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Background: Alzheimer's disease (AD) is the most common type of dementia and mainly treated by
drugs, while the therapeutic outcomes are very limited. This study aimed to determine the optimized
parameters of deep brain stimulation (DBS) which was applied to the treatment of AD and propose the
involved mechanisms.
Methods: Amyloid-p precursor protein/Presenilin1 (APP/PS1) transgenic mice were used and received
DBS at nucleus basalis of Meynert (NBM). The optimized parameters of DBS were determined by using
different stimulation frequencies, durations and ages of mice under Morris water maze test. The involved
mechanisms and the possible signal pathways were also investigated.
Results: The optimized parameters for DBS were high frequency (100 Hz) for 21 days starting from early
age (4 months old). Under the above parameters, the soluble AB40 and AB42 in the hippocampus and
cortex were down-regulated significantly. DBS increased survival neurons and reduced apoptotic cells in
the hippocampus and cortex. Meanwhile, the apoptosis-related proteins caspase-3, caspase-8 and Bid
were down-regulated. Moreover, DBS caused a significant increase of superoxide dismutase, glutathione
peroxidase and choline acetyltransferase activity as well as a decrease of methane dicarboxylic aldehyde
content and acetylcholine esterase activity. Phosphorylation of Akt (p-Akt)/total Akt (t-Akt) was up-
regulated while p-extracellular signal-regulated kinase 1/2 (ERK1/2)/t-ERK1/2 was down-regulated.
The neuroprotective effect of DBS was attenuated by their inhibitors.
Conclusions: NBM-DBS starting from 4 months of age for 21 days at a high frequency (100 Hz) has
therapeutic effects on AD through activating phosphatidylinositol 3’-kinase (PI3K)/Akt pathway and
inhibiting ERK1/2 pathway.

© 2018 Elsevier Inc. All rights reserved.
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1. Introduction

Alzheimer's disease (AD) is the fourth leading cause of death
among the elderly, posing a great threat to global public health. At
present, medication seems to be the only solution for AD, though
drugs only delay the progression of AD rather than radically cure
AD.

E-gmlill addresses: aogiang@tsinghua.edu.cn (Q. Ao), dongyahuang77@hotmail. Deep brain stimulation (DBS) produces mild, continuous elec-
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ablative procedure, DBS has the following advantages: (1) Mini-
mally invasive and not destructive for brain tissues [1]; (2)
controllable; (3) repeatably switching on and off of the DBS device
to conduct evaluation; (4) reversible side effects. DBS has been
applied to movement disorders, epilepsy and psychiatric disorders
at present. Pre-clinical research indicates that DBS may alter
development of AD by interfering with the pathophysiological
changes of the brain. Therefore, DBS may be also applied to
cognitive impairment [2,3].

To date, several studies with small sample size have focused on
the effect of DBS on AD patients. The choice of target regions is
directly associated with the outcomes. According to the studies,
fornix and nucleus basalis of Meynert (NBM) are two main DBS
targets which can help trigger the cognitive loop and thus improve
the learning and memory capacities [4]. It was demonstrated that
DBS at fornix reduced hippocampus atrophy and increased brain
glucose metabolism [5,6]. However, a recent phase I study indicated
fornix-DBS failed to improve cognitive functions of all participants
[7]. Another crucial target is NBM which represents an important
cholinergic pathway in the cognition and memory functional
network. The projecting fibers originating from NBM are mainly
found in hippocampus, amygdaloid nuclei, hypothalamus, thalamus
and prefrontal cortex, which are structures associated with memory
and cognition [8]. Acetylcholine (ACh) is the key neurotransmitter
involved in memory function and also related to the development of
AD. DBS at NBM can improve cognitive function and promote syn-
thesis and release of ACh [9,10]. Moreover, a pilot study of six pa-
tients revealed DBS at NBM ameliorated AD-associated symptom:s,
with increased cerebral glucose consumption [11]. Therefore, NBM
is considered as a potential target for DBS in cognitive dysfunction
patients, including those with AD. However, little is known about
the effect of long-term DBS at NBM on cognitive improvement of AD
patients. Similarly, no animal experiments have been performed to
investigate the involved mechanisms.

In this study, the amyloid-3 precursor protein/presenilin1 (APP/
PS1) mouse as an AD model was used for long-term DBS, so as to
determine the optimized stimulation frequency, starting time and
duration of treatment, and to explore the working mechanisms.

2. Methods
2.1. Laboratory animals

Healthy SPF C57/BL6-Tg transgenic mice (HuAPP695swe,
PSEN1-dE9) aged 10 weeks were purchased from Model Animal
Research Center of Nanjing University (license: SCXK [Jiangsu]
2010—0111). Wild type (WT) C57BL/6 mice were used as controls.
All mice were males, with an average body weight of 28 +2.4¢.
They were reared under barrier conditions for rodents (tempera-
ture 24 +1.5°C, 50% humidity) at Laboratory Animal Center of
Tsinghua University, which was accredited by Association for
Assessment and Accreditation of Laboratory Animal Care. The mice
were allowed free access to clean food and water, and acclimatized
ina 12 h/12 h light/dark cycle for 7 days. The protocol was approved
by the Institutional Animal Care and Use Committee of Tsinghua
University.

2.2. Microelectrode implantation

Except the control group, all WT and APP/PS1 transgenic mice
were implanted by stainless steel microelectrodes (MS303-3-B-
SPC, Plastics One, Roanoke, USA) (bipolar, twisted; bare electrode
diameter, 0.125mm; insulated electrode diameter, 0.150 mm;
impedance control range, 15—45 kQ) at NBM. The electrical stim-
ulator was 30 mm in length with a diameter of 8 mm and provided

biphasic stimulus pulse wave. The steps for microelectrode im-
plantation were as follows: (1) Anesthesia: The mice were fasted
from food and water for 5 and 3 h, respectively, before the exper-
iment. Anesthesia was performed by isoflurane via a mask (3% for
induction, 1-1.5% for maintenance in 70% nitrous oxide and 30%
oxygen). (2) Fixation of ear rods: After anesthesia, two stainless
steel ear rods of the stereotactic instrument (Narishige Company
Limited) were inserted into bilateral ears of mice and fixed well. To
ensure that the ear rods were accurately positioned, the mice with
the inserted ear rods were placed on the stereotactic instrument,
and the ear rods were adjusted so that the readings were consistent
from the scale. Then the incisors of the mice were immobilized in
the incisor groove in front of the stereotactic instrument. (3)
Removal of the scalp to expose the skull: The hairs near the surgical
field were removed, and the scalp behind the eyes and in front of
the ears was disinfected with iodophor. Part of the scalp in the
surgical area was removed by cutting. Blunt dissection was per-
formed and the scalp fascia was torn apart to expose the skull. The
soft tissues on the skull surface were eroded with 3% hydrogen
peroxide using a cotton ball until the surface of the skull became
white and the anterior fontanelle and posterior fontanelle were
clearly seen. (4) Microelectrode implantation: The microelectrode
was mounted and fixed to the stereotactic instrument, and colli-
mation was done with a hanging string. The height of the incisor
was adjusted so that the anterior and posterior fontanelles were
located on the same level. A hole of 2 mm in diameter was drilled
gently on the skull using a dental bur and the damage to the dura
mater was avoided. Stereotactic surgery was performed to implant
the microelectrode to the left NBM under the following parame-
ters: NBM: Bregma, —0.7 mm; Lateral, 1.75 mm; Ventral, 4.0 mm
[12]. (5) Microelectrode fixation: After the microelectrode was
implanted to the left NBM, one drop of glue was added to seal the
cranial foramina. Then the microelectrode was fixed to the skull
using a large amount of acrylic denture base materials. After
making an incision between the shoulder blades, the stimulator
was implanted subcutaneously on the back of the mice. Carprofen
(5 mg/kg) was subcutaneously administered at 12 and 24 h after
surgery to reduce pain and then scratch the electrical stimulator.
After surgery, the mice were returned to the cage and rested for 7
days. Mice were kept separately to avoid microelectrodes dropping
off induced by other mice. The integrity of the electrical stimulators
was checked daily. Microelectrodes dropping off occurred in two
mice, which were timely handled (Fig. 1A—D).

2.3. Experimental procedures and groups

Three parts of experiments were included in the current work.
Six mice were included for each parameter of each group. A total of
168 APP/PS1 mice and 24 WT mice were enrolled in the study
(Fig. 1E).

Part 1: Optimized DBS parameters selection for AD treatment.
APP/PS1 mice were randomly divided into three groups: Group 1
(Control), Group 2 (Sham stimulation), and Group 3 (DBS). 6-
month-old mice were first selected and given different fre-
quencies (10 Hz, 50 Hz, 100 Hz and 130 Hz) of freely-moving stim-
ulation with a pulse width of 90 us and intensity of 1 A, for 60 min
per day (13:01—14:00 pm). Morris water maze (MWM) test was
done after 30-day stimulation. Then different starting time of DBS
(4, 6, 9 and 12 months of age) was selected, and the optimized
frequency was used for 30-day stimulation. In our preliminary
experiment, different starting time of sham stimulation displayed
similar results of MWM test due to the absence of stimulation. To
make the figure more succinct, the data from the starting time of 12
months for the control and sham stimulation groups were used.
MWM test was conducted at the end of 13 months of age for each
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Frequencies
E Groups: Control, Sham, 10 Hz,
50 Hz, 100 Hz, 130 Hz
Starting times
Part 1 Groups: Control, Sham, 4-month, MWM
6-month, 9-month, 12-month
Durations
Groups: Control, Sham, 7 days,
14 days, 21 days, 28 days AB40, AB42
Control —— Apoptosis related proteins
APP/PS1  Sham
Part 2 DBS Nissl, Hoechst, TUNEL
SOD, MDA, GSH-Px
Control
WT AChE, ChAT
DBS
p-Akt/t-Akt
p-MAPKs/t-MAPKs
p-STAT5/t-STATS
MWM
AB40, AB42

Fig. 1. The procedures of microelectrode implantation and a schematic of experimental groups and procedures. (A) Exposure of the skull. (B) Microelectrode implantation. (C)
Microelectrode fixation. (D) X-ray showed the microelectrode was implanted at the proper location and well fixed. (E) A schematic of experimental groups and procedures.

group of mice. Subsequently, optimized durations were explored
from four different durations (7 days, 14 days, 21 days and 28 days)
with the selected optimized frequency and starting time. MWM
and amyloid-$40 (AB40) and AP42 levels were detected at the end
of 30 days after DBS.

Part 2: Investigation on the mechanisms of the therapeutic ef-
fects of DBS on AD. WT mice and APP/PS1 mice were randomly
divided into five groups: Group 1 (WT control), Group 2 (WT DBS),
Group 3 (APP/PS1 control), Group 4 (APP/PS1 sham stimulation),
and Group 5 (APP/PS1 DBS). The optimized DBS parameters were
employed, and the role of DBS in neuronal survival, apoptosis,
oxidative stress and ACh metabolism was investigated.

Part 3: Study on the possible signal transduction pathways. APP/
PS1 mice were randomly divided into five groups: Group 1 (Con-
trol), Group 2 (Sham stimulation), Group 3 (DBS), Group 4 [DBS plus
U0126, 150 pg/kg, Invivogen, San Diego, USA, an extracellular
signal-regulated kinase 1/2 (ERK1/2) inhibitor], and Group 5 [DBS
plus LY294002, 150 umol/L, Invivogen, a phosphatidylinositol 3’-
kinase (PI3K) inhibitor]. Ratios of phosphorylation/total Akt, ERK1/
2, C-Jun amino-terminal kinase (JNK), p38-mitogen-activated pro-
tein kinase (MAPK) and signal transducer and activator of tran-
scription 5 (STAT5) were detected. Meanwhile, the effects of
inhibitors were also investigated. U0126 and LY294002 were
injected intracerebroventricularly (0.9 mm lateral to the midline,
and 0.1 mm posterior to the coronal suture, with a depth of 3.1 mm
from the surface of the brain) at 0 day, 7 days and 14 days after DBS.
The doses of drugs were determined according to our preliminary
experiment and previous reports [13,14].

24. MWM test

Spatial memory and learning were evaluated using MWM test
as previously described [15]. The apparatus consisted of black cir-
cular pool which was 116 cm in diameter and 60 cm in height, and
was divided into four quadrants and filled with water. In the room,

many clues external to the maze (e.g., pictures on the walls, lamps,
and a camera on the ceiling) were visible from the pool and pre-
sumably used by the mice for spatial orientation. The position of
the cues remained unchanged throughout the experiment. An
escape platform (10 cm in diameter) was submerged 1 cm below
the water surface in the third quadrant (the target quadrant). The
mice were placed in the water randomly from four quadrants and
trained for six consecutive days to find the submerged platform.
The maximum time for which the mice were allowed to swim was
120s. If an animal failed to find the escape platform within 120,
the experimenter would guide it. Latency to reach the platform and
swimming speed were automatically calculated by the video
tracking system (Dig-Behav, Jiliang Co. Ltd., Shanghai, China). In the
space exploration task, the platform was removed. The mice were
placed in the water randomly from four quadrants and allowed to
search for the platform during 60 s. The same video tracking system
was used to record the number of passes and time of occupancy in
the target quadrant and platform area. The observers were blinded
to the groups.

2.5. Western blot

Brain was rapidly removed from the skull and tissues of hip-
pocampus were separated (DBS hemisphere), which were per-
formed less than 2 min after the decapitation. Tissues were
homogenized in RIPA lysis buffer (Beyotime, Suzhou, China) and
1 mmol/L phenylmethanesulfonyl fluoride (PMSF). After centri-
fuged at 12000rpm for 15 min, the supernatant was used for
analysis. Proteins (50 ug) were loaded onto 4% stacking/12% sepa-
rating SDS-polyacrylamide gels for electrophoresis, and then
transferred onto nitrocellulose transfer membranes. After blocked,
membranes were incubated overnight at 4 °C with anti-caspase-3
(1:1000, Millipore, Billerica, USA, Cat No.: AB1899), anti-caspase-
8 (1:1000, Millipore, Cat No.: AB1879), anti-Bid (1:1000, Milli-
pore, Cat No.: AB1730), anti-caspase-9 (1:1000, Millipore, Cat No.:
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AB3629), anti-Bax (1:1000, Millipore, Cat No.: AB2915), anti-Bcl-2
(1:1000, Millipore, Cat No.: AB1722), anti-p-Akt (1:1000, CST, Bos-
ton, USA, Cat No.: 4060), anti-p-ERK1/2 (1:1000, CST, Cat No.: 4370),
anti-p-JNK (1:1000, CST, Cat No.: 4668), anti-p-p38 (1:1000, CST,
Cat No.: 4511) and anti-p-STAT5 (1:1000, CST, Cat No.: 4322) rabbit
polyclonal antibodies as well as anti-total Akt (t-Akt) (1:1000, CST,
Cat No.: 2920), anti-t-ERK1/2 (1:1000, CST, Cat No.: 4696), anti-t-
JNK (1:1000, CST, Cat No.: 9252), anti-t-p38 (1:1000, CST, Cat No.:
9217), and anti-t-STAT5 (1:1000, CST, Cat No.: 9356) mouse poly-
clonal antibodies. Membranes were then incubated for 1 h at room
temperature with horseradish peroxidase (HRP) labeled goat anti-
rabbit secondary antibody (1:4000, Vector, Burlingame, USA, Cat
No.: PI-1000) or horse anti-mouse secondary antibody (1:4000,
Vector, Cat No.: PI-2000). The membranes were placed into ECL
solution for 5min, and then exposed. The intensity of blots was
quantified using the Leica Image Processing and Analysis System. -
Actin was used as an internal control [16]. After the first experi-
ment, the blots were washed to remove the chemiluminescent
substrate and then placed in stripping buffer (Thermo Fisher Sci-
entific, Waltham, USA), followed by incubation for 5—15 min at
room temperature. After washed and blocked, the membranes
were used for a second immunoprobing experiment.

2.6. Terminal deoxynucleotidy! transferase-mediated dUTP nick end
labeling (TUNEL) staining

Mice were anesthetized and perfused with normal saline solu-
tion and 4% ice-cold paraformaldehyde through the left cardiac
ventricle. Brain tissues from hippocampus of DBS hemisphere were
removed and gradient dehydrated. Serial coronal sections (10 pm)
were then cut on a freezing microtome (CM, 1900, Leica, Wetzlar,
Germany). After washed, the sections were stained for TUNEL using
in Situ Cell Death Detection Kit (Roche, Mannheim, Germany)
following the manufacturer manual.

2.7. Nissl staining

Brain tissues from hippocampus and cortex of DBS hemisphere
were obtained and processed by the method in “TUNEL” part.
Sections were stained with toluidine blue (Sigma-Aldrich) for
20 min. After washed by distilled water, sections were separated
color with 95% ethanol for 30s [17].

2.8. Hoechst staining

Brain tissues from hippocampus and cortex of DBS hemisphere
were obtained and processed by the method in “TUNEL” part. For
Hoechst staining, sections were stained with Hoechst 33258
(Beyotime) for 10 min, rinsed and cleared in ethanol and xylenes,
and covered with a cover slip under Permount.

2.9. Cell counting

For cell counting, coronal sections of 10 um were cut from the
optic nerve to mamillary body. Every other section was chosen after
hippocampus CA1 region or cortex was first spotted and six sec-
tions were selected altogether. Then six nonoverlapping fields per
section in the CA1 region or cortex under high power lens ( x 400)
were randomly chosen. The average was regarded as the cell
number of the Nissl or TUNEL or Hoechst staining.

2.10. ELISA for AB40 and A(42 protein expression

APB40 and AB42 protein levels were measured using mouse AB40
and AB42 ELISA kit (R&D Systems Inc., Minneapolis, USA). Sample

homogenates preparation and assays were performed according to
the manufacturer instructions. The protein levels of AB40 and Ap42
in brain tissues were normalized and expressed as ng per g of total
protein.

2.11. Biochemical assay

Brain tissues from hippocampus and cortex were separated by
the method in “Western blotting” part. In order to evaluate the
oxidative stress status, assay kits were used to measure the activity
of superoxide dismutase (SOD), glutathione peroxidase (GSH-Px)
and levels of methane dicarboxylic aldehyde (MDA) (Jiancheng
Bioengineering Institute, Nanjing, China). Meanwhile, the activity
of acetylcholine esterase (AChE) and choline acetyltransferase
(ChAT) was also detected by corresponding assay kits (R&D Sys-
tems Inc.). Sample homogenates preparation and assays were
performed as the manufacturer's instructions.

2.12. Statistical analysis

All data were presented as mean +SEM and analyzed with
SPSS22.0. After tests for normality and homogeneity of variance,
differences among multiple groups were compared by using one-
way analysis of variance (ANOVA). When the ANOVA identified
significant differences, Tukey's honestly significant difference test
was used for intergroup comparisons. Differences were considered
significant at p < 0.05. All analyses were conducted by an observer
blinded to the groups.

3. Results
3.1. The effects of different stimulation frequencies in MWM test

DBS was given to APP/PS1 mice at four frequencies (10 Hz,
50Hz, 100Hz and 130Hz). As indicated by place navigation in
MWM test, escape latency for locating the platform decreased
obviously in each group with a higher number of training trials. DBS
at 10 Hz had no effect on escape latency for locating the platform,
while DBS at the other three frequencies significantly reduced the
latency from the second day of training (p < 0.05). DBS at 100 Hz
greatly reduced the escape latency at any other time points as
compared with other frequencies (p < 0.05). However, the number
of training trials and stimulation frequencies had no impact on the
swimming speed of mice. In the space exploration task, DBS at
10 Hz had no effect. However, DBS at 50 Hz, 100 Hz and 130 Hz all
significantly increased the number of passes and time of occupancy
in the target quadrant and platform area (p < 0.05). Furthermore,
the maximum number and time were observed at 100Hz as
compared with other frequencies (p < 0.05) (Fig. 2).

3.2. The effects of different stimulation starting time in MWM test

DBS was given to APP/PS1 mice aged 4, 6, 9 and 12 months and
MWM test was conducted at the end of 13 months. The results
showed that early stimulation (from 4 months of age) could greatly
reduce the escape latency as compared with other starting time
(p <0.05). DBS at 6 months of age also reduced the escape latency
(p<0.05). However, DBS at 9 and 12 months of age had bare impact
on the latency. But whatever the starting time, the swimming
speed of mice was not affected. In the exploration task, DBS at 4 and
6 months of age greatly increased the number of passes and time of
occupancy in the target quadrant and platform area (p < 0.05). In
addition, early stimulation at 4 months of age elicited the opti-
mized effect as compared with any other starting time (p < 0.05).
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Fig. 2. The effects of different stimulation frequencies in MWM test of APP/PS1 mice. (A) DBS at 50 Hz, 100 Hz and 130 Hz reduced the escape latency, with the greatest reduction at
100 Hz * p < 0.05, vs. sham stimulation group from the second training day; #p < 0.05, vs. other groups from the second training day. (B) Stimulation frequencies had no impact on
the swimming speed. (C, D) DBS at 50 Hz, 100 Hz and 130 Hz all increased the number of passes over the target quadrant and the platform area (C) as well as the time of occupancy
in the target quadrant and platform area (D). DBS at 100 Hz group had the maximum number and time. *p < 0.05, vs. sham stimulation group; #p < 0.05, vs. other groups.

However, stimulation at 9 and 12 months of age had bare impact
(Fig. 3).

3.3. The effects of different stimulation durations in MWM test

DBS was given to APP/PS1 mice at four different durations (7
days, 14 days, 21 days and 28 days). Place navigation in MWM test
showed that stimulation for 7 days had bare impact on escape la-
tency, while stimulation for 14 days, 21 days and 28 days greatly
reduced the escape latency from the second day of training
(p < 0.05). Stimulation for 21 days significantly reduced the escape
latency at all time points as compared with other durations
(p <0.05). However, training durations had no impact on the
swimming speed of mice. In the exploration task, stimulation for 7
days had bare impact. Stimulation for 14 days, 21 days and 28 days
all increased the number of passes and time of occupancy in the
target quadrant and platform area significantly (p < 0.05). Stimu-
lation for 21 days further increased the number of passes and time
of occupancy in the target quadrant and platform area as compared
with other durations (p < 0.05) (Fig. 4A—D).

3.4. The effects of different stimulation durations on AB40 and AB42
levels

As indicated by ELISA, DBS for 7 days had no impact on Ap40 and
Ap42 levels in APP/PS1 mice. DBS for 14 days, 21 days and 28 days
could all reduce the soluble AB40 and AP42 levels in the hippo-
campus and cortex significantly (p < 0.05). DBS for 21 days further
reduced AB40 and AP42 levels as compared with other durations
(p <0.05) (Fig. 4E—H). As examined in this section, it was concluded

that the optimized parameters for DBS were high frequency
(100 Hz) for 21 days starting from early age (4 months of age).

3.5. The effects of DBS on Nissl, Hoechst and TUNEL staining of the
hippocampus and cortex

The optimized DBS parameters were used in the following ex-
periments. Nissl staining was employed to evaluate neuronal death
resulting from AD, and the positive cells were survival neurons.
Hoechst staining and TUNEL staining were employed to detect
apoptotic cells. The changing trend of the three kinds of staining
cells was shown in microscopic images. Quantitative analysis was
made. DBS showed no effect in WT mice. However, DBS increased
the number of Nissl positive neurons while decreased Hoechst and
TUNEL positive cells in the hippocampus CA1 region and cortex of
APP/PS1 mice (p < 0.05) (Fig. 5A—C, Fig. 6, Fig. 8A—C).

3.6. The effect of DBS on apoptosis related proteins

Several key apoptosis related proteins were determined by
Western blot with semi-quantitative analysis. The results showed
that DBS caused a significant down-regulation of caspase-3, cas-
pase-8 and Bid proteins in APP/PS1 mice (p < 0.05), while it had no
effect on caspase-9, Bax and Bcl-2 expression (Fig. 7).

3.7. The effect of DBS on oxidative stress in each group of mice
Several important oxidative stress-related factors were deter-

mined. DBS showed no effect in WT mice. However, it was revealed
that DBS greatly enhanced the activity of SOD and GSH-Px in APP/
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Fig. 3. The effects of different starting time in MWM test of APP/PS1 mice. (A) DBS of the mice at the age of 4 and 6 months reduced the escape latency and the former displayed the
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PS1 mice (p < 0.05), while the level of MDA was reduced (p < 0.05)
(Fig. 8D—F).

3.8. The effect of DBS on the cholinergic system in each group of
mice

ChAT and AChE of the cholinergic system were determined. It
was demonstrated that DBS greatly increased the ChAT activity in
APP/PS1 mice (p < 0.05), while reduced AChE activity both in the
hippocampus and cortex (p < 0.05). However, no such effects were
found in WT mice (Fig. 5D and E, Fig. 8G and H).

3.9. The effect of DBS on signaling pathway proteins in APP/PS1
mice

Ratios of phosphorylation/total of Akt, MAPKs and STAT5 were
determined by Western blot with semi-quantitative analysis. The
data showed that DBS resulted in a significant up-regulation of p-
Akt/t-Akt and a down-regulation of p-ERK1/2/t-ERK1/2 in APP/PS1
mice (p < 0.05), while it had no impact on p-JNK/t-]JNK, p-p38/t-p38
or p-STAT5/t-STAT5 expression (Fig. 9).

3.10. The effect of U0126 on DBS treatment

As indicated by place navigation in MWM test, U0126 reduced
the escape latency of APP/PS1 mice (p < 0.05). After DBS, U0126
partially counteracted the improvement effect of DBS as repre-
sented by the escape latency (p < 0.05). However, the latency was
still shorter than that after the use of U0126 but no DBS (p < 0.05).

U0126 had no obvious impact on the swimming speed of mice. In
the exploration task, the use of U0126 increased the number of
passes and time of occupancy in the target quadrant and platform
area (p < 0.05). After DBS, U0126 attenuated but did not counteract
the improvement effect of DBS as represented by the number of
passes and time of occupancy in the target quadrant and platform
area (p < 0.05). Similarly, ELISA showed that U0126 reduced soluble
AP40 and AB42 levels in APP/PS1 mice (p < 0.05). After DBS, U0126
partially counteracted the improvement effect of DBS as repre-
sented by AB40 and AP42 levels (p <0.05). However, AB40 and
AB42 levels were still lower than those with the use of U0126 but
no DBS (p < 0.05) (Fig. 10).

3.11. The effect of LY294002 on DBS treatment

According to place navigation in MWM test, LY294002 had no
effect on escape latency in APP/PS1 mice. After DBS, LY294002
partially counteracted the improvement effect of DBS as repre-
sented by escape latency (p <0.05). However, LY294002 had no
significant impact on swimming speed of mice. In the exploration
task, the use of LY294002 did not affect the number of passes and
time of occupancy in the target quadrant and platform area. After
DBS, LY294002 attenuated but did not counteract the improvement
effect of DBS as represented by the number of passes and time of
occupancy in the target quadrant and platform area (p <0.05).
ELISA showed that soluble AB40 and AB42 levels were not affected
by LY294002 alone in APP/PS1 mice. After DBS, LY294002 partially
counteracted the improvement effect of DBS as represented by
AP40 and AB42 levels (p < 0.05) (Fig. 11).
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4. Discussion

DBS is now used to treat a variety of diseases, but the choice of
target sites and stimulation parameters remains a topic of much
discussion. Few studies are devoted to the behavioral effect of long-
term DBS on NBM in APP/PS1 mouse models of AD. The present
paper assessed the effects of stimulation frequencies, starting time
and durations of DBS on NBM in APP/PS1 mouse models of AD by
using MWM.

Proper choice of target sites is very important for DBS and the
main two targets for AD treatment are possibly fornix and NBM.
Several studies have been performed to explore the roles of DBS in
the treatment of AD patients, including some randomized, double-
blinded trials. Although fornix-DBS displayed positive results, un-
fortunately, in a recent phase II study, only patients>65 years rather
than all participants benefited [6,7]. It suggests fornix-DBS may be
not suitable for the treatment of AD in early stage. Therefore, NBM,
as a cluster of nerve cells located between the internal capsule and
the ventral pallidum, is possibly an adequate alternative. A few case
studies have explored the treatment of cognitive impairment using
NBM-DBS. Freund et al. performed bilateral NBM-DBS for one male
patient with late-stage Parkinson's disease dementia, who achieved
amelioration of dementia [10]. Barnikol et al. proved that NBM-DBS
could greatly improve the cognitive functions including memory
[18]. However, differential treatment effects of NBM-DBS may be
related to the difference in the type of cognitive impairment, course
of disease, stimulation parameters or unilateral or bilateral DBS.
The clinical trials of NBM-DBS for dementia are now underway, and

itis indicated that NBM-DBS can improve AD-associated symptoms
with increased cerebral glucose metabolism [11]. Although
cholinergic neurons originating from NBM mainly project to
neocortex, there are also projections directed to the hippocampal
regions [8]. Meanwhile, hippocampus is significant for learning and
memory, and is also the main pathological target of Alzheimer's
disease. Therefore, to explore the mechanisms of NBM-DBS in AD
treatment, we mainly investigated the changes in the hippocam-
pus. Moreover, previous studies have demonstrated functions of
hippocampus were influenced by NBM lesions [19]. Our results
from cortex and hippocampus were consistent with each other.
Although previous sporadic human studies applied bilateral NBM-
DBS, our preliminary experiment demonstrated that bilateral NBM-
DBS caused more severe complications and higher mortality. In
contrast, unilateral stimulation also displayed favorable neuro-
protective effects with reversible side effects. Moreover, as
pedunculopontine nucleus-DBS for gait freezing in patients with
Parkinson's disease, either unilateral or bilateral DBS seems to
improve the symptom [20]. As a result, considering the unique
anatomy and functions of NBM, unilateral DBS at NBM was per-
formed in APP/PS1 mouse models of AD.

MWM is a behavioral test for hippocampus-dependent spatial
learning and long-term spatial memory in rodents. It has a number
of advantages, such as simple and fast execution, possibility of
differentiating spatial learning from long-term spatial memory,
testing of non-spatial abilities, reduction of olfactory interferences
and low costs [21]. Meanwhile, previous studies have successfully
used MWM to test spatial memory impairment in models of AD
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[22,23]. Therefore, MWM was selected as the behavioral tool test to
assess the effects of DBS. DBS was performed at 4 frequencies in
APP/PS1 mice, which were 10 Hz, 50 Hz, 100 Hz and 130 Hz. In the
MWM test, no significant difference was found in the swimming
speed of mice when locating the goal quadrant. Therefore, the ef-
fect of impaired vision and movement ability of the four limbs on
the performance was excluded in the platform-relocating task.
Stimulation at higher frequencies (100 Hz, 130 Hz) outstripped that
at lower frequencies (10Hz, 50Hz) in nearly all indicators,
including escape latencies, number of passes over the platform area
and time spent in the goal quadrant. Moreover, stimulation at the
frequency of 100 Hz achieved better effects than other frequencies.
As we all know, the stimulation frequency is very crucial for ther-
apeutic effects of DBS. In patients with Parkinson's disease, high
frequency stimulation is of benefit to movement disorders such as

dystonia, while more clinical evidence has shown that some axial
motor symptoms may improve with low frequency stimulation
[24]. Although low frequency simulation is selected for NBM-DBS to
treat AD patients, it is concluded from sporadic reports with very
small sample size [11,18]. High frequency simulation is used either
for NBM-DBS in animals [25] or fornix-DBS in AD patients [7,26],
consistent with our findings. Therefore, the optimal frequency re-
mains unclear. In our work, high frequency (100 Hz) was chosen for
DBS through comparing with difference frequencies, which solves
the issue of absent frequencies comparison in clinical studies.
Therefore, the results may be beneficial to further clinical
application.

As indicated by both place navigation and exploration tasks, DBS
could better improve the cognitive functions of APP/PS1 mice at a
younger age. It was reported that in APP/PS1 double transgenic
mice, intraneuronal AB40 and AP42 staining preceded plaque
deposition, which started at 3 months of age [27]. Meanwhile, the
AP42/AB40 ratio was elevated in APP/PS1 mice at 2—3 months of
age [28]. Moreover, cognitive deficits are also displayed by MWM
test as compared with wild-type mice [29,30]. Therefore, it can be
regarded that APP/PS1 mouse at 4 months of age is equal to early
stage of AD in human. In addition, in one study, NBM-DBS increased
the blood flow of ipsilateral cortex in normal mice aged 4—6
months by over 50% compared to only 25% in mice aged 29—31
months. Besides, for young mice, the expression of neural growth
factor (NGF) in the parietal cortex was up-regulated, in contrast to
no obvious changes in old-age mice [31]. Accordingly, our results
revealed significant difference in MWM test between mice aged 4
months and other age groups. Given that Af accumulation already
takes place at this age and young mice are more tolerable to the
stimulation, the age of 4 months was selected for subsequent ex-
periments. Besides, a clinic research also demonstrated that NBM-
DBS offered at an earlier stage of the disease and at younger age
may have a favorable impact on disease progression and cognitive
functions, in parallel with our results [32].

For cognitive disorders, DBS was conducted for four different
durations in the mice and the best effect was achieved by DBS for 21
days. As verified, DBS was conducted under the optimized param-
eters determined by the preliminary experiments to observe the
effect on two AP proteins, namely, AB40 and AB42, which exist in
either soluble or insoluble forms. Since the soluble forms were
more sensitive to neurological function impairment [33], soluble AB
proteins were detected. Results showed that under the optimized
parameters, DBS caused a down-regulation of soluble AB40 and
APB42 in both hippocampus and cortex. In our work, the involved
mechanism was not directly investigated. It was demonstrated that
DBS activated PI3K/Akt pathway and inhibited ERK1/2 pathway (for
details, see below), which contributes to decreased A levels indi-
cated by the previous studies [34,35]. Meanwhile, DBS up-regulates
NGF expression [31], which results in reduced generation of AP
[36]. The facts above may be the mechanisms of AP down-
regulation by DBS. Therefore, DBS was further conducted on the
mice aged 4 months at 100 Hz for 21 days.

Hippocampal neurons were stained by Nissl staining. It was
found that DBS greatly increased the survival rate of hippocampal
and cortical neurons in APP/PS1 mice. It was reported that DBS
increased the survival of dopaminergic neurons in substantia nigra
pars compacta (SNc), indicating the neuroprotective effect of DBS
[37,38]. As an important pathophysiological mechanism in AD, cell
apoptosis facilitates the progression of AD [39]. To assess cell
apoptosis in the hippocampus and cortex of APP/PS1 mice, the cells
were stained with TUNEL and Hoechst dye, which found a reduc-
tion in apoptotic hippocampal and cortical neurons after DBS.
Moreover, according to Western blot, NBM-DBS caused a down-
regulation of caspase-3, caspase-8 and Bid, but no significant
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change was found in the expression of caspase-9, Bax and Bcl-2.
This suggests that the anti-apoptotic effect of DBS may be related
to the exogenous apoptotic pathway, which indirectly triggers the
endogenous apoptotic pathway. Although no researches have been
published on the role of DBS in cell apoptosis in the AD model,
similar effects were reported when DBS was applied to other
pathophysiological conditions. Japanese scholars administered
NBM-DBS to rats with brain ischemia, and it was found that NBM-
DBS reduced delayed neuronal apoptosis in the hippocampus and

cortex caused by ischemia [40]. Others pointed out that DBS
increased the expression of Bcl-2 and decreased the expression of
Bax and caspase-3, thus greatly reducing the cell apoptosis in the
hippocampus of animal models of epilepsy [41]. It is generally
believed that DBS improves the brain functions and reduces cell
apoptosis by up-regulating the anti-apoptotic genes and down-
regulating the pro-apoptotic genes [42]. Considering the projec-
ting fibers originating from NBM can be found in hippocampus [8],
we speculate that an activation of ACh receptors in the
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hippocampus by endogenously released ACh from cholinergic fi-
bers originating from NBM and projecting to hippocampus may
contribute to the anti-apoptotic effects of NBM-DBS in
hippocampus.

Oxidative stress is another important pathophysiology of AD
[43]. Detection of oxidative stress-related factors in the brain
showed that DBS reduced the MDA level in the hippocampus and
cortex of APP/PS1 mice while increased the activity of SOD and
GSH-Px, indicating the protective effect of DBS against oxidative
stress. There are a few studies dealing with the correlation between
DBS and oxidative stress. For example, Wang et al. found a signif-
icant increase in SOD in the cerebrospinal fluid of PD patients after
DBS, which was indicative of the anti-oxidative effect of DBS [44],
consistent with our results. ChAT is the enzyme related to ACh
synthesis while AChE is related to ACh degradation. These two
proteins were detected after DBS. The results showed that DBS
decreased the activity of AChE in the hippocampus and cortex of
APP/PS1 mice while increased the activity of ChAT, indicating that
ACh content was increased. NBM-DBS is also regulatory of the
cholinergic system. Many studies seem to reveal that NBM-DBS can
continuously activate the cholinergic neurons of the basal forebrain
area (BFA), leading to local vasodilation and increasing the blood
flow to the memory-related cortical region by virtue of the BFA
axons projecting into the cortical blood vessels [45]. Moreover,
NBM-DBS can promote sensory conduction of the cortex and
multisensory integration by altering the excitability of cholinergic
neurons and enhancing cortical plasticity [46]. Meanwhile, as re-
ported previously, ChAT activity is decreased while activity of AChE
isincreased in AD models [47]. Also, DBS seems to induce decreased
AChE activity [48]. Moreover, our results suggested that DBS could
activate PI3K/Akt pathway (details are below), which contributes to
increased ChAT activity and decreased AChE activity in a cognitive
deficits model [49]. As a result, it is not difficult to explain the ef-
fects of DBD on the activities of AChE and ChAT in our study.

Several signaling pathways are involved in the pathogenesis of
AD, including MAPK pathway (JNK, ERK1/2, p38-MAPK) and PI3K/
Akt pathway [50]. The results showed that DBS caused a significant
up-regulation of p-Akt/t-Akt and a down-regulation of p-ERK1/2/t-
ERK1/2 in the hippocampus of APP/PS1 mice. However, the ex-
pressions of p-JNK/t-JNK, p-p38/t-p38 and p-STAT5/t-STAT5 were
not changed considerably. To verify the effect of DBS on the above
pathways, pathway inhibitors were applied. The mice were then
assessed with MWM test and A proteins were detected. The use of
PI3K inhibitor LY294002 alone could not change the cognitive
functions and AP protein expressions of mice, which was in
agreement with previous studies [14,51]. However, this inhibitor
partially counteracted the cognitive improvement effect of DBS as
represented by the indicators of escape latency, number of passes
over the platform area and the time spent in the goal quadrant. It
also weakened the DBS-induced down-regulation of AB40 and
Ap42. Considering the DBS-induced up-regulation of p-Akt/t-Akt, it
was inferred that DBS exerted a neuroprotective effect by activating
the PI3K/Akt pathway. Meanwhile, as it was reported that NBM-
DBS up-regulated NGF which could activate PI3K/Akt pathway
[31,52], we speculate that the activation of PI3K/Akt pathway by
NBM-DBS may be associated with the increased release of NGF. In
addition, other factors may be also involved by triggering this
pathway, which can elicit neuroprotective effects in APP/PS1 mice
[53,54]. The failure to completely counteract the neuroprotective
effect of DBS may be related to other working mechanisms. The
cognitive function could be impaired and AP proteins were up-
regulated with the use of ERK1/2 inhibitor U0126 alone, which
was consistent with other researches [13]. The use of U0126 after
DBS weakened the cognitive improvement effect of DBS, affecting
the indicators of escape latencies, number of passes over the

platform area and time spent in the goal quadrant with a decrease
in the expressions of AB40 and AP42. Therefore, U0126 weakened
the neuroprotective effects of DBS possibly due to the inability of
DBS eliciting such effects via inhibiting ERK1/2 pathway. Previous
studies demonstrated that several drugs like astragaloside and
geniposide improved the cognitive functions and reduced AP
accumulation in AD models by inhibiting the ERK1/2 pathway
[55,56]. Additionally, U0126 weakened but did not counteract the
beneficial effects of astragaloside, in accordance with our results
[55]. To conclude, the protective effects of DBS against AD are
attributed to activation of the PI3K/Akt pathway and inhibition of
the ERK1/2 pathway.

In conclusion, DBS of NBM at 100 Hz for 21 days starting from 4
months of age could activate PI3K/Akt pathway while inhibit ERK1/
2 pathway, which was supposed to be the underlying mechanism of
improvement effects of DBS in APP/PS1 mice. Specifically, DBS
improved the cognitive functions, increased the survival rate of
neurons, reduced cell apoptosis, mitigated oxidative stress and
regulated ACh. DBS for mouse models of AD is safe and effective,
which provides a new solution for AD treatment. Further studies
are required to use different behavioral tests to comprehensively
evaluate the effects of DBS on AD, including the pathological,
biochemical and molecular biological changes. Ultimately, the
applicability of DBS to AD patients requires further investigation.
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