim speed of mice during 6 consecutive days, without signi�cant difference
between groups (P>0.05). E) Histograms showing the swimming time of mice to visible platform, without
signi�cant difference among groups (P>0.05).

Figure 4

DAla2GIP-Glu-PAL treatment reversed hippocampal L-LTP suppression in APP/PS1 mice. A) Plots
showing the test stimuli-induced fEPSPs in the hippocampal CA1 region of APP/PS1 mice before and
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after HFS (n = 6-7). B) Typical fEPSP traces recorded before (black line) and 3h after (grey line) HFS in the
four groups. Scale bars, 1 mV and 10 ms. C) Histograms showing the normalized fEPSP slope pre-HFS, 0
min, 60 min, 120 min and 180 min post-HFS (*P<0.05 and **P<0.01). D) Histograms showing the ratios
of paired pulses in different groups (n = 6–7). Inset: a sample trace of fEPSP induced by paired pulses.

Figure 5

. DAla2GIP-Glu-PAL treatment reduced Aβ plaques in the hippocampus of APP/PS1 mice. A) Photographs
showing the distribution of Aβ immunoreactivity-positive plaques in the hippocampus of mice after
treatment with DAla2GIP-Glu-PAL or PBS. The bars are 100 μm and 50 μm in the upper and lower rows,
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respectively. B) Histograms showing a signi�cant decrease in number of Aβ plaques in the hippocampus
of APP/PS1 mice after DAla2GIP-Glu-PAL treatment (***P<0.001).

Figure 6

DAla2GIP-Glu-PAL attenuated in�ammatory responses in the hippocampus of APP/PS1 mice. A)
Photographs showing immunohistochemical staining of GFAP positive cells. Bar=50 μm. B) Photographs
showing the immuno�uorescence double staining of GFAP (red) and IL-1β (green) positive cells in the
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hippocampus. The blue points represent DAPI stained neuronal nuclei. C) Histograms showing that the
increased GFAP immunopositive staining in the APP/PS1+PBS mice has a signi�cant decline after
DAla2GIP-Glu-PAL treatment (***P<0.001). D) Histograms showing that the increased level of IL-1β
measured by ELISA in the APP/PS1+PBS group was signi�cantly decreased by DAla2GIP-Glu-PAL
(***P<0.001). E) Representative Western-blotting bands for Ser468p-NF-κBp65. DAla2GIP-Glu-PAL
reversed the changes of protein content in the hippocampus of APP/PS1 transgenic mice, and β-actin
was an internal reference. F) Histograms showing that the increased level of NF-κBp65 (Ser468)
measured by western blot in the APP/PS1+PBS group was signi�cantly decreased by DAla2GIP-Glu-PAL
(**P<0.01).

Figure 7

DAla2GIP-Glu-PAL upregulated the levels of cAMP, S99p-PKA and S133p-CREB in hippocampus of mice.
A), B) and C) are representative Western-blotting bands for cAMP, S99p-PKA and S133p-CREB in different
groups. DAla2GIP-Glu-PAL reversed the changes of protein content in hippocampus of APP/PS1
transgenic mice, and β-actin was an internal reference. D), E) and F) are the statistical histograms of the
relative gray values of cAMP, S99p-PKA/PKA and S133p-CREB/CREB protein bands in each group. All
values were expressed as percentages of WT+PBS mice. Signi�cance was determined using a two-way
ANOVA and post hoc Tukey’s multiple comparison tests. **P<0.01.


