NEURAL REGENERATION RESEARCH
www.nrronline.org

Research Article

@

(D-Ser2) oxyntomodulin recovers hippocampal synaptic
structure and theta rhythm in Alzheimer’s disease
transgenic mice
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(D-Ser2) oxyntomodulin

Abstract

In our previous studies, we have shown that (D-Ser2) oxyntomodulin (Oxm), a glucagon-like peptide 1 (GLP-1) receptor (GLP1R)/glucagon
receptor (GCGR) dual agonist peptide, protects hippocampal neurons against AB,_,,-induced cytotoxicity, and stabilizes the calcium
homeostasis and mitochondrial membrane potential of hippocampal neurons. Additionally, we have demonstrated that (D-Ser2) Oxm
improves cognitive decline and reduces the deposition of amyloid-beta in Alzheimer’s disease model mice. However, the protective
mechanism remains unclear. In this study, we showed that 2 weeks of intraperitoneal administration of (D-Ser2) Oxm ameliorated the
working memory and fear memory impairments of 9-month-old 3xTg Alzheimer’s disease model mice. In addition, electrophysiological data
recorded by a wireless multichannel neural recording system implanted in the hippocampal CA1 region showed that (D-Ser2) Oxm increased
the power of the theta rhythm. In addition, (D-Ser2) Oxm treatment greatly increased the expression level of synaptic-associated proteins SYP
and PSD-95 and increased the number of dendritic spines in 3xTg Alzheimer’s disease model mice. These findings suggest that (D-Ser2) Oxm
improves the cognitive function of Alzheimer’s disease transgenic mice by recovering hippocampal synaptic function and theta rhythm.

Key Words: (D-ser2) oxyntomodulin; Alzheimer’s disease; cognitive decline; glucagon-like peptide-1; hippocampus; local field potential;
synapse; theta rhythm

Introduction elucidated (Toricelli et al., 2021). Additionally, effective treatments

Alzheimer’s disease (AD) is a progressive neurodegenerative
disease featuring memory impairment in older people. Global
population ageing has led to a rising trend in the prevalence and
mortality of AD. However, the pathogenesis of AD has not been fully

for AD are still lacking. Many reports indicate that there is a strong
pathophysiological link between type 2 diabetes mellitus (T2DM) and
AD because of similarities between the pathological mechanisms
and characteristics of AD and T2DM (Arnold et al., 2018; Suresh
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et al., 2021). In recent years, the use of diabetes drugs has been
suggested for intervention in AD (Li et al., 2007). Research in this
field has attracted increasing attention and has made some progress.
For example, insulin receptors have been found to be widely located
in the cerebral cortex, hippocampus, and hypothalamus (Graham
et al., 2020). Insulin can inhibit the formation of amyloid B (AB) and
neurofibrillary tangles in the brain and improve neuronal survival
(Jagust, 2018). However, desensitization of insulin receptors has
been shown in the brains of AD patients (Holscher, 2020), so the
application of insulin in the treatment of AD is not ideal.

In recent years, researchers have looked at other substances that
can affect insulin signaling, such as glucagon-like peptide 1 (GLP-1)
and other analogues. GLP-1 is a type of intestinal insulin secreted by
intestinal cells that can reduce blood glucose and obesity by inhibiting
glycemic hormones and controlling appetite in T2DM patients (Haan,
2006; Hamilton et al., 2011; Basalay et al., 2020). Surprisingly, GLP-
1 and its analogues also have neuroprotective effects. Many studies
have reported that GLP-1 and its analogues can improve various
neurodegenerative diseases, including AD and Parkinson’s disease
(Athauda and Foltynie, 2016; Athauda et al., 2017; Grieco et al.,
2019). Recent research in our laboratory has shown that GLP-1
analogues can improve spatial learning and memory, reverse damage
to synaptic plasticity, reshape hippocampal synaptic activity, and
prevent AB-induced intracellular calcium overload in AD animal
models (Han et al., 2013; Cai et al., 2018; Li et al., 2018, 2020).
Glucagon (Gcg), another important hormone in blood glucose
regulation, plays a synergistic role to promote the release of insulin.
GLP-1 and Gcg dual receptor channels can cooperate with each other
to improve the symptoms of AD animal models (Wang et al., 2020).
GLP-1 and Gcg are widely present in the central nervous system.
Activation of these two receptors has been demonstrated to have
neuroprotective effects (Baggio and Drucker, 2007; Sandoval and
D’Alessio, 2015). There is evidence that oxyntomodulin (Oxm), a GLP-
1 and Gcg dual receptor agonist, promotes insulin release (Pocai,
2012).

In light of these results, we investigated the neuroprotective effects
of (D-Ser2) Oxm, a new Oxm derivative that replaces L-serine
(D-Ser) at position 2 of Oxm with Ser. This replacement allows
(D-Ser2) Oxm to be protected from degradation by dipeptidase V,
thereby increasing its biological half-life (Lynch et al., 2014). Our
previous study showed that (D-Ser2) Oxm not only alleviated the
impairments of working memory and long-term spatial memory, but
also reduced the number of AR plaques in the hippocampus of APP/
PS1 AD transgenic mice. Moreover, (D-Ser2) Oxm administration
significantly increased phosphatidylinositol 3-kinase/phospho-
Aktl (p-PI3K/p-AKT1) expression and decreased phospho-glycogen
synthase kinase-3 beta (p-GSK3p) levels in the hippocampus (Wang
et al., 2020). These results were the first demonstration of an in vivo
neuroprotective role of (D-Ser2) Oxm in APPswe/PSEN1dE9 (APP/
PS1) mice, which suggested that (D-Ser2) Oxm holds promise for the
prevention and treatment of AD.

The brain shares information through synaptic connections, and
synaptic plasticity is important for learning and memory formation
(Kobayashi et al., 2017). Changes in the postsynaptic structure and
dendritic spines of excitatory synapses are considered to be the
basis of brain plasticity (Borovac et al., 2018). It follows that the
destruction of neural circuits due to synapse loss may lead to the
cognitive destruction observed in neurodegenerative diseases such
as AD. Synapses are indeed lost in AD, and synapse loss is closely
related to the decline of cognitive ability in AD patients (Zhao et
al., 2020). It is believed that the plasticity of synaptic structure is
important for dementia (Skaper et al., 2017). The formation of
dendritic spines in the hippocampus plays an extremely important
role in learning and memory. It has been reported that the loss of
dendritic spines in some mouse models transfected with AP and tau
proteins is similar to the synaptic loss observed in AD human patients
(Zhuo et al., 2019). Blocking electrical activity leads to a significant
decrease in spine size (Harvey et al., 2005), which shows that the
spontaneous activity of the neuron is necessary to maintain the
physiological spine distribution profile. Recent studies have shown
that imbalanced electrical activity may lead to cognitive dysfunction
in early AD and has potential as a target of clinical intervention (Woon
et al., 2007; laccarino et al., 2018).

Considering the above findings, we explored the correlation between
behavioral improvement and electrophysiological changes by
embedding wireless electrodes into APP/PS1/tau (3xTg) mice in the
present study. Theta rhythms in the hippocampal CA1 local field

potential (LFP) during working memory and conditional fear memory
activities were recorded simultaneously with behavioral performance.
We also examined dendritic spines and synapse-related proteins
using Golgi staining and western blot, respectively, to determine the
possible mechanism behind the relationship between the behavioral
electrophysiology and the synaptic structure in 3xTg mice.

Materials and Methods

Animals and treatment

Sex differences in the prevalence, risk, and severity of AD have
been demonstrated in numerous studies in patients. Additionally,
sex differences in neuropathological characteristics and cognitive
behaviors have been reported in 3xTg-AD mice (Yang et al., 2018a)
and APP/PS1 mice (Jiao et al., 2016; Laws et al., 2016; Li et al.,
2016b). Therefore, to avoid potential effects of sex, only male mice
were used in the present study. Twenty male 3xTg mice (RRID:
004807, Jackson Laboratory, Bar Harbor, ME, USA) and twenty wild-
type (WT) mice (C57BL/6J, Experimental Animal Center of Shanxi
Medical University, Taiyuan, China; license No. SCXK (Jin) 2019-
0007) aged 9 months and weighing 30 £+ 5 g were included in the
study. Mice were raised in physiological laboratory animal houses at
a temperature of 22 + 2°C, a humidity of 30-50%, and a light/dark
cycle of 12/12 hours, during which they were free to drink and eat,
and were weighed daily during the experiment.

WT mice were randomly divided into WT + saline and WT + Oxm
groups (n = 10 per group), and 3xTg mice were randomly divided into
3xTg + saline and 3xTg + Oxm groups (n = 10 per group). At 9 months
of age, the mice began to receive normal saline (0.1 mL/kg body
weight) or (D-Ser2) Oxm (25 nmol/kg body weight) by intraperitoneal
injection daily for 2 weeks. (D-Ser2) Oxm was synthesized by Boster
(Wuhan, China), and was dissolved in normal saline, then packaged
and stored in a refrigerator at —20°C. They continued to receive the
daily injections during the behavioral experiments. After behavioral
tests, Golgi staining and western blot were performed. All animal
experimental procedures were approved by the Institutional Animal
Care Committee of Shanxi Medical University (IACUC Issue No.
SYDL2021008) and conformed to the guidelines established by the
Shanxi Medical University Institutional Animal Care Committee. All
experiments were designed and reported according to the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) guidelines
(Percie du Sert et al., 2020).

Wireless multichannel neural recording system

A wireless multichannel neural recording system from Triangle
BioSystems International (Durham, NC, USA) was used in this
experiment. The system was composed of a 16-channel wireless
headstage transmitter, which was installed on the head of the
animal and had a rechargeable battery, a receiver/demodulator
(NeuroWare), and a computer for data storage and analysis. The
effective distance was 5 m. This system allowed us to wirelessly
record from the animals while they were awake and moving freely.
NeuroWare neural signal acquisition software (Triangle BioSystems
International) was used to collect and process LFP signals in real
time.

Animal surgery

Mice were anesthetized using isoflurane gas (3% to induce and
1.5% to maintain; Reward, Shenzhen, China). A wireless telemetry
recording electrode was surgically implanted in the hippocampal CA1
area using stereotaxic instruments (Reward). The coordinates of the
electrode tip were as follows: 2.5 mm posterior to the bregma, 1.8
mm lateral to the midline, and depth of 1.5-1.8 mm. Two reference
electrodes were fixed on the opposite sides of skull. The other end
of the recording electrode was connected to the amplifier through
a rotary interface, and the FPS was monitored during the electrode
insertion. A significant theta rhythm after tail-clip stimulation
indicated that the electrode had reached the hippocampus (McHugh
et al., 1996). At this point, the electrode was fixed to the surrounding
skull with dental cement. After the electrode implantation, the
recording system was disconnected from the electrode, the wound
was disinfected with iodophor after the dental cement was set, and
penicillin was injected intraperitoneally to prevent infection. After 7
days of recovery, telemetry data collection and behavioral tests were
performed.

Electrical signal acquisition and processing
Before the behavioral experiments, the mice were anesthetized with
isoflurane gas, and a rechargeable battery of the wireless transmitter
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(Triangle BioSystems International) was affixed to the back of each
mouse. The recording electrode was connected to the headstage of
the launcher and the power supply was turned on. After the animals
were awake for 20 minutes, the NeuroWare neural signal acquisition
system was turned on, and the signals were sampled according to the
LFP characteristics (sampling frequency: 3000 Hz, bandpass: 0.1-500
Hz) and real-time recording observation.

Y-maze test

The Y-maze was used to assess the working memory of the mice.
The Y-maze (Reward) was composed of three arms (30 cm long, 15
cm wide, and 7 cm high) at 120° angles. The mice with electrodes
were placed in the middle triangle area facing the same arm and
were allowed to move freely for 8 minutes. If the third arm entered
was different from the first two, it was considered a correct arm
approach. The numbers of total arm entries and correct alternations
in the Y-maze were recorded with a camera (Sony, Tokyo, Japan)
and Smart 3.0 software system (Panlab, Barcelona, Spain). The
percentage of spontaneous alternation = number of correct arm
entries/(total number of arm entries — 2) x 100.

Fear conditioning test

We used electric foot shock (LE116, Panlab, Barcelona, Spain) for
the fear conditioning test. A pressure-sensing device was installed
at the bottom of a box to detect activity. After energy conversion
and amplification, the pressure was displayed as a pressure
curve changing with time. Using a pressure threshold, the system
automatically identified active and freezing states of the mice.

This test included training and testing sessions. In the training
session, the mice were allowed to move freely in the training box
for 90 seconds without any human interference, and then received
30 seconds of sound stimulation (frequency: 2900 Hz, intensity: 90
dB) as the conditioned stimulus (CS). During the last 2 seconds of
the sound stimulation, the mice received a continuous direct current
stimulation (current intensity: 0.3 mA, duration: 2 seconds) to their
feet. Sound stimulation and direct current stimulation were repeated
five times at an interval of 90 seconds. After 24 hours, the testing
session was carried out. The mice were placed in a new training box
with different colors from the previous training box. The mice were
acclimated for 150 seconds. Then, they were given 150 seconds of
the CS without the foot shock. The activity and LFP of mice during
the CS were recorded. The freezing ratio (freezing time accounts for
the percentage of each 30 second-interval) of mice was collected
before and during the CS, and the differences between the groups
were compared.

Golgi staining

We used Golgi staining to observe the morphology and number of
dendritic spines in the hippocampal CA1 region. Golgi staining was
performed according to the manufacturer’s instructions (FD Rapid
Golgi Stain Kit, FD NeuroTechnologies, Inc., Columbia, SC, USA). The
brains of mice were quickly removed from the skull without perfusion
after the mice were deeply anesthetized with 1% pentobarbital
sodium (Shanghai Civic Chemical Technology Co., Ltd. Shanghai,
China) via intraperitoneal injection. The brains were then immersed in
a solution composed of potassium dichromate, potassium chromate,
and mercury chloride, and kept in the dark at room temperature for
2 weeks. Next, the brains were transferred to potassium chromate
and stored in the dark for at least 72 hours. Coronal serial sections
(100 pm) were cut with a freezing microtome (Leica, Nussloch,
Germany). The sections were placed in stronger ammonia water and
sodium thiosulfate pentahydrate for 10 minutes, and then rinsed in
distilled water twice for 4 minutes each time. Gradient dehydration
was performed in 50%, 75%, and 95% ethanol, and the sections were
then cleared with dimethylbenzene and mounted onto gelatinized
slides. The slices were scanned using the ScanScope CS pathological
section scanning imaging system (Aperio, Vista, CA, USA). The images
were analyzed using Image) 18.0 software (Schneider et al., 2012).
The spine density was quantified for every 10-um segment along the
entire visible length of the dendrite. At least five neurons from five
different tissue sections were chosen for statistical analysis.

Western blot assay

To observe the expression level of synaptic-related proteins, we
used western blot to detect the expression of PSD-95 and SYP. After
anesthesia by pentobarbital sodium (50 mg/kg) by intraperitoneal
injection, the hippocampal CA1 tissue was separated from the brain.
Weighing and protein concentration measurements were performed
using the bicinchoninic acid protein determination method (Boster).

Protein samples were separated by 10% sodium dodecylsulphate
polyacrylamide gel electrophoresis, transferred to a polyvinylidene
fluoride membrane (Millipore, Temrculla, CA, USA), and blocked
with 5% skim milk powder at room temperature for 2 hours. The
membrane was washed, and then incubated with rabbit anti-
postsynaptic density protein 95 (PSD-95; 1:1000, Cat# ab76115,
Abcam, Cambridge, UK), rabbit anti-synaptophysin (SYP; 1:1000,
Cat# D8F6H, Cell Signaling, Bossdun, MA, USA), and rabbit anti-B-
tubulin (1:2000, Cat# AC008, ABclonal, Wuhan, China) overnight
at 4°C. Finally, the membrane was washed three times with Tris-
buffered saline with Tween-20 for 5 minutes each time. Horseradish
peroxidase-conjugated affinipure goat anti-rabbit 1gG (1:5000, Cat#
BA1054, Boster) was added and the membrane was incubated at 4°C
for 2 hours, then washed with Tris-buffered saline with Tween-20
three times for 10 minutes each time. Protein expression was
detected by electrochemiluminescence. Relative protein expression
was analyzed using Image) 18.0 software.

Statistical analysis

No statistical methods were used to predetermine sample sizes;
however, our sample sizes were similar to those reported in previous
publications (Li et al., 2016a; Zhang et al., 2021). No animals or data
points were excluded from the analysis. The evaluator was blinded
to grouping. SPSS 22.0 (IBM Corp., Armonk, NY, USA) was used for
statistical analysis. The data were expressed as mean + standard error
of mean (SEM). The Y-maze, Golgi staining, and western blot data
were analyzed by two-way analysis of variance (ANOVA). The fear
conditioning test data were analyzed by one-way ANOVA. The least
significant difference and post hoc Tukey’s multiple comparison tests
were used to correct for the multiple comparisons between groups.
P < 0.05 indicates a statistically significant difference. All statistical
charts were created using GraphPad Prism 8.02 (GraphPad Software
Inc., San Diego, CA, USA).

Results

(D-Ser2) Oxm improves short-term working memory and influences
the theta rhythm in 3xTg mice

To avoid the influence of stress on the following experiments, the
Y-maze spontaneous alternation task was performed before the fear
conditioning test. Mice have a propensity to enter a new arm to
explore the relatively new environment in the maze (Kraeuter et al.,
2019). Two-way ANOVA showed that the genotype and treatment had
significant main effects (genotype: F; 5, = 46.83, P <0.001; treatment:
Fiu 36 = 9.018, P < 0.01) and an interaction effect (F 5 = 21.42, P
< 0.001). Tukey’s post hoc test showed that the correct alternation
percentage was significantly decreased from 81.30 £ 2.37% in the
WT + saline group to 58.00 + 2.04% in the 3xTg + saline group (P <
0.01; Figure 1A). (D-Ser2) Oxm treatment restored it to 73.50 + 2.00%
(P <0.001, vs. 3xTg + saline group), nearly equal to the level of the
WT + saline group. The results suggested a neuroprotective effect of
(D-Ser2) Oxm on short-term spatial memory. There was no significant
difference between the groups in total arm entries (F; 5, = 0.3231,
P > 0.05; Figure 1B). These data suggest that the effects of the APP/
PS1/tau gene mutation and (D-Ser2) Oxm treatment were not due to
a change in locomotor ability.

During the Y-maze task, we recorded changes in the theta rhythm in
the four groups (in the central area before entering the right arm).
The trend of the theta rhythms in mice entering the correct arm
within 5 seconds in the Y-maze was shown in Figure 1C. Two-way
ANOVA showed that the genotype and treatment had significant
main effects (genotype: F, 5 = 20.16, P < 0.001; treatment: F; 5 =
3.435, P =0.0721) and an interaction effect (F, 5, = 9.549, P < 0.05).
Tukey’s post hoc test showed that the peak power of the theta
rhythm was decreased in 3xTg + saline mice compared with that
in WT + saline mice (P < 0.001). However, the theta rhythm was
improved after treatment with (D-Ser2) Oxm (P < 0.01, vs. 3xTg +
saline group; Figure 1C and D). The results showed that (D-Ser2)
Oxm improved the short-term working memory and the associated
abnormal theta rhythm of the AD model mice.

(D-Ser2) Oxm ameliorates fear memory impairment in 3xTg mice

After the Y-maze experiment, the fear conditioning test was
performed. On the first day of fear learning training, as shown in
Figure 2A and B, the freezing ratio increased gradually with the
increase of conditioning in all four groups. There were no significant
differences in the freezing ratios between the four groups at the
beginning or the end of the training (P > 0.05), indicating that the
APP/PS1/tau gene mutation and (D-Ser2) Oxm had no effect on the
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fear learning process. During the testing sessions, the freezing ratio
induced by the CS in 3xTg + saline mice was significantly lower than
that in WT + saline mice (P < 0.001; Figure 2C and D). The freezing
ratio was improved after (D-Ser2) Oxm treatment (P < 0.001, vs.
3xTg + saline group). The above experiments showed that the fear
memory of 3xTg mice was significantly impaired, and was significantly
improved after treatment with (D-Ser2) Oxm.
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Figure 1 | (D-Ser2) Oxm improves working memory and influences theta
rhythm in 9-month-old 3xTg mice.

(A, B) Percentage of correct spontaneous alternation and total arm entries in
the Y-maze test. (C) Typical trend of theta rhythm (frequency between 4-10
Hz) in mice entering the correct arm within 5 seconds in the Y-maze. (D) Peak
power of theta rhythm within 5 seconds after the mice entered the correct
arm in the Y-maze. All values are shown as mean + SEM (n = 10). **P < 0.01,
***p < (0.001. Statistical comparisons were performed using two-way analysis
of variance and post hoc Tukey’s multiple comparison tests. 3xTg: APP/PS1/
tau; Oxm: oxyntomodulin; WT: wild-type.
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Figure 2 | (D-Ser2) Oxm relieves fear memory impairment in 9-month-old
3xTg mice.

(A) Freezing ratio during training session of fear conditioning test. (B) Freezing
ratio before and after the first reinforcement during the training session. (C)
Freezing ratio during the testing session. (D) Freezing ratio before and after
conditioned stimulation in the testing session. All values are shown as mean

+ SEM (n = 10). ***P < 0.001 (one-way analysis of variance followed by post
hoc Tukey’s multiple comparison tests). 3xTg: APP/PS1/tau; CS: conditioned
stimulus; Oxm: oxyntomodulin; WT: wild-type.

(D-Ser2) Oxm ameliorates the fear memory impairment in 3xTg
mice by increasing theta rhythm power

Figure 3 shows the typical original theta rhythm waveforms, pressure
perception curves, and corresponding time-frequency thermograms
of the four groups during the testing phase. According to the
pressure trace curve, the WT mice were more active in the pre-CS
stage, and their activity significantly decreased after CS. The 3xTg
mice showed decreased activity in the CS stage in comparison to the
pre-CS stage, and their freezing behavior was decreased compared
with that of WT mice after CS. The hippocampal theta rhythm curve

and time-frequency heat map also showed corresponding differences
in 3xTg mice. The freezing state and the power of theta rhythms
were improved after treatment with (D-Ser2) Oxm.
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Figure 3 | (D-Ser2) Oxm increases the release of the theta waveform,
pressure perception curve, and corresponding time-frequency heat map of
9-month-old 3xTg mice between the pre-CS and CS stages.
(A) The typical original theta waveform. (B) Behavioral electrophysiology
recorded simultaneously in the fear box. The upper image is the pressure
sensitivity curve and the lower image is the corresponding time-frequency
heat map. There was no difference in the release of the theta waveform,
pressure perception curve, or corresponding time-frequency heat map of
3xTg mice between the pre-CS and CS stages, and the condition was improved
after treatment with (D-Ser2) Oxm. 3xTg: APP/PS1/tau; CS: conditioned
stimulus; Oxm: oxyntomodulin; WT: wild-type.
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Figure 4A shows the typical peak frequency of the four groups
during the testing phase. Figure 4B and C show the peak frequency
and peak power of theta rhythms in the hippocampal CA1 region of
mice in each group before and after conditioned stimulation during
the fear conditioning test, respectively. The frequency of the theta
rhythm in WT + saline mice in the CS stage was higher than that in
the pre-CS stage, whereas the theta power in 3xTg + saline mice
was lower than that in WT+ saline mice in the CS phase (P < 0.001),
which indicated that the fear memory impairment of 3xTg mice in
the CS stage was accompanied by decreased theta power in the
hippocampal CA1 region. After (D-Ser2) Oxm treatment, the peak
value and frequency of 3xTg mice in the CS phase were recovered
(both P < 0.001, vs. 3xTg + saline group). These findings suggested
that the fear memory impairment of 3xTg mice in the CS stage, along
with the decreased theta emission power in the hippocampal CA1
region, were improved by (D-Ser2) Oxm treatment.

(D-Ser2) Oxm increases the density of synaptic dendritic spines
and the level of synaptic proteins in the hippocampal CA1 region
of 3xTg mice

The synaptic plasticity of the hippocampal CA1 area plays a crucial
role in AD cognitive function (Auffret et al., 2009). The above findings
demonstrated that (D-Ser2) Oxm improves the working memory
and fear memory of 3xTg mice and the accompanying abnormalities
of the theta rhythm. Next, we used Golgi staining to determine
whether (D-Ser2) Oxm improves the density of dendritic spines in
3xTg mice. Two-way ANOVA showed that genotype and treatment
had significant main effects on spine density (genotype: F, ,, = 128,
P <0.001; treatment: F;; ,, = 55.28, P < 0.001; genotype x treatment:
Fi1, 20 = 67.52, P < 0.001). Dendritic spine density in the hippocampal
CA1 region of 3xTg mice was significantly reduced compared with
that in the control group (P < 0.001), and dendritic spine density was
increased in the 3xTg + Oxm group compared with that in the 3xTg +
saline group (P < 0.001; Figure 5A and B).

PSD-95 and SYP are involved in the regulation of synaptic activity and
plasticity (Liu et al., 2018). Two-way ANOVA showed that genotype
and treatment had significant main effects on the level of both PSD-
95 (genotype: Fj; 5 = 128, P < 0.001; treatment: F, ,, = 55.28, P
< 0.001; genotype x treatment: F; ,, = 67.52, P < 0.001) and SYP
(genotype: F; ) = 62.84, P < 0.001; treatment: F; ,, = 30.24, P <0.001;

genotype x treatment: F, ,, = 13.34, P < 0.05) in the hippocampal
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CA1 region. As shown in Figure 5C-E, the protein expression levels of
PSD-95 and SYP in the hippocampal CA1 region of mice in the 3xTg +
saline group were significantly decreased compared with those in the
WT + saline group. Treatment with (D-Ser2) Oxm increased the level
of hippocampal synaptic proteins in 3xTg mice (P < 0.001 for each
comparison, vs. 3xTg + saline group).
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Figure 4 | (D-Ser2) Oxm increases the theta power in the hippocampal
CA1 of 9-month-old 3xTg mice.

(A) The peak value of the theta rhythm in the CA1 region was recorded before
and after conditioned stimulation during the testing session. In WT + saline
mice, the frequency of the theta rhythm in the CS stage was higher than that
in the pre-CS stage. (B) Peak power of theta rhythm in CA1 region before

and after conditioned stimulation during the testing session. (C) The peak
frequency of the theta rhythm in the CA1 region before and after conditioned
stimulation during the testing session. All values are shown as mean = SEM (n
=10). ***P < 0.001 (one-way analysis of variance followed by post hoc Tukey’s
multiple comparison tests). 3xTg: APP/PS1/tau; CS: conditioned stimulus;
Oxm: oxyntomodulin; WT: wild-type.
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Figure 5 | (D-Ser2) Oxm increases the density of dendritic spines and the
level of synaptic proteins in the hippocampal CA1 region of 9-month-old
3xTg mice.

(A) Representative images of dendritic spines in the hippocampal CA1 region of
mice. Dendritic spine density was increased in the 3xTg + Oxm group compared
with the 3xTg + saline group. Black arrows indicate representative dendritic
spines. Scale bars: 1 um. (B) Dendritic spine density in the hippocampal CA1
area (n =4). (C) Representative bands showing the expression levels of PSD-

95 and SYP in the hippocampus. B-Tubulin was used as a loading control.

(D, E) Quantitative analysis of PSD-95 and SYP protein expression (n = 6).

All values are shown as mean + SEM, ***P < 0.001. Statistical comparisons
were performed using two-way analysis of variance and post hoc Tukey’s
multiple comparison tests. 3xTg: APP/PS1/tau; Oxm: oxyntomodulin; PSD-95:
postsynaptic density protein 95; SYP: synaptophysin; WT: wild-type.

Discussion

AD patients experience a progressive decline or loss of memory
function in the early stage of the disease. To date, many pathological
findings in AD have been reported, including senile plaques with AB
deposition, neurofibrillary tangles formed by hyperphosphorylated
tau protein, and neuroinflammation with extensive involvement of
glia. The pathological changes have been associated with cognitive
behavior. For example, tau protein phosphorylation is considered to
be positively correlated with the degree of dementia in AD patients.

Considering the striking similarity between AD and T2DM in
pathogenesis and pathological features, we attempted to use anti-
T2DM drugs to treat an animal model of AD. Previous studies in our
laboratory have shown that the GLP-1 analogue Val8-GLP-1 prevents
AB,_,-induced spatial learning, memory, and synaptic plasticity
damage, remodels hippocampal synaptic activity, and prevents AB-
induced intracellular calcium overload (Wang et al., 2010, 2013).
GLP-1 analogues have been shown to ameliorate spatial learning and
memory impairment and the inhibition of hippocampal long-term
potentiation in rats (Han et al., 2013; Cai et al., 2014). It has also
been reported that the GLP-1 receptor agonist exenatide increases
the proliferation of neural stem cells in the brain in diabetic mice
(Hamilton et al., 2011) and reduces the level of endogenous AB in
the brain in AD transgenic mice (Li et al., 2010). Gcg has a synergistic
effect with insulin to promote insulin release. Its analogues bind to
the receptors on the surface of pancreatic B-cells through peripheral
binding, resulting in an increase in intracellular cAMP and calcium
concentration, and also promote insulin exocytosis and thus reduce
blood glucose in a glucose-dependent manner (Cherrington, 2010).
Importantly, GLP-1 and Gcg have a wide range of physiological
functions. GLP-1 and Gcg are also highly expressed in many brain
regions, including the hippocampus, amygdala, hypothalamus and
cerebral cortex (Cork et al., 2015). Expression of GLP-1 and Gcg has
also been found in primary cultured hippocampal neurons (Cork
et al., 2015). In this study, we found that GLP-1 and Gcg double
receptor agonists improved working memory and fear memory and
the associated changes of the theta rhythm in 3xTg mice.

Brain functional activity is expressed through a large number of
synaptic connections and is concentrated in the form of regional
or global neural network electrical activity. In AD, changes in
electrophysiological activity not only accompany the appearance
of pathological features, but also may become evident before
pathological damage and behavioral disorders. Therefore, some
researchers have suggested electroencephalography as a potential
means for early diagnosis of AD (Woon et al., 2007). A recent
study tried to improve cognitive impairment in AD by changing
the characteristic rhythm of brain electrical activity (laccarino et
al., 2016). However, the neural network activities in different brain
regions have their own characteristics and significance. Thus, in the
present study, we investigated whether the electrical activity in the
hippocampus could be targeted to improve cognitive ability.

The most prominent electrical activity observed in LFP recordings are
theta (4-10 Hz) and gamma (30-100 Hz) rhythms. The theta rhythm
is mainly generated by the input of the medial septum nucleus, and
is very important in the formation and retrieval of plot and spatial
memory (Hasselmo, 2005). The theta rhythm of the hippocampus is
also related to learning and memory function (Bragin et al., 1995).
Brain regions associated with fear memory include the amygdala,
medial prefrontal cortex, and hippocampus. The hippocampus is an
important structure involved in memory retrieval (Hu et al., 2018).
Recent studies have shown that the hippocampus exhibits damage
in both neural spines and LFP oscillation activity in AD mice. For
example, a previous study performed in our laboratory showed that
the theta rhythm is abnormal during the formation of fear memory
in 3xTg mice, indicating that 3xTg mice have corresponding changes
in LFP frequency and power when cognitive abilities are impaired,
suggesting that changes in brain electrical activity and changes in
behavior are closely related (Yang et al., 2018b). In this study, we
found that (D-Ser2) Oxm improved the theta rhythm abnormality in
3xTg mice. This is consistent with the previous results.

The synapse is an important area of information transmission
between neurons. The highly dynamic structure and function of
synapses allows for their plasticity. A previous study has reported
that (D-Ser2) Oxm directly protects primary hippocampal neurons
against AB,_,,-induced cytotoxicity (Han et al., 2016), including cell
viability, neuronal apoptosis, mitochondrial membrane potential
and intracellular calcium concentration. In this study, the density of
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dendritic spines decreased in 3xTg mice and increased significantly
after the administration of (D-Ser2) Oxm. Our findings suggest that
(D-Ser2) Oxm improves the synaptic plasticity of 3xTg mice.

Previous studies have shown that GLP-1 and gastric inhibitory
polypeptide play neuroprotective roles in the brain, showing
promising effects in AD animal models (Laxton et al., 2010). In this
study, the optimized GLP-1 and Gcg dual receptor agonist gastrin
modulin (D-Ser2) Oxm significantly improved the theta rhythm
associated with working memory and fear memory in 3xTg mice, and
this improvement may be related to synaptic structural plasticity.

Neural information transmission and the realization of brain function
are based on the abundant discharge of neurons. Neuron spiking is
considered to be fundamental for neural communication. However,
this paper only focused on theta rhythms, without analyzing other
synchronous electrical activity. We will investigate the relationship
between multiple other electrical activity measures and cognitive
behavior in future studies.

Taken together, our wireless telemetry behavioral electrophysiology
study indicated that (D-Ser2) Oxm ameliorates cognitive deficits and
theta rhythm abnormalities, and improves the density of dendritic
spines and the expression level of synaptic proteins in 3xTg mice.
Thus, we believe that (D-Ser2) Oxm improves the short-term
working memory and fear memory of 3xTg mice and improves the
abnormality of the theta rhythm. In addition, this improvement may
be closely related to the plasticity of the synaptic structure.
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