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Expression levels of the a7 nicotinic acetylcholine receptor
in the brains of patients with Alzheimer's disease and
their effect on synaptic proteins in SH-SYSY cells
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Abstract. Alzheimer's disease (AD) is a chronic neurode-
generative, and abnormal aggregation of the neurotoxic 3
amyloid (AB) peptide is an early event in AD. The present
study aimed to determine the correlation between the nico-
tinic acetylcholine receptor a7 subunit (a7 nAChR) and
AP in the brains of patients with AD, and to investigate
whether the increased expression levels of the a7 nAChR
could alter the neurotoxicity of AP. The expression levels
of a7 nAChR and A in the brains of patients with AD and
healthy brains were analyzed using immunofluorescence.
Moreover, SH-SY5Y cells were used to stably overexpress
or silence a7 nAChR expression levels, prior to the treat-
ment with or without 1 ymol/l AB,,, oligomer (ABO). The
mRNA and protein expression levels of a7 nAChR, synapto-
physin (SYP), postsynaptic density of 95 kDa (PSD-95) and
synaptosomal-associated protein of 25 kDa (SNAP-25) were
subsequently analyzed using reverse transcription-quantita-
tive PCR and western blotting. In addition, the concentration
of acetylcholine (ACh) and the activity of acetylcholines-
terase (AChE) were analyzed using spectrophotometry, while
the cell apoptotic rate was determined using flow cytometry.
The expression of Af in the brains of patients with AD was
found to be significantly increased, whereas the expression
of a7 nAChR was significantly decreased compared with the
healthy control group. In vitro, the expression levels of a7
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nAChR were significantly increased or decreased following
the overexpression or silencing of the gene, respectively.
Consistent with these observations, the mRNA and protein
expression levels of SYP, PSD-95 and SNAP-25 were also
significantly increased following the overexpression of a7
nAChR and decreased following the genetic silencing of
the receptor. In untransfected or negative control cells, the
expression levels of these factors and the apoptotic rate were
significantly reduced following the exposure to ABO, which
was found to be attenuated by a7 nAChR overexpression,
but potentiated by a7 nAChR RNA silencing. However,
no significant differences were observed in either the ACh
concentration or AChE activity following transfection.
Collectively, these findings suggested that a7 nAChR may
protect the brains of patients with AD against Af, as o7
nAChR overexpression increased the expression levels of
SYP, SNAP-25 and PSD-95, and attenuated the inhibitory
effect of AP on the expression of these synaptic proteins and
cell apoptosis. Overall, this indicated that a7 nAChR may
serve an important neuroprotective role in AD.

Introduction

Alzheimer's disease (AD) is the most common type of neuro-
degenerative disorder that affects the older population; it is
pathologically characterized by the formation of extracellular
senile plaques (SP) and intraneuronal neurofibrillary tangles,
which result from the deposition of f-amyloid peptide (Ap)
and the aggregation of hyperphosphorylated tau protein,
respectively (1). AP, a peptide of 38-43 amino acids, serves
an important role in the pathogenesis of AD as it aggregates
to form soluble oligomers, fibrils and SPs (2). Previous studies
have reported that the soluble A oligomer, amyloid peptide
oligomers (AfOs), is more toxic than insoluble fibrils (3,4)
and is more closely associated with the progression of
AD (4,5). The deposition of AP plaques is also associated with
cross-sectional synaptic network dysfunction, progressive
brain atrophy, neuronal calcium homeostasis (6) and long term
cognitive decline (7).
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Studies conducted on both postmortem brains of indi-
viduals with AD and AD model animals have reported that
that the synapses are affected during the early stages of
neurodegenerative processes (8,9). The primary function of
the synapse is to mediate intracellular communication by
releasing neurotransmitters from the presynaptic terminal, as
well as to modulate neural plasticity (10,11). Synaptic proteins,
including vesicle-associated and pre- and post-synaptic
membrane proteins, are closely related to cognitive function,
and previous studies have shown that the loss of synapses
in the brain tissues of patients with AD was associated with
cognitive impairment (12-14).

Synaptophysin (SYP), a specific marker of vesicles that
reflects the density and distribution of synapses, serves a crucial
role in neural plasticity by influencing the synaptic structure and
mediating neurotransmitter release via phosphorylation (15).
Synaptosomal-associated protein of 25 kDa (SNAP-25), a
component of the complex of soluble N-ethylmaleimides
sensitive factor attachment protein receptor proteins, is central
to synaptic vesicle exocytosis, a process that regulates intra-
cellular calcium dynamics by negatively modulating neuronal
voltage-gated calcium channels (16). Postsynaptic density of
95 kDa (PSD-95), a neuronal PSD-95/Dlg/Z0-1 protein, asso-
ciates with receptors and cytoskeletal elements at synapses,
orchestrates synaptic development and regulates synapse
stabilization and plasticity (17). Notably, numerous studies
have demonstrated that certain chemicals, such as ABOs, can
alter the levels of SYP in SH-SYSY cells, which may be related
to the pathogenesis of AD (18-20).

Previous studies have revealed that cholinergic deficits, such
as the modification of acetylcholine (ACh) and cholinesterase
(ChE), as well as the downregulated expression of nicotinic ACh
receptors (nAChRs), are all significant contributors to cognitive
impairment in AD (21,22). ACh is stored in the synaptic vesicles
and is exocytosed and released into the synaptic cleft to activate
nAChRs; activated nAChRs are highly permeable to Ca?*, which
is an important signaling molecule involved in the long-lasting
modulatory effects of the receptors (21). There are two forms
of ChE, acetylcholinesterase (AChE) and butyrylcholinesterase
(BuChE). It was previously demonstrated that AChE C-terminal
peptides modify the regulation of nAChRs (23), which is consis-
tent with another study that reported treatment with an AChE
inhibitor increased nAChR expression levels (24). Neuronal
nAChRs, members of the super-family of ligand-gated ion
channels, are involved in a number of important physiological
functions, such as memory and cognition (25). The loss of
these receptors from several regions of brains affected by AD
is observed in receptor-ligand binding studies, and this loss is
positively correlated with the presence of SPs in the temporal
lobe (26). The a (a2-a10) and B ($2-pf4) subunits of these
receptors combine to form both hetero- and homo-pentameric
subtypes, of which 042 and o7 nAChRs are the predominant
subtypes in human brains (27). Moreover, neuronal nAChRs
are expressed pre-, post- and extra-synaptically in the brains
and mediate postsynaptic responses (28). Notably, electrophysi-
ological studies have shown that the formation of glutamatergic
synapses in the hippocampus is promoted by a7 nAChR (29).
It has been suggested that a3 and a7 nAChR may change the
neuroinflammatory status by inhibiting NF-xB activation and
reducing the production of inflammatory cytokines (30-32).
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An early sign of AD is the loss of synapses, which is
most strongly correlated with cognitive decline (33). Another
characteristic of AD, as demonstrated by positron emission
tomography, is a deficit of nAChRs in the brain, which is also
closely related to cognitive dysfunction (34). In a previous
study conducted in a7 nAChR knockout mice, the number
of glutamatergic synapses in the hippocampus was severely
reduced, whereas the activation of endogenous a7 nAChR
was found to increase this number (29); however, the effects
of altered a7 nAChR expression on the synaptic proteins are
relatively unknown.

The present study aimed to determine whether the altered
expression levels of a7 nAChR in SH-SYS5Y cells may regulate
the expression levels of SYP, PSD-95 and SNAP-25, in addi-
tion to their influence on the neurotoxic effect of Ap on these
synaptic proteins, cell apoptosis, and the levels and activity of
ACh and AChE.

Materials and methods

Chemicals and reagents. The anti-o7 nAChR rabbit poly-
clonal antibody (cat. no. GTX10096), anti-a7 nAChR
rabbit polyclonal antibody (cat. no. GTX64511), fluorescent
FITC-conjugated anti-rabbit IgG antibody (cat. no. BA1105),
fluorescence Cy3-conjugated anti-mouse IgG antibody (cat.
no. BA1031), anti-SNAP-25 rabbit monoclonal antibody (cat.
no. GTX62566) and the anti-SD-95 rabbit monoclonal anti-
body (cat. no. GTX61948) were all purchased from GeneTex,
Inc. The anti-Af mouse polyclonal antibody (cat. no. 803001)
was purchased from BioLegend, Inc., and the anti-SYP
rabbit monoclonal antibody (cat. no. ab32127) was obtained
from Abcam. The horseradish peroxidase (HRP)-conjugated
anti-rabbit IgG antibody (cat. no. 7074) was purchased from
Cell Signaling Technology, Inc., while the HRP-conjugated
anti-mouse IgG antibody (cat. no. SC-2005) and anti-f-actin
mouse monoclonal antibody (cat. no. SC-81178) were obtained
from Santa Cruz Biotechnology, Inc.

Control short hairpin RNA (shRNA) plasmid-B
(cat. no. SC-108065), a7 nAChR shRNA plasmid (h;
cat. no. SC-42532-sh) and GFP shRNA plasmid (A.vic;
cat. no. SC-45924-sh) were purchased from Santa Cruz
Biotechnology, Inc. E.coli DH50 competent cells purchased
from Beijing Solarbio Science and Technology Co., Ltd. The
Alexa 488-conjugated goat anti-rabbit IgG antibody, DMEM
and FBS were obtained from Thermo Fisher Scientific, Inc.
The pcDNA3.1 plasmid, G418 solution, X-treme GENE HP
DNA Transfection reagent, First Start Universal SYBR Green
Master mix (Rox) and First Strand cDNA Synthesis kit were
obtained from Roche Diagnostics GmbH. The Annexin
V-APC/7-AAD apoptosis kit was purchased from Multi
Sciences, while the Hyper Performance Chemiluminescence
film and ECL Plus reagent were obtained from Cytiva.
AChE assay kits (cat. no. A024-1-1) and ACh assay Kkits
(cat. no. A105-3) were obtained from Nanjing Jiancheng
Bioengineering Institute and the quantitative (qQ)PCR primer
pairs for a7 nAChR, SYP, PSD-95, SNAP-25 and -actin were
designed based on the corresponding gene sequences and
synthesized by Shanghai Genecore Bio Technologies Co., Ltd.
DMEM and FBS purchased from Thermo Fisher Scientific,
Inc. The pcDNA3.1-GFP plasmid was kindly donated by
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Professor Jian-Jiang Zhou of Guizhou Medical University
(Guizhou, China), while A, 4,, puromycin, 1,1,1,3,3,3- hexa-
fluoro-2-propanol (HFIP), goat serum, DMSO and the other
general chemicals used were purchased from Sigma-Aldrich;
Merck KGaA.

Patient samples. The study was approved by the Ethics
Committee of the Affiliated Hospital of Guizhou Medical
University. All the brain tissue blocks had been donated
voluntarily by the patient or with the consent of the family.
Post-mortem brain samples from the Netherlands Brain Bank
were obtained and characterized according to the specific
clinical and neuropathological criteria (35). According to
their medical history, clinical manifestations and laboratory
tests, the donor was diagnosed as ‘probable AD’ by excluding
other possible causes of dementia, such as stroke. The clinical
diagnosis was performed according to the National Institute of
Neurological and Communication Disorders and Stroke and
the Association of Alzheimer's Disease and Related Diseases
criteria (36), and the severity of dementia was assessed
according to the Global Deterioration Scale (37). The control
brain samples had no known history or symptoms of any
neurological or psychiatric disorder.

The temporal cortex, frontal cortex and hippocampus
of nine patients with AD (men, 3; women, 6; age range,
70-100 years) and nine controls (men, 4; women, 5; age range,
65-100 years) were studied; the mean age at mortality for the
patients with AD was 81.5+7.1 years, while the mean age at
mortality of the controls was 79.4+9.2 years. The interval
between mortality and autopsy in the patients with AD and the
controls was 5.1+1.0 and 8.0+3.4 h, respectively.

ABO preparation. Synthetic human Af,_,, was suspended
in pre-cooled HFIP at a final concentration of 1 mM; the
solution was incubated at room temperature for 60 min and
subsequently on ice for 10 min (38). Aliquots were transferred
into non-siliconized microcentrifuge tubes and the HFIP was
allowed to evaporate overnight in a hood at room temperature,
which was then stored at -80°C (38). Prior to the treatment
of cells, AB,.,, was dissolved in DMSO to obtain a final
concentration of 5 mmol/l. For the preparation of oligomers,
the solution was subsequently diluted with modified DMEM
and incubated for 24 h at 4°C.

Double-labelling immunofluorescence. The co-localization
of o7 nAChR and AP was analyzed using double staining.
Human brain tissue wax blocks were provided by the
Netherlands Brain Bank, and were cut into 6-ym sections.
The sections were heated at 58°C for 1 h, placed in xylene I,
xylene II, xylene III (15 min each) and 100% ethanol (10 min),
90% ethanol (10 min), 70% ethanol (10 min), deparaffinized
and hydrated. After three washes in PBS and microwaving in
0.01 M citric acid buffer (pH 6.0) at 70°C for 20 min for the
antigen repair, sections were subsequently blocked with goat
serum for 1 h at 37°C prior to incubation with primary anti-
bodies against a7 nAChR (1:100) and Ap (1:100) overnight at
4°C. Following the primary antibody incubation, the sections
were washed three times in PBS and incubated with either a
FITC-conjugated goat anti-mouse IgG antibody (1:100) or a
Alexa 488-conjugated goat anti-rabbit IgG antibody (1:100)
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for 1 h at room temperature. The sections were subsequently
rinsed three times in PBS and mounted with VECTASHIELD
(Vector Laboratories, Inc.).

The immunofluorescence procedure was performed by an
independent neuropathologist and the analysis of the results
were performed by another researcher. The brain regions
analyzed included the hippocampus, temporal lobe and frontal
lobe. The integrated optical density (IOD) of immunofluo-
rescence staining for a7 nAChR and AP was determined by
counting randomly selected nine fields of vision using a fluo-
rescent microscope (magnification, x200 or x400).

Cell culture and treatments. SH-SYS5Y cells, derived from
human neuroblastoma cells, were purchased from the German
Collection of Microorganisms and Cell Cultures GmbH.
Cells were cultured in DMEM, supplemented with 10% FBS,
100 mg/ml streptomycin and 100 U/ml penicillin, and main-
tained in a humidified atmosphere containing 5% CO, at 37°C.
To maintain their neuronal characteristics, the cells were
treated following <3 passages with 1 mM APO at 37°C for
24 h, in combination with the knockdown or overexpression
of a7 nAChR.

Construction of the pcDNA3.1-a7 nAChR expression plasmid.
Total RNA was extracted from the SH-SY5Y cells using
TRIzol® reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol. A total of 1 ug RNA
was reverse transcribed into cDNA using a First Strand cDNA
synthesis kit. The following primers pairs were used for reverse
transcription (RT-)qPCR, which were designed according to
the GenBank sequence no. BC-037571: a7 nAChR forward,
5'-CCCAAGCTTATGCAGGAGGCAGATATCAGTGGC-3'
and reverse, 5'-CGCGGATCCTTACGCAAAGTCTTTGGA
CACG-3'". The final PCR product obtained was 966-bp
long. The final PCR products were subsequently separated
by 1% agarose gel electrophoresis and the 966-bp fragment
was purified using an agarose gel extraction kit. This frag-
ment was then ligated into the pcDNA3.1 plasmid to create
the recombinant pcDNA3.1-a7 nAChR plasmid, which was
amplified in competent E. coli DH5a cells. The pcDNA3.1-a7
nAChR plasmid was subsequently purified, digested with
HindIII (1 ul) and BamHI (1 ul) at 37°C for 1 h in a water bath,
visualized with ethidium bromide and detected using agarose
gel electrophoresis. The plasmid was sequenced by Sangon
Biotech Co., Ltd. to validate its identity.

Transfection of the pcDNA3.1-a7 nAChR or a7 nAChR shRNA
plasmid (h) into SH-SY5Y cells and selection of stable clones.
SH-SY5Y cells, maintained and cultured aforementioned,
were stably transfected with the pcDNA3.1-07 nAChR, empty
pcDNA 3.1,pcDNA 3.1-GFP, control shRNA, a7 nAChR shRNA
plasmid (h) or GFP shRNA plasmid using X-treme GENE HP
DNA Transfection reagent, according to the manufacturer's
protocol. The pcDNA 3.1 and control shRNA plasmid-B, which
do not target any endogenous transcript, were used as negative
controls, and pcDNA 3.1-GFP and GFP shRNA plasmids served
as the controls for the efficiency of transfection.

After 24 h of transfection incubation at 37°C, 1x10° cells/ml
transfected with pcDNA 3.1-a7 nAChR (1.5 mg/ml) and pcDNA
3.1 (1.5 mg/ml) were selected for 800 pg/ml G418 administra-
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Table I. Primers used for determining the level of mRNA encoding a7nAChR, SYP, PSD-95, SNAP-25 or $-actin by reverse

transcription-quantitative PCR.

Gene Primer sequence Amplicon size (bp) Annealing temperature ("C)

a7nAChR 5'ACCACTCACCGTCTACTTCTCC 3' 167 58
5'CATCTGGGAAACGAACAGTCTT 3

SYP 5'GCTGTCAGATGTGAAGATGGC 3' 192 52
5'CCTGTCTCCTTAAACACGAACC 3!

PSD-95 5' CTCAGGGTCAACGACAGCAT 3' 114 58
5' GACATAGAGGCGAACGATGG 3'

SNAP-25 5' GGATATGGGCAATGAGATCG 3' 115 58
5' CAGCATCTTTGTTGCACGTT 3'

[B-actin 5'TGGCACCACACCTTCTACAATG3' 103 58

STCATCTTCTCGCGGTTGGC 3'

tion for 14 days at 37°C, while cells transfected with control
shRNA plasmid-B or a7 nAChR shRNA plasmid (h) were
selected for 4 pg/ml puromycin administration 14 days at 37°C.
When resistant cell clones appeared, individual clones were
collected and re-cultured to 60-80% confluence in succes-
sive passages until cells demonstrated the overexpression or
genetic silencing of a7 nAChR. Subsequent experimentations
were performed after 24 h.

Analysis of mRNA encoding the a7 nAChR subunit, SYP,
PSD-95 and SNAP-25 using RT-qPCR. The mRNA expres-
sion levels of the a7 nAChR subunit, SYP, PSD-95, SNAP-25
and B-actin were determined using RT-qPCR, according to
the manufacturer's instructions of each kit or reagent. Cells
were collected for RNA extraction when the cell density
reached 80%. In brief, 1 ug total RNA was extracted from the
SH-SYS5Y cells using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) and the reverse transcription of RNA to
cDNA was performed using a First Strand cDNA synthesis kit
at 42°C for 60 min, 70°C for 5 min and 4°C for 10 min. gPCR
was subsequently performed using an ABI Step One Plus
system and First Start Universal SYBR Green Master (ROX),
with the following thermocycling conditions: Initial denatur-
ation at 95°C 10 min, followed by 40 cycles at 95°C for 15 sec,
annealing temperature for 60 sec and 72°C for 60 sec. The
primer pairs for o7 nAChR, SYP, PSD-95, SNAP-25 or [3-actin
are presented in Table I. Expression levels were determined
using the 2444 method (39). The experiment was repeated
nine times independently and were quantified using SDS v1.4
software (Applied Biosystems; Thermo Fisher Scientific, Inc.).

Analysis of the a7 nAChR subunit, SYP, PSD-95 and SNAP-25
expression levels using western blotting. The protein expres-
sion levels of a7 nAChR, SYP, PSD-95 and SNAP-25 in cell
lysates were quantified using western blotting. Cells were
washed three times with pre-chilled PBS in a 6-well plate.
Then, cells were incubated on ice for 3 h with 60 ul/well RIPA
buffer containing protease and phosphatase inhibitors (cat.
no. POO13B; Beyotime Institute of Biotechnology). The super-
natant was collected after centrifugation at 4°C for 15 min at

4,024.8 x g, and the concentration of the supernatant protein
was assessed with a Bradford Protein Assay kit (cat. no. PO006;
Beyotime Institute of Biotechnology), according to the manu-
facturer's instructions. Proteins were loaded (12 ug/lane)and
proteins were separated by 10% SDS-PAGE. The separated
proteins were transferred to PVDF membranes and blocked
with 5% fat-free dry milk at room temperature for 2 h. The
membranes were incubated with primary antibodies against
o7 nAChR (1:200), SYP(1:500), PSD-95 (1:500) and SNAP-25
(1:200) at 4°C overnight. Following the primary antibody
incubation, Membranes were washed three times with TBS
buffer with 0.1% Tween-20 and subsequently incubated with
a HRP-conjugated secondary antibody [1:5,000 (anti-mouse)
or 1:2,000 (anti-rabbit)] at room temperature for 1 h. Protein
bands were detected with an ECL kit, according to the manu-
facturer's instructions. After stripping these antibodies with
buffer containing detergent (cat. no. P0025; Beyotime Institute
of Biotechnology), the membranes were probed again with
antibodies against B-actin (1:6,000) at 37°C for 2 h and then
incubated with a HRP-conjugated anti-mouse IgG secondary
antibody 37°C for 60 min. Expression levels of the target
proteins were normalized to $-actin and the resulting ratio was
presented as a percentage of the corresponding control value.
Semi-quantification was performed using ImageJ software
(v1.46; National Institutes of Health).

Flow cytometric analysis of apoptosis. Cell apoptosis was
determined using an Annexin V-APC/7-AAD apoptosis kit,
according to the manufacturer's protocol. Cells were harvested
and washed three times with pre-cooled PBS. Following
centrifugation at 400.8 x g at room temperature for 5 min, cells
were resuspended in 500 ul binding buffer containing 5 ul
Annexin V-APC and 10 ul 7-ADD and incubated in the dark
at room temperature for 5 min. Apoptotic cells were analyzed
using a BD FACSVerse flow cytometer (BD Biosciences) and
FlowJo software (FlowJo LLC; v.10.6.2). Results are presented
as the percentage of early + late apoptotic cells.

Analysis of the concentration of ACh and the activity of AChE
in cell supernatant using spectrophotometry. The concentra-
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Figure 1. Expression levels of a7 nAChR and Af in the brains of patients with AD and normal brains. (A) Images of the immunofluorescence double staining
in the control and AD groups. (B) Af is expressed in the cytoplasm and extracellular matrix of cells. It was also found highly expressed in the brain slices of
patients with AD, whereas the expression levels were minimal in healthy control brain sections following immunofluorescence double staining. (C) a7 nAChR
was found expressed in the cytoplasm and reduced expression levels were observed in brain sections of patients with AD compared with healthy human
brain sections, following immunofluorescence double staining. The cell nuclei are stained in blue using DAPI. AB-positive neurons are indicated in red and
a3 nAChR-positive neurons are green. Scale bar, 20 ym. Data are presented as the mean + standard deviation (n=9). "P<0.05 and “P<0.01 vs. control group.
o7 nAChR, nicotinic acetylcholine receptor a7 subunit; A, f-amyloid; AD, Alzheimer's disease; IOD, integrated optical density.

tion of ACh and activity of AChE were measured according to
manufacturer's protocol of the AChE assay kits and ACh assay
kits. The substrate solution was reacted with ACh at room
temperature for 15 min to produce a brown compound. ACh
was synthesized by choline and acetyl-CoA under the catalytic
action of choline acetyl translocase (choline acetylase). The
absorbance OD value was measured at 550 nm, with the depth
of color being proportional to the concentration of ACh.
AChE is mainly located in the synaptic space of cholinergic
nerve terminals and is released under biological stimula-
tion (40). AChE hydrolyzed ACh to cholic acid and acetic acid,

and subsequently choline was reacted with mercapto color
reagent to produce a 5-thio-2-nitro-benzoic acid anion, which
produced a yellow color. The catalytic activity of AChE was
measured at a wavelength of 412 nm.

Statistical analysis. Statistical analysis was performed using
SPSS v22.0 software (IBM Corp.) and data are presented as
the mean =+ standard deviation. Pearson correlation analysis
was used to determine the correlation, statistical differences
between two groups were determined using a two-tail Student's
t-test and statistical differences between multiple groups
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Figure 2. Mean IOD of a7 nAChR is negatively correlated with the mean IOD of Af in the brain of patients with AD. Mean IOD of o7 nAChR and AP were
found to be negatively correlated with each other in the (A) temporal cortex, (B) frontal cortex and (C) hippocampus following immunofluorescence double
staining of brain slices of patients with AD. Data was obtained using correlation analysis (n=9). P<0.05 a7 nAChR vs. AP. IOD, integrated optical density; o7
nAChR, nicotinic acetylcholine receptor o7 subunit; A, 3-amyloid; AD, Alzheimer's disease.

were determined using a one-way ANOVA followed by a
Student-Newman-Keuls or Tukey's post hoc test (n=9). P<0.05
was considered to indicate a statistically significant difference.

Results

Expression levels of a7 nAChR and Af3 in the brains of patients
with AD and healthy brains. AP was observed to be expressed
mainly in the cytoplasmic and extracellular forms of both
hippocampal and cortical neurons (Fig. 1A), and was found
to be expressed at high levels in the brain of patients with AD
compared with the controls (Fig. 1B). a7nAChR was observed
to be mainly expressed in the cytoplasm of hippocampal and
cortical nerves (Fig. 1A), and its distribution in the brain of
patients with AD was significantly decreased compared with
the healthy control group (Fig. 1C).

Mean IOD of a7nAChR is negatively correlated with the mean
10D of Af in the brains of patients with AD. The mean IOD of
o7 nAChR and AP observed by immunofluorescence double
staining were demonstrated to be strongly negatively corre-
lated with each other in the temporal cortex (Fig. 2A), frontal
cortex (Fig. 2B) and hippocampus (Fig. 2C) of brain sections
of patients with AD.

Expression levels of a7 nAChR mRNA and protein in SH-SY5Y
cells in which a7 nAChR is overexpressed or silenced.
Compared with both untransfected cells (normal control) and
those transfected with the empty plasmid (negative control),
the mRNA and protein expression levels of the a7 nAChR
subunit (Fig. 3A and B) in cells overexpressing the receptor
were increased by 433 and 110%, respectively, in SH-SY5Y
cells. Moreover the mRNA and protein expression levels were
reduced by 95% (Fig. 3C) and 80% (Fig. 3D), respectively,
following the genetic silencing of a7 nAChR.

mRNA and protein expression levels of SYP, PSD-95 and
SNAP-25 in SH-SY5Y cells in which a7 nAChR is overex-
pressed or silenced. Compared with untransfected controls
and cells transfected with the empty plasmid, the mRNA and
protein expression levels of SYP, PSD-95 and SNAP-25 were
significantly increased in SH-SY5Y cells overexpressing o7
nAChR (Fig. 4A-C). Furthermore, the mRNA and protein
expression levels of SYP, PSD-95 and SNAP-25 were signifi-
cantly decreased in SH-SY5Y cells in which a7 nAChR was
silenced (Fig. 4D-F).

Concentration of ACh and the activity of AChE in SH-SY5Y
cells in which the expression of a7 nAChR is overexpressed
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Figure 3. Expression levels of a7 nAChR mRNA and protein in SH-SY5Y cells in which o7 nAChR is overexpressed or silenced. (A) mRNA and (B) protein
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with silenced a7 nAChR expression. $-actin was used as an internal standard. Expression levels were determined using reverse transcription-quantitative PCR
and western blotting. Data are presented as the mean + standard deviation (n=9).”P<0.01 vs. control. o7 nAChR, nicotinic acetylcholine receptor o7 subunit;

shRNA, short hairpin RNA.

or silenced. No significant differences were observed in the
concentration of ACh or the activity of AChE in SH-SY5Y
cells with overexpressed or silenced a7 nAChR expression
compared with the control cells (Table II).

mRNA and protein expression levels of SYP, PSD-95 and
SNAP-25 in SH-SY5Y cells in which a7 nAChR is overex-
pressed or silenced and exposed to ABO. Compared with
the untransfected control or negative control, the mRNA
and protein expression levels of SYP, PSD-95 and SNAP-25
were significantly decreased following the exposure to ABO
compared with the control group (Fig. 5A-F). In addition, the
overexpression of a7 nAChR attenuated the toxicity of ABO
(Fig. 5A-C), while a7 nAChR silencing potentiated the toxic
effects induced by APO (Fig. SD-F).

Apoptotic rate of SH-SY5Y cells in which the expression of
a7 nAChR is overexpressed or silenced and simultaneously
exposed to ABO. To investigate the neurotoxic effects of
APO on cell apoptosis and the neuroprotective function of o7
nAChR, the apoptotic rate was determined using an Annexin
V-APC/7TAAD apoptosis kit and flow cytometry (Fig. 6A). The
results demonstrated that the apoptotic rates were significantly
increased in SH-SYSY cells treated with ABO, and that the

overexpression of a7 nAChR attenuated the ABO-induced
apoptotic rate, whereas a7 nAChR silencing increased the
APO-induced apoptotic rate (Fig. 6B).

Discussion

The present study successfully established cell lines stably
transfected with either the pcDNA3.1-a7 nAChR or a7
nAChR shRNA plasmid, and subsequently demonstrated that
the mRNA and protein expression levels of a7 nAChR were
significantly increased and decreased, respectively. In the
present study, the levels of upregulation and downregulation
of a7 nAChR were not consistent. Since not all post-transcrip-
tional products are translated into proteins, the increase of
mRNA is not necessarily synchronized with the expression of
proteins. Under different conditions of up- and downregula-
tion, the efficiency of transcription and translation differs.
Previous studies have shown that alterations in nicotinic
cholinergic mechanisms contribute to brain dysfunction (41).
ACh is degraded by AChE to choline at cholinergic synapses
to modulate synaptic transmission, and choline is suggested
to be a full agonist of a7 nAChR (42). A previous study
revealed that an a7 nAChR agonist increased the release of
ACh transiently (43). In the present study, the effects of the
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Figure 4. Expression levels of SYP, PSD-95 and SNAP-25 in SH-SY5Y cells overexpressing a7 nAChR or with silenced a7 nAChR expression. Expression
levels of mRNA and protein were determined using reverse transcription-quantitative PCR and western blotting, respectively. mRNA and protein expres-
sion levels of (A) SYP, (B) PSD-95 and (C) SNAP-25 after a7 nAChR overexpression. mRNA and protein expression levels of (D) SYP, (E) PSD-95 and
(F) SNAP-25 after a7 nAChR silencing. Data are presented as the mean + standard deviation (n=9). "P<0.05 and “P<0.01 vs. control. SYP, synaptophysin;
PSD-95, postsynaptic density of 95 kDa; SNAP-25, synaptosomal-associated protein of 25 kDa; a7 nAChR, nicotinic acetylcholine receptor o7 subunit;

shRNA, short hairpin RNA.

altered expression levels of a7 nAChR on the concentration of
ACh and the activity of AChE was investigated in SH-SY5Y
cells. The findings indicated that there were no significant
differences in either ACh concentration or AChE activity in
the treated cells. The possible reason for the emergence of
this result is that a-7nAChR can increase the release of ACh
and affect the activity of AChE under short-term conditions;
however, under the conditions of the present study, this change
was not observed. The present results suggested that changes
in the expression levels of o7 nAChR in SH-SY5Y cells may
not affect ACh concentrations and AChE activity, which
requires further investigation.

Numerous studies have reported that o7 nAChR served an
important role in cognitive processes in brains of patients with
AD, which may be related to the inhibition of Af toxicity and
modulation of synaptic transmission and plasticity (44-46).

The findings of the present study suggested that the
expression levels of Af in the brains of patients with AD were
increased compared with the healthy control group, and the
expression levels of a7 nAChR in brain sections of patients
with AD were decreased. Immunofluorescence double staining
identified that the expression levels of Af} were decreased in
the brain regions exhibiting higher expression levels of a7
nAChR; a negative correlation was found between a7 nAChR
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Table II. Concentration of ACh and the activity of AChE in SH-SYS5Y cells in which expression of a7 nAChR was overexpressed
or silenced.

Group ACh concentration (zg/ml) AChE activity (U/ml)
Control 25.32+1.82 0.79+0.18
pcDNA 3.1 25.75+2.07 0.85+0.23
07 nAChR-pcDNA 3.1 27.72+4.02 0.71+0.20
Control shRNA plasmid B 26.59+3.82 0.74+0.16
a7 nAChR shRNA plasmid B 29.97+2.78 0.82+0.22

ACh, acetylcholine; AChE, acetylcholinesterase; a7 nAChR, nicotinic acetylcholine receptor a7 subunit; shRNA, short hairpin RNA.
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Figure 5. Expression levels of SYP, PSD-95 and SNAP-25 in SH-SYS5Y cells following the overexpression of a7 nAChR or silencing of a7 nAChR, and
exposure to ABO. mRNA and protein expression levels of (A) SYP, (B) PSD-95 and (C) SNAP-25 after o7 nAChR overexpression. nRNA and protein expres-
sion levels of (D) SYP, (E) PSD-95 and (F) SNAP-25 after a7 nAChR silencing. The expression levels of mRNA and protein were determined using reverse
transcription-quantitative PCR and western blotting, respectively. Data are presented as the mean =+ standard deviation (n=9). "P<0.05 and “P<0.01 vs. control;
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Figure 6. Apoptotic rate of SH-SY5Y cells, which are simultaneously exposed to a7 nAChR overexpression or gene silencing and ABO. (A) Apoptotic rate
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o7 nAChR, nicotinic acetylcholine receptor a7 subunit; ABO, AB1-42 oligomer; shRNA, short hairpin RNA.

and AP in the temporal lobe, frontal lobe and hippocampus
of patients with AD, which suggested that a7 nAChR may
have a neuroprotective effect in the brains of patients with
AD. Subsequently, the neuroprotective effect of a7 nAChR in
SH-SY5Y was investigated. It was speculated that the correla-
tion may be due to the neuronal loss induced by AP by A itself.
However, due to the lack of human brain tissue specimens, the
present study did not perform hematoxylin-eosin staining.

In the present study, mRNA and protein expression levels
of SYP, SNAP-25 and PSD-95 were significantly increased in
the neuronal cells overexpressing a7 nAChR, while decreased
expression levels were observed following a7 nAChR RNA
silencing. These results suggested that a7 nAChR may be
involved in regulating the expression of these proteins, in addi-
tion to other synaptic proteins, which would establish a link to

synaptic stabilization and plasticity. It has been revealed that
SYP levels in the superior temporal and inferior parietal cortex
are ~5% lower in patients with severe AD compared with indi-
viduals with no cognitive impairment (47). Our previous study
reported significantly decreased expression levels of SYP
protein and mRNA in the brains of patients with AD, mice
carrying the amyloid protein precursor (APP)gyp mutation
and rats injected with AP, 4, (48). Furthermore, the expression
levels of PSD-95 and SNAP-25 are decreased in the cerebral
cortex of 3xTg-AD mice (49). The findings of the present study
also indicated that o7 nAChR may provide a link to synaptic
stabilization, plasticity and transmission in the nervous
system, which may be related to the protective function of this
receptor against cognitive decline during the pathogenesis of
AD. However, a7 nAChR may regulate synaptic plasticity by
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regulating the level of calcium ions, which will be the subject
of future studies.

AP exerts its synaptotoxicity by suppressing long-term
potentiation, impairing synaptic plasticity and inducing
neuronal dysfunction (50). The synaptotoxic effect of Af,,
peptides was suggested to be one of the most important
aspects of the pathogenic process resulting in AD (51), and
significantly reduced expression levels of SYP, PSD-95 and
SNAP-25 have been revealed in the brains of mice influenced
by AP (52-54). Moreover, the present study detected signifi-
cant reductions in the expression levels of SYP, PSD-95 and
SNAP-25 in SH-SYSY cells exposed to ABO, which may
reflect the synaptotoxic effects induced by Af.

In the present study, the inhibitory effects of Af3 on
the expression levels of SYP, PSD-95 and SNAP-25 were
significantly attenuated following the increased expression
levels of a7 nAChR and potentiated following a7 nAChR
RNA silencing. These observations indicated that o7 nAChR
may also prevent the loss of synaptic proteins caused by AP
in vivo. It has been previously reported that the inhibition of
the expression levels of a7 nAChR in SH-SYSY cells by RNA
interference increases the toxicity and expression levels of Af,
which subsequently elevates the expression levels of -site
APP-cleaving enzyme 1 (BACELl) and decreases the expression
levels of BACE2 (38,55). In the present study, the expression
levels of synaptic proteins were reduced to a greater extent
by AP in the presence of a7 nAChR silencing, which may be
related to the reduced production of Af} caused by a7 nAChR.
In addition, it was found that the treatment of SH-SYSY cells
with APO significantly increased the apoptotic rate, while the
proliferation of the cells was poor (data not shown), which was
attenuated by o7 nAChR overexpression and potentiated by
o7 nAChR silencing. These findings suggested that a7 nAChR
may effectively decrease APO-induced neuronal apoptosis,
which may be connected to the increased expression of
synaptic proteins.

In conclusion, the expression levels of AP in the brain
of patients with AD were significantly increased compared
with the healthy control group, whereas the expression
levels of a7 nAChR in the brain of patients with AD were
significantly decreased compared with the healthy control
group. Furthermore, it was demonstrated that the expression
levels of a7 nAChR and AP were negatively correlated with
each other in the brain of patients with AD. The mRNA and
protein expression levels of SYP, SNAP-25 and PSD-95 were
all significantly increased following the overexpression of
o7 nAChR, but were reduced following RNA silencing of
this receptor. In un-transfected or negative control cells, the
expression levels of these factors and the apoptotic rate were
significantly reduced following the exposure to ABO, which
was found to be attenuated by a7 nAChR overexpression,
but potentiated by a7 nAChR RNA silencing. Overall, these
findings suggested that a7 nAChR may serve an important
neuroprotective role related to the pathogenesis of AD and it
may be useful for future drug developments in AD.
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