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Although amyloid 3 protein (A) has been recognized as one of the main pathological characteristics in
the brain of Alzheimer’s disease (AD), the effective strategies against A neurotoxicity are still deficient
up to now. Glucagon-like peptide 1 (GLP-1), a natural gut hormone, was found to be effective in mod-
ulating insulin signaling and neural protection, but short half-life limited its clinical application in AD
treatment. CJC-1131, a newly designed GLP-1 analogue with very longer half-life, has shown good effec-
tiveness in the treatment of type 2 diabetes mellitus (T2DM). However, it is unclear whether CJC-1131
could alleviate AB-induced neurotoxicity in cognitive behavior and electrophysiological property. The
present study investigated the effects of CJC-1131 on the AB-induced impairments in spatial memory and
synaptic plasticity of rats by using Morris water maze test and in vivo field potential recording. The results
showed that AB1-42-induced increase in the escape latency of rats in hidden platform test and decrease
in swimming time percent in target quadrant were effectively reversed by CJC-1131 pretreatment. Fur-
ther, CJC-1131 prevented against AB1-42-induced suppression of hippocampal long term potentiation
(LTP). In addition, AB1-42 injection resulted in a significant decrease of p-PKA in the hippocampus, which
was effectively prevented by CJC-1131 treatment. These results indicated that CJC-1131 protected the
cognitive function and synaptic plasticity of rats against AB-induced impairments, suggesting that GLP-
1 analogue CJC-1131 might be potentially beneficial to the prevention and treatment of AD, especially
those with T2DM or blood glucose abnormality.
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1. Introduction

Alzheimer’s disease (AD), the leading cause of the senile demen-
tia in the world, is a chronic, incurable neurodegenerative disease,
with gradually decayed cognitive function and impaired learning
and memory. One of the main pathological characteristics of AD
is the accumulation of senile plaques in the brain with AD. Senile
plaques are mainly composed of amyloid beta protein (A3), primar-
ily responsible for the neuronal death [1,2]. It has been universally
reported that not only natural amyloid beta proteins such as Ap1-
42 [3], AP1-40 [4] but also synthetic amyloid beta proteins like
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AB25-35[5] and even AP31-35 [6] can injure neurons in vivo and
in vitro. Unluckily, there is no effective strategy to antagonist the
neurotoxicity of AR up to now.

It is interesting that AD is closely related to type 2 diabetes
mellitus (T2DM) in many ways. For example, the prevalence of
both diseases (AD and T2DM) was increased exponentially with
aging; T2DM raised 1.5-2.5-fold risk of dementia [7,8], while AD
patients often have blood glucose abnormalities. The pathologi-
cal characteristics of both diseases also have much in common.
The loss and dysfunction of $-cell in T2DM is related to amyloid
deposition [9], which is pretty similar to the aggregated AP in
the AD brain. Not only AR, but also hyperphosphorylated tau pro-
tein appeared in both AD and T2DM [10]. Moreover, streptozotocin
(STZ), used to damage [3 cells of the pancrea and produce diabetes,
also impaired cognition and led to AD model [11]. Schwartz [12]
found that the decrease of glucose utilization and the impairment
of energy metabolismin AD patients might be related to the damage
of the insulin signaling pathway. All of these facts indicate a close
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association between AD and T2DM. Therefore, AD has been consid-
ered or named as type 3 diabetes [13]. Importantly, some insulin
signal normalizing gut hormones used to treat T2DM such as
glucagon-like peptide 1 (GLP-1) have been found to be effective in
preventing AD progress. However, natural GLP-1 has a very short
half-life of about 2 min [14], due to the rapid degradation by enzyme
dipeptidyl peptidase IV (DPP IV), which seriously limits the appli-
cation of GLP-1 in the clinic.

CJC-1131, a new chemical-modified GLP-1 analogue containing
a D-alanine substitution and a maleimidopropylamido attachment
to albumin [15], was found to be effective in resisting DPP IV
degradation and has a very longer half-life up to 221-353h [16].
Except for a high dose-related gastrointestinal complaint, no obvi-
ous side effect of CJC-1131 was observed in clinical application [17].
The benefits of CJC-1131 in T2DM treatment have been praised,
which significantly reduced HbA1c and fasting blood glucose level,
improved glucose tolerance and reduced body weight without
hypoglycemia adverse effects [17,18]. However, the neuroprotec-
tive effects of CJC-1131, as a new GLP-1 analogue with longer
half-life, have not been examined up to now. Therefore, the present
study explored the neuroprotective effects of intra-hippocampal
CJC-1131 injection against AR1-42-induced impairments in spatial
learning and memory of rats. Furthermore, we recorded in vivo
hippocampal long-term potentiation (LTP) in the CA1 region of
rats to clarify possible association between behavioral changes and
electrophysiological properties. Finally, the level of p-PKA in the
hippocampus was examined to illuminate the possible molecular
mechanism of CJC-1131 in neuroprotection.

2. Materials and methods
2.1. Animals and drugs

Forty adult male Sprague-Dawley (SD) rats (180-220¢g) were
provided by the Animal Research Center of Shanxi Medical Uni-
versity. All animal procedures were carried out according to the
guidelines of Shanxi Committee on Ethics of Animal Research. The
rats were kept in a room with 12 h light and 12 h dark cycle at the
temperature of 25+2°C and humidity of 60%-80%. A1-42 was
ordered from Sigma (Sigma-Aldrich, Germany) and CJC-1131 was
synthesized by Sangon (Sangon-Biotech, Shanghai, China). Both of
them were dissolved in saline (2.5 nmol/pl) and stored at —20°C.

2.2. Surgery and intra-hippocampal injection

Allrats were randomly divided into four groups: vehicle + saline,
AB1-42 +saline, vehicle+CJC-1131, and AB1-42+(CJC-1131. To
minimize suffering, all surgery was performed under the anes-
thesia by chloral hydrate intra-peritoneal injection (0.3 g/kg). The
SD rat was placed in a stereotaxic apparatus (Narishige, Tokyo,
Japan). Drugs were administered into the bilateral hippocampi at
the following coordinates [19-21]: anterior/posterior: —3.0 mm,
lateral/medial: +2.2 mm, dorsal/ventral: —3.0 mm, with an injec-
tion rate of 0.2 wl/min under the control of a micro pump (RWD
Life Science Ltd., Shenzhen, China). CJC-1131 (2 1) or saline (2 1)
was firstly injected into the bilateral hippocampi. 15 min later, AR 1-
42 (2 pl) or vehicle (2 pl) was applied. To make sure that drugs
were fully dispersed into the hippocampus, a 5 min-retention of
the injection syringe in the brain was given after every injection.

2.3. Morris water maze test

Morris water maze (MWM) test was performed two weeks after
surgery [20,22,23]. The maze (Zhenghua Bio Instrument Ltd., China)
was a stainless pool (150 cm in diameter and 50 cm in height) with
tap water kept at 25 + 2 °C. An escape platform (14 cm in diameter,

29 cm in height) was located in the center of one quadrant and was
below the surface of the water about 1 cm. The movement of rat was
monitored and recorded by camera above the maze and the signals
were analyzed by behavioral analysis software (Noldus Information
Technology, Ethovision 3.0, Wageningen, Netherlands). The escape
latency and distance to find the escape platform, the percentages
of time and distance in target quadrant, and the swimming speed
were calculated. In the hidden platform test, rat was placed into the
water facing the wall of the pool at a random quadrant. If it didn’t
find the hidden platform in 120s, the rat was led to the platform
and stayed on the platform for 10s. Rats were trained four times
per day for 5 days. In the probe trial on the sixth day, the platform
was removed and the rat was allowed to swim in the pool freely
for 120s. After that, visible platform test was performed, in which
the platform was elevated above the water surface about 1 cm.

2.4. Invivo hippocampal LTP recording

After the MWM test, SD rats were anesthetized (urethane,
1.5g/kg) and placed in a stereotaxic apparatus. An electric blanket
was used under body to maintain the rats’ temperature at 37-38 °C.
The skull of rat was drilled, and a bound stimulating/recording
electrode was inserted into the Schaffer collateral/CA1 region. Con-
tinuous single stimuli with an interval of 30s were applied to
Schaffer to induce field excitatory postsynaptic potentials (fEPSPs)
in the CA1 region. Basic fEPSPs were firstly recorded for 30 min
as control. Two paired-pulse stimuli were given to trigger paired-
pulse facilitation (PPF), and high-frequency stimulation (HFS) with
three bursts were given to induce LTP. Each burst had 20 pulses.
LTP was recorded for at least 1 h after HFS [19,24].

2.5. Western blot assay

After the electrophysiological experiment, the hippocampi of
rats were instantly dissected and frozen at —80°C. Western blot
was performed as previously described [19]. Protein concentra-
tion was detected with bicinchoninic acid protein assay kit. Total
protein was separated by 12% SDS-PAGE and transferred to PVDF
membrane. Nonspecific binding was blocked with 5% BSA in Tris-
buffered saline containing 0.05% Tween-20 (TBST). Target proteins
were detected by GAPDH anti-rat monoclonal antibody (dilution
1:1000; ZSGB-BIO, Beijing, China), phosphorylated PKA anti-rat
monoclonal antibody (dilution 1:1000; Abcam, Cambridge, MA,
USA) and PKA anti-rat monoclonal antibody (dilution 1:1000;
Abcam, Cambridge, MA, USA). Secondary antibody of anti-rabbit
immunoglobulin G coupled to horseradish peroxidase (dilution
1:5000) was obtained from ZSGB-BIO. The membrane was rinsed
with TBST and the immunocomplex was visualized by using an
enhanced chemiluminescence detection kit (Beyotime, Inc). The
signals of the membrane were scanned with the FluorChem Scanner
and quantified with the Alpha View SA software.

2.6. Data analysis

All data were represented as the mean & SEM. For the escape
latency in the hidden platform test, three-way repeated measures
analysis of variance was used. Other data were analyzed by two-
way repeated measures analysis of variance. The software for the
statistics was SPSS 13.0 and SigmaPlot 12.3. p<0.05 was taken as
statistical significance.
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Fig. 1. The effects of AB1-42 and CJC-1131 on the spatial learning and memory of rats in Morris water maze tests.

(A) Plots showing the latencies of rats to find the hidden platform over five consecutive training days in four groups. The escape latencies had a significant increase in AB1-
42-injected rats from the 2nd to 5th training day (n=10, 'p<0.05v.s. vehicle + saline group), which was significantly reversed by CJC-1131 treatment (n=10, #p<0.05v.s.
AB1-42 +saline group). (B) Histogram showing CJC-1131 effectively reversed AB1-42-induced decrease in the swimming time in target quadrant (n=10, ##p <0.001). Each
column and point represents the mean + SEM. (C and D) Representative original swimming traces of rats on the 3rd training day (C) and in probe trial (D) for all groups. Small
circles in 1st quadrant represent the water platform, and black dots represent the locations where the rats were placed.

3. Results

3.1. {JC-1131 effectively prevented AB1-42-induced impairments
in spatial learning and memory of rats

As shown in Fig. 1A, the escape latencies of rats to find the
hidden platform decreased during 5 consecutive training days
(Fia195)=143.472; p<0.001). The main effect of AB1-42 injec-
tion (AP1-42 vs. vehicle) was significant on the escape latency
(F(1,38)=8.889; p<0.01). The main effect of CJC-1131 treatment
(CJC-1131 vs. saline) was also significant (F¢; 35y=15.313; p<0.001).
The interaction between Af31-42 injection and CJC-1131 treatment
was significant (F(q 3g)=6.567; p<0.05). The mean escape latency
of rats in AB1-42 injection group was significantly longer than that
in vehicle injection group (p<0.05), showing that the rats with
AB1-42 intra-hippocampal injection learned more slowly than the
rats by vehicle injection. CJC-1131 treatment had no significant
effect on the escape latency of rats compared with saline treatment
group (p>0.05), but effectively decreased the escape latency of rats

in CJC-1131+AP1-42 group, suggesting that CJC-1131 prevented
against AB1-42-induced deficit in learning ability.

In probe trials shown in Fig. 1B, two-way ANOVA showed that
the percentage of time in the target quadrant (platform previously
located) had significant main and interaction effects between A 1-
42 and CJC-1131 groups (AB1-42 injection: F(; 33)=8.575; p<0.01;
CJC-1131 treatment: F(y 33y=10.890; p<0.01; AB1-42 by CJC-1131
interaction: F(; 33)=6.488; p<0.05). Tukey’s post hoc test showed
AB1-42 injection resulted in a significant decrease in the percent-
age of time in the target quadrant (p <0.001), which was effectively
reversed by CJC-1131 treatment (p <0.001).

To confirm whether CJC-1131 and AP1-42 affected the motor
ability of rats, the average swimming speeds of rats were com-
pared. The results showed that there was no significant difference
in swimming speeds among all groups (p>0.05). In addition, the
results of visible platform test indicated that neither CJC-1131 nor
AB1-42 affected the vision of rats, since the mean escape latency in
the visible platform test was nearly the same, being approximately
12.99s in all groups.
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Fig. 2. The effects of AB1-42 and CJC-1131 on in vivo hippocampal LTP in the CA1 region of rats.

(A) Representative PPF trace. (B) Histograms showing neither AB1-42 nor CJC-1131 affected the amplitude of PPF. (C-F) Scatter plots and histograms showing CJC-1131
treatment reversed AR1-42-induced impairments of LTP in amplitude (C and D) and slope (E and F) (n=10, ###p<0.001). Each column and point represents the mean + SEM.
(G) Typical fEPSP traces recorded before (dash line) and 60 min after (solid line) HFS in each group.
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(A) The Western blot bands of p-PKA and PKA in the hippocampus, with GAPDH as the loading control. (B) Histograms showing that AB1-42 injection induced a significant
decrease in the level of p-PKA, which was reversed by CJC-1131 treatment (n=6, "p <0.05). Each column and point represents the mean + SEM.

3.2. {JC-1131 reversed AB1-42-induced suppression of
hippocampal LTP without affecting PPF

In view of the close relationship between spatial cognition and
hippocampal synaptic plasticity, we further examined the effects of
APR1-42 injection and CJC-1131 treatment on hippocampal synaptic
plasticity. Paired-pulse facilitation (PPF) was first observed before
HEFS to clarify whether AB1-42 and CJC-1131 could affect the pre-
synaptic transmitter release in the hipocampal CA1 region. Fig. 2A
shows a representative PPF trace, with always higher amplitude
of fEPSP2 than fEPSP1. Two-way ANOVA showed that there was
no main effect on the ratio of PPF in both AB1-42 injection and
CJC-1131 treatment (Fig. 2B), indicating that pre-synaptic neuro-
transmitter release was not changed by AB1-42 and CJC-1131.
Then, we compared HFS-induced LTP by measuring the ampli-
tude (Fig. 2C, D) and slope (Fig. 2E, F) percentages of fEPSPs.
Two-way ANOVA showed that the amplitude of post-HFS had sig-
nificant main and interaction effects between Af31-42 injection and
CJC-1131 treatment groups (AB1-42 injection: F(1,38)=79.876,
p<0.001; CJC-1131 treatment: F(1,38)=65.105, p<0.001; A1-42
by CJC-1131 interaction: F(1,38)=11.000, p<0.01. Fig. 2C, D). The
slope of fEPSP in all groups had similar main effects and inter-
actions (AP1-42 injection: F(1,38)=30.667, p<0.001; CJC-1131
treatment: F(1,38)=28.231, p<0.001; AB1-42 by CJC-1131 inter-
action: F(1,38)=9.809, p<0.01. Fig. 2E, F). Tukey’s post hoc test
showed APB1-42 injection induced a significant decrease in the
amplitude and the slope of fEPSP (p<0.001), while the decrease
was effectively reversed by CJC-1131 treatment (p <0.001).

3.3. {JC-1131 restored the level of p-PKA in the hippocampus

After finishing LTP recording, we examined the level of p-PKA
in the hippocampus with the same animals. Fig. 3A displayed
the Western blot bands of p-PKA and PKA in the hippocampus,
with GAPDH as the loading control. As shown in Fig. 3B, two-way
ANOVA showed that the main effects of the p-PKA level in AB1-42
injection and CJC-1131 treatment were significant (Af1-42 injec-
tion: F(y27)=6.499, p<0.05; CJC-1131 treatment: F;3;)=4.602,
p<0.05; AB1-42 by CJC-1131 interaction: F 7y=8.182; p<0.05).
Tukey’s post hoc test showed APB1-42 injection induced a signifi-
cant decrease in the level of p-PKA (p < 0.05), which was effectively
prevented by CJC-1131 treatment (p <0.05).

4. Discussion

The production and aggregation of AP are involved in the learn-
ing and memory deficits in AD. Not only natural AP such as AB1-40
and AP1-42, but also synthetic AR fragments like AB25-35 and
even AB31-35 have strong neurotoxicity [25]. In our previous study,

AB31-35, similar to full length of A3, also induced apoptosis in cul-
tured cortical neurons [26], formed transmembrane ion channels
[27], suppressed potassium channels in neurons dissociated from
the hippocampus [28,29], and impaired in vivo hippocampal LTP
and spatial memory in rats [19,30].

It has been reported that AP desensitizes insulin receptors
in cultured hippocampal neurons as well as reducing expres-
sion of the receptors [31,32]. Interestingly, these effects of A3
can be reversed by activating GLP-1 receptor [33]. GLP-1, an
insulinotropic endocrine hormone based on blood sugar concen-
tration, can be applied to non-diabetic patients [34,35] and directly
reduces endogenous Af3 levels in the mouse brain [36]. GLP-1 also
promotes neurite outgrowth [37,38] and protects against oxidative
injury and excitotoxic cell death [36]. In the present study, we used
a new GLP-1 analogue CJC-1131, which was profoundly resistant
to DPP IV degradation and has much longer half life [16]. We first
confirmed in MWM test that treatment with CJC-1131 could effec-
tively prevent against AB1-42-induced escape latency increase in
the hidden platform test, suggesting that CJC-1131 could amelio-
rate AB1-42-induced impairment of spatial learning ability. Then,
we found that CJC-1131 could effectively reversed AB1-42 induced
decrease of swimming time in the target quadrant in probe trial,
which meant that spatial memory deficit induced by A31-42 could
be avoided by CJC-1131. Moreover, the similar escape latency in
the visible platform test and swimming speed between different
groups excluded the possibility of visual or motor function deficits.
We further investigated the effects of CJC-1131 on AB1-42-induced
impairments of hippocampal synaptic plasticity. As expected, CJC-
1131 prevented against AB1-42-induced LTP suppression, which
probably explained that CJC-1131 could rescue spatial cognition
impairments induced by A31-42.

These results are also supported by our previous study using
other GLP-1 analogs. For instance, Val(8)-GLP-1 [39], liraglutide
[5] and lixisenatide [19] also reversed the suppression of LTP and
the impairments of spatial learning and memory in rats. Sim-
ilarly, During [38] found that the learning deficit appeared in
GLP-1R-deficient mice was improved after hippocampal GLP-1R
gene transfer. In addition, over expressing GLP-1R in the hip-
pocampus also improved learning and memory of rats; application
of N-AcGIP, an enzyme-resistant analogue of glucose-dependent
insulinotropic polypeptide (GIP), facilitated hippocampal LTP and
reversed the impairment of LTP induced by A3 [40].

One of the possible mechanisms by which CJC-1131 prevents
AB1-42-induced deficits in spatial cognition and synaptic plasticity
could be the activation of the cAMP/PKA pathway. Itis reported that
AP can induce cytoplasmic Ca2* overload [41], which results in the
inhibition of AC [42], and thereby turns off a cascade reaction such
as activation of cAMP and PKA. For instance, Velmurugan K found
that AB inhibited the activity of PKA in mice cortical neurons [43];
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Wang reported that AB-induced inhibition of LTP was prevented
by forskolin, an activator of AC [44]; Vitolo found that AB-induced
impairment of LTP was mediated through the inactivation of PKA
[45]. Recently, we also found that the injection of GLP-1 agonist
liraglutide could effectively increase the level of CAMP in rats brain
[5]. So, we further examined the effects of GLP-1 agonist on the
activity of PKAin the present study. Our results showed that AB1-42
effectively decreased the level of p-PKA and this down-regulation
could be effectively reversed by CJC-1131. It is well known that
the up-regulated cAMP/PKA activity could promote gene transcrip-
tion in the nucleus and finally might enhance learning and memory
behavior. Therefore, we propose that the activation of cAMP/PKA
pathway might be important for the neuroprotective function of
GLP-1 analogs, while CJC-1131 itself could be a novel and promising
candidate to protect learning and memory in neurodegenerative
diseases such as AD.
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