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1  |  INTRODUC TION

As the most frequently occurring ageing- related dementia, 
Alzheimer's disease (AD) features progressive loss of cogni-
tive abilities, in particular learning and memory.1 The hallmarks 
of this disease in the brain include intracellular tau (highly 

phosphorylated)- containing neurofibrillary tangles, extracellular β- 
amyloid peptide (Aβ)- containing amyloid plaques, an excessive loss 
of synapses and deficient cholinergic transmission.2

The ‘cholinergic hypothesis’ proposes that among AD patients ob-
served, decreased cholinergic innervation is a contributing factor of 
cognitive degradation.3 The nicotinic acetylcholine receptors (nAChRs) 
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Abstract
We examined the mechanism by which lithium chloride (LiCl) attenuates the im-
paired learning capability and memory function of dual- transgenic APP/PS1 mice. 
Six-  or 12- month- old APP/PS1 and wild- type (WT) mice were randomized into four 
groups, namely WT, WT+Li (100 mg LiCl/kg body weight, gavage once daily), APP/
PS1 and APP/PS1+Li. Primary rat hippocampal neurons were exposed to β- amyloid 
peptide oligomers (AβOs), LiCl and/or XAV939 (inhibitor of Wnt/β- catenin) or trans-
fected with small interfering RNA against the β- catenin gene. In the cerebral zone of 
APP/PS1 mice, the level of Aβ was increased and those of α7 nicotinic acetylcholine 
receptors (nAChR), phosphor- GSK3β (ser9), β- catenin and cyclin D1 (protein and/or 
mRNA levels) reduced. Two- month treatment with LiCl at ages of 4 or 10 months 
weakened all of these effects. Similar expression variations were observed for these 
proteins in primary neurons exposed to AβOs, and these effects were attenuated by 
LiCl and aggravated by XAV939. Inhibition of β- catenin expression lowered the level 
of α7 nAChR protein in these cells. LiCl attenuates the impaired learning capability 
and memory function of APP/PS1 mice via a mechanism that might involve elevation 
of the level of α7 nAChR as a result of altered Wnt/β- catenin signalling.
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of neurons participate in cognitive processing, as well as learning and 
memory. Expression alterations in these receptors are associated with 
the impaired cholinergic neurotransmission4 and may be responsible 
for complex neuronal diseases such as AD and Parkinson disease.5

Indeed, nAChRs level is lowered in the cerebral zone of the AD 
patients and of animal models of this disease, as well as in isolated 
neuronal cells exposed to Aβ.6,7 α7, the main subtype of nAChR pres-
ent in both neuronal and non- neuronal cells of the human brain con-
sists mainly of five α7 subunits and is considered to be one of the 
receptors most closely associated with the AD contraction.8 Aβ1- 40 
and Aβ1- 42 bind to α7 nAChR with an affinity in the nanomolar range, 
resulting in gradual depletion and inactivation of this receptor.9

In addition to the toxic consequences due to the direct nAChRs 
binding by Aβ, other subcellular events have been associated with 
AD, including down- regulation of canonical axis Wnt/β- catenin, 
which might influence the stability of these receptors. When Wnt 
receptors are not activated, the β- catenin bound by Axin is phos-
phorylated in succession via glycogen synthase kinase- 3β (GSK3β) 
and casein kinase 1 at a range of Ser/Thr residues (regularly spaced), 
which are located at the N- terminus of the β- catenin. Consequently, 
ubiquitination and targeting of β- catenin are initiated for fast dis-
ruption by proteasome, thereby depressing the expression of down-
stream targets such as cyclin D1.10

Interestingly, Wnt/β- catenin signalling is closely linked to learn-
ing capability and memory function among mammals and this signal-
ling is impaired both in the brains of AD patients,11 as well as animal 
AD models.12 This dysfunction exerts a crucial effect on the neuro-
nal degeneration, as well as the impairment of synapses, creating a 
deleterious pathway that leads to dementia.13 Notably, nAChRs are 
present both on presynaptic14 and on postsynaptic15 membranes, 
and loss of these receptors leads inevitably to abnormalities in syn-
apses. Furthermore, when the Wnt signalling pathway is activated 
persistently via ligand medication or suppressor deactivation, it 
overcomes the toxic effects of Aβ and improves cognitive perfor-
mance in patients with AD.16,17

As is widely acknowledged, lithium is the preferred mood- 
stabilizing agent for maintaining bipolar disorder.18 Apart from sta-
bilizing moods, lithium can also resist suicidal thoughts, regulate 
immunity and protect nerve system,19 which, during the last de-
cade, has come to be regarded as a neuroprotective agent and is 
now widely used in studies of neurodegenerative diseases, including 
AD.20 It is noteworthy in this context that the incidence of AD among 
patients with bipolar disorder who have been taking lithium is lower 
than among those not undergoing lithium therapy.18 Lithium chloride 
(LiCl) inhibits GSK3β, thereby reducing this activity in the brain of 
animal models of AD, while enhancing Wnt/β- catenin signalling.21,22

Accordingly, lithium may be of value in treating AD. However, it is 
currently unknown whether lithium can reverse the learning and mem-
ory impairments in murine AD model and, if so, whether this effect 
involves Wnt/β- catenin signalling modulation, as well as consequent 
regulation of α7 nAChR. Here, we investigated these questions by 
treating both APP/PS1 transgenic mice and β- amyloid peptide oligo-
mer (AβO)- exposed primary neurons using LiCl or XAV939, a small 

molecule selective inhibitor that promotes β- catenin degradation 
and inhibits the transcription by β- catenin,23 and then analysing the 
cognitive ability of these mice, as well as potential changes in Wnt/β- 
catenin and α7 nAChR in both of these systems.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

LiCl, Aβ1- 42 and XAV939 (Sigma- Aldrich Inc.); anti- Aβ mouse monoclo-
nal antibody (BioLegend Inc.); anti- GSK3β, anti- phosphor- GSK3β (ser9), 
anti- cyclin D1 and anti- β- catenin rabbit monoclonal antibodies, as well as 
horseradish peroxidase (HRP)- conjugated anti- rabbit IgG (Cell Signaling 
Technology); anti- GAPDH rabbit polyclonal antibody (Genetex); anti- 
nAChR α7 rabbit polyclonal antibody (Abcam); cell counting Kit- 8 
(Dojindo Molecular Technologies); anti- NeuN mouse monoclonal an-
tibody (Merck Millipore); anti- glial fibrillary acidic 113 protein (GFAP) 
rabbit monoclonal antibody (Dako); CY- 3- labelled anti- mouse IgG and 
488- labelled anti- rabbit IgG (Thermo scientific Inc.); Aβ42 assaying kits 
(Thermo scientific Inc.); Lipofectamine RNAiMAX Reagent (Invitrogen 
Inc.); universal 2×PCR mastermix (TaqMan; Applied Biosystems); and 
the remaining chemicals were all procured from Sigma- Aldrich.

2.2  |  Experimental animals

B6.Cg- Tg (PSEN1dE9 and APPSWE) mice aged 4 months hav-
ing a 85Dbo/Mmjax background were procured from Nanfang 
BioTechnology Co., Ltd. Meanwhile, wild- type (WT) mice of identi-
cal strain were also procured from the same company. All mice were 
20– 30 g in body weight. Each male mouse was allowed to mate with 
four females. When the resulting pups were 12– 20 days old, the tips 
of their tails were cut off for extraction of DNA and the polymerase 
chain reaction (PCR)- based genotyping, where agarose gel electro-
phoresis (1.5%) was used for product analysis. For PCR primer design 
of target transcripts shown in Table 1, the entire cDNA sequences 
from GenBank were consulted.

The described experimental procedures in this study have 
all been approved by the Ethical Committee of Guizhou Medical 
University in China (no. 1702110).

Based on literature and the results of previous studies,24,25 the 4-  or 
10- month- old WT and transgenic (APP/PS1) mice were randomized into 

TA B L E  1  The primers used for amplification of mouse APP and 
PS1 cDNA

Gene Sequence of primers
Length 
(bp)

APP For 5′- GACTGACCACTCGACCAGGTTCTG- 3′ 400

Rev 5′- CTTGTAAGTTGGATTCTCATATCCG- 3′

PS1 For 5′- AATAGAGAACGGCAGGAGCA- 3′ 608

Rev 5′- GCCATGAGGGCACTAATCAT- 3′
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four groups (six animals in each) for subsequent treatment for 2 months 
as follows: (1) the WT group: WT animals received gavage normal saline 
at about 0.4 ml once per day; (2) the WT+Li group: 100 mg/kg LiCl was 
administered to the WT animals; (3) the APP/PS1 group: normal saline 
was given to the animals with APP/PS1 double mutations in identical 
manner to group (1); (4) the APP/PS1+Li group: transgenic animals were 
treated with LiCl in the same manner as group (2).

2.3  |  Culturing and treatment of primary 
hippocampal neurons

Primary neurons were obtained from the cerebral zone of newborn 
Sprague- Dawley rats employing minor modifications of a published pro-
cedure.26 For purity assessment of these primary neurons, immunofluo-
rescent double staining was performed in succession using the anti- NeuN 
mouse antibody, the CY- 3- labelled anti- mouse IgG (red), the anti- GFAP 
rabbit antibody and a subsequent 488- labelled anti- rabbit IgG (green).

AβOs were prepared by a procedure described earlier27 and the 
suitable concentration for exposure chosen as also described previ-
ously.26 Initially, cell exposure to varying doses of LiCl (0– 100 mmol/L) 
and XAV939 (0– 50 μmol/L) was accomplished for different times. 
Thereafter, the cells were subjected to 2- h incubation with CCK8 solu-
tion (10 μl), following which the absorption at 450 nm was determined.

Transfection with small interfering RNA (siRNA) was ini-
tiated by adding a mixture (1:1) of Lipofectamine RNAiMAX 
Reagent diluted in Opti- MEM Medium (15 μl:250 μl) and the 
siRNA (For 5′- GACUACCUGUUGUGGUUAAdTdT- 3′; Rev 
5′- UUAACCACAAAGGUAGUCdTdT- 3′), also diluted in Opti- MEM 
Medium (1:50) for 5 min. Then, the cells were incubated with the 
siRNA- Lipid complex for 48 h at 37°C.28

2.4  |  Morris water maze for spatial 
learning and memory

In a 25– 26°C water- filled round pool rendered opaque using milk 
powder, every mouse was compelled to find an underwater escape 
facility.29 In the familiarization and acquisition sessions, 60 s was of-
fered for every mouse to seek the hidden facility, and then, 5 s was 
offered to keep seated on the facility. Afterwards, the mice returned 
to the original cage. In the retention session, where the facility was 
withdrawn from the pool, the path adopted by every mouse was video 
recorded for 60 s, in order to determine the time expenditure for 
swimming to the original facility location, and the number of passes 
across and the time expenditure at this location.

2.5  |  Determination of Aβ42 by ELISA

The murine cerebral level of Aβ42 was determined utilizing a murine 
Aβ42 ELISA kit as per the protocol of manufacturer.29 Briefly, after 
homogenization and centrifugation of the tissue, the pellets obtained 

were extracted with 5 M guanidine- HCl. After dilution of aliquot 
protein from each extract to an ultimate volume (100 μl), 2- h incu-
bation was accomplished in plate wells under the room temperature 
(RT) condition. Next, the wells were rinsed, injected with solution of 
Detection Antibody (100 μl) and then incubated for one more hour at 
RT. Thereafter, the wells were again washed, followed by 30- min incu-
bation using solution of HRP- linked antibody (100 μl) and four extra 
washes. The last step involved addition of stop solution and absorb-
ance measurement (450 nm) with a spectrophotometer (Bio- Rad Inc.).

2.6  |  Quantification of the levels of phosphor- 
GSK3β (ser9), GSK3β, β- catenin, cyclin D1 and α7 
nAChR by Western blotting

Brain tissue or cultured cells in lysis buffer containing a mixture 
of protease inhibitors were disrupted in a glass homogenizer. The 
resulting homogenate was subjected to 20- min centrifugation 
under 4°C and 15520 g conditions. For the resulting supernatants, 
the BCA protein assaying kit was utilized to measure the protein 
concentrations.26 Afterwards, protein isolation was performed 
via 10% SDS- PAGE. Finally, a transfer unit (Bio- Rad Inc.) was uti-
lized to blot the protein isolates onto the polyvinylidene difluoride 
(PVDF) films.

To achieve relative protein quantization, the above PVDF mem-
branes were then subjected to incubation using antibodies against 
phosphor- GSK3β (ser9), GSK3β, β- catenin, cyclin D1, α7 nAChR or 
GAPDH overnight at 4°C. Next, the membranes were rinsed and 
subjected to 60- min incubation using secondary antibody con-
jugated to HRP. Subsequently, enhanced chemiluminescence kit 
(Millipore) was used to detect the protein bands, and visualization of 
the resulting signals was accomplished for 30 s– 3 min by exposing 
to chemiluminescence film (hyperperformance). Signal intensity was 
quantified employing the Image J software.

2.7  |  Determination of the level of α7 nAChR 
mRNA by reverse transcription and quantitative real- 
time PCR

Total RNA, which was extracted via Trizol Reagent from brain 
tissue or cells, was used to obtain cDNA by reverse transcrip-
tion with the Prime Script™ RT Master Mix cDNA Synthesis Kit 
(Takara Bio.).30 A Sequence Detection System (ABI PRISM 7300; 
Applied Biosystems) was utilized to perform quantitative real- time 
PCR as per the protocol of manufacturer. Then, the PCR analysis 
was accomplished with the aid of GeneAmp7300 SDS. The level 
of α7 nAChR transcripts was estimated using 2−ΔΔCT (RQ value) 
and the formula ΔΔCT = ΔCTtarget−ΔCTcontrol = (CTtarget−CTGAPDH)−
(CTcontrol−CTGAPDH) with the error estimate being ΔΔCT plus and 
minus the standard deviation. The sequences of the PCR primers 
utilized are presented in Table 2. The level of GAPDH mRNA was 
used as the internal control.
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2.8  |  Examination of senile 
plagues and α7 nAChR by immunohistochemical or 
immunofluorescent staining

Immunohistochemical staining for senile plagues and α7 nAChR 
in the brains of mice was accomplished by consulting prior litera-
ture.31 Initially, sections were deparaffinized and dehydrated. Next, 
they were subjected to 20- min microwaving with pH 6.0 citric acid 
buffer (0.01 M) for antigen retrieval, followed by 30- min placement 
in blocking medium (Dako Inc.) under RT condition. Afterwards, over-
night incubation of sections was accomplished at 4°C using anti- Aβ 
and anti- α7 nAChR antibodies. The next day, incubation was further 
carried out using rabbit IgG or goat anti- mouse biotinylated antibody 
under RT condition for 60 min. Afterwards, further incubation was ac-
complished using the avidin/biotinylated enzyme complex, followed 

by placement in diaminobenzidine- containing peroxidase reaction 
buffer. Aided by Image Pro Plus, we quantified the number of senile 
plaques and integral optical density (IOD) of α7 nAChR staining in sto-
chastically selected visual fields under a ×200 original magnification.

For immunostaining of α7 nAChR in isolated cells, seeding of pri-
mary neurons was done onto six- well plates coated with polylysine, 
followed by three times of washing in PBS and paraformaldehyde 
fixation (4%). Then, these samples were subjected to 30- min treat-
ment with goat serum at RT and a subsequent overnight incubation 
with antibody against α7 nAChR at 4°C.26 The next day, incubation 
was further carried out with fluorescein isothiocyanate- labelled 
anti- rabbit goat IgG (488- labelled) for 1 h at RT. Afterwards, the 
cells were subjected to three times of PBS rinsing and coverslip-
ping with Vectashield (Vector Laboratories). Aided by Image Pro 
Plus, we quantified the IOD of immunofluorescent staining for α7 

Species Gene Sequence of primers
Length 
(bp)

Rat α7 nAChR For 5′- CGGAGTGAAGAATGTTCGTTTT- 3′ 241

Rev 5′- GAATATGCCTGGAGGGAGATAC- 3′

Mouse α7 nAChR For 5′- CACATTCCACACCAACGTCTT- 3′ 106

Rev 5′- AAAAGGGAACCAGCGTACATC- 3′

Rat GAPDH For 5′- GACATGCCGCCTGGAGAAAC- 3′ 92

Rev 5′- AGCCCAGGATGCCCTTTAGT- 3′

Mouse GAPDH For 5′- GGTTGTCTCCTGCGACTTCA- 3′ 183

Rev 5′- TGGTCCAGGGTTTCTTACTCC- 3′

TA B L E  2  The primers used for 
amplification of mouse or rat α7 nAChR 
cDNA

F I G U R E  1  Morris water maze 
assessments of the learning capability and 
memory function among 6-  or 12- month- 
old WT and dual- transgenic APP/PS1 
mice. The four groups were subjected 
to 2- month gavage administration 
once daily as follows: WT: WT mice 
received physiological saline (PS); WT+Li: 
WT mice received LiCl (Li); APP/PS1: 
transgenic mice received PS; APP/PS1+Li: 
transgenic mice received Li. The values 
are represented as means ± SDs (n = 6), 
*p < 0.05 as compared to WT; #p < 0.05 as 
compared to APP/PS1 mice
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nAChR in stochastically selected visual fields under a ×400 original 
magnification.

2.9  |  Statistical analyses

For mice in various groups, the statistical values were repre-
sented as means ± SDs and compared via analysis of variance, 
and a subsequent post hoc (least significant difference) test. 
Bielschowsky procedure was employed to semi- quantitate the 
Aβ plaques.32 The correlation of the level of α7 nAChR protein 
with spatial learning and memory was analysed employing the 
Pearson correlation test. SPSS 22.0 (SPSS Inc.) was used to carry 
out all analyses, and p values of <0.05 were regarded significantly 
different.

3  |  RESULTS

3.1  |  Confirmation of the APP/PS1 murine 
genotype

As shown in Figure S1, when the PCR amplification template was 
genomic DNA, the transgenic group exhibited products (sizes around 
400 and 600 bp) that coincided separately with the APP and PS1 
genes in size. However, this was not observed among the WT mice.

3.2  |  Spatial learning and memory in mice

According to the Morris water maze results displayed in Figure 1, both 
the number of times the original facility location was crossed and the 

F I G U R E  2  Senile plaques in the 
cerebral zone of 6-  (A– D, a– d) and 
12- month- old (E– H, e– h) WT and dual- 
transgenic APP/PS1 mice. The four 
groups were subjected to 2- month gavage 
administration once daily as follows: WT: 
WT mice received physiological saline 
(PS); WT+Li: WT mice received LiCl (Li); 
APP/PS1: APP/PS1 mice received PS; 
APP/PS1+Li: APP/PS1 mice received Li. 
A, a, E and e: the WT group; B, b, F and f: 
the WT+Li group; C, c, G and g: the APP/
PS1 group; D, d, H and h: the APP/PS1+Li 
group. The quantitative data presented 
were obtained from six mice each group. 
Under light microscope with 40×, five 
non- overlapping visual fields were 
randomly selected and counted from each 
section. Magnification: A– H, 40×, scale 
bar = 250 μm; a– h (magnification of the 
squares in A– H), 400×, scale bar = 25 μm. 
I: the number of senile plaques identified 
via immunohistochemistry. J: The 
content of Aβ42 in the brain as assayed 
by ELISA. The values are represented 
as means ± SDs (n = 6), *p < 0.05 as 
compared to WT; #p < 0.05 as compared 
to APP/PS1 mice

(A) (B) (C) (D)

(E) (F) (G) (H)

(I) (J)

(a) (b) (c) (d)

(e) (f) (g) (h)
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time expenditure at this location were reduced, while the escape la-
tency was increased in the 6-  and 12- month- old APP/PS1 mice as 
compared to the corresponding WT mice. Treatment for the transgenic 
animals with LiCl for 2 months beginning at 4 or 10 months of age 
clearly improved both their learning capability and memory function.

3.3  |  Senile plaque count and level of Aβ42 in the 
cortex of mouse brains

The brains of 6-  (Figure 2A– D and a– d) or 12- month- old (Figure 2E– H 
and e– h) transgenic mice contained Aβ- immunoreactive senile plaques, 
the number of which was markedly reduced by exposure to LiCl beginning 
at either 6 or 12 months of age. There were no detectable amyloid plaques 
in the cerebral zone of WT mice with or without exposure LiCl (Figure 2I).

The cortex of WT mice contained a very low level of Aβ42 that 
was unaffected by treatment with LiCl. In contrast, this level was 
much higher in untreated APP/PS1 animals, where the level was de-
creased even further by treatment with LiCl (Figure 2J).

3.4  |  Primary neuronal viability upon AβOs, 
LiCl and/or XAV939 exposures

As shown in Figure S2A– E, the immunostaining analysis of the pri-
mary neurons cultured using antibody, which were prepared from 
the cerebral hippocampal zone of neonatal rats, directed towards 
DAPI (a nucleus marker), GFAP (an astrocyte marker) and NeuN (a 
neuron marker), suggesting that these cells (about 90%) were neu-
ronal. These primary neurons were assessed for viability following 

F I G U R E  3  Expression of the p- 
GSK3β, β- catenin and cyclin D1 proteins 
in the hippocampus (A– F) and cortex 
(a– f) of the brains of 6-  (A– C and a– c) 
or 12- month- old (D– F and d– f) WT and 
dual- transgenic APP/PS1 mice. The four 
groups were subjected to 2- month gavage 
administration once daily as follows: 
WT: WT mice received physiological 
saline (PS); WT+Li: WT mice received 
LiCl (Li); APP/PS1: APP/PS1 mice 
received PS; APP/PS1+Li: APP/PS1 mice 
received Li. The values are represented 
as means ± SDs (n = 6), *p < 0.05 as 
compared to WT; #p < 0.05 as compared 
to APP/PS1 mice
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exposure to AβOs, LiCl and/or XAV939 utilizing the CCK- 8 test. 
Treatment with 10 mmol/L LiCl for 6 h or 1 μmol/L XAV939 for 24 h 
did not cause any significant cytotoxicity (Figure S2F,G). Exposure 
of these primary neurons to 0.5 μmol/L AβOs for 48 h (conditions 
chosen on the basis of an earlier study;33) reduced cell viability, a 
reduction that was attenuated by LiCl, but aggravated by XAV939 
(Figure S2H).

3.5  |  Expression of proteins involved in Wnt 
signalling in the hippocampus and cortex of mouse 
brains and primary neurons

As Western blotting revealed, the phosphor- GSK3β (ser9) (not total 
GSK3β), β- catenin and cyclin D1 levels in the cerebral hippocampus 
(Figure 3A– C and D– F) or cortex (Figure 3a– c and d– f) of the APP/
PS1 mice aged 6 (Figure 3A– C and a– c) or 12 (Figure 3D– F and d– f) 
months were all lower than the corresponding levels in the WT mice. 

Noteworthy is that such declines were mitigated by LiCl treatment for 
transgenic mice.

With regard to primary neurons, the levels of the β- catenin and 
cyclin D1 proteins were enhanced by exposure to LiCl alone, whereas 
XAV939 reduced these levels. Exposure of primary neurons to AβOs 
alone also reduced these levels, an effect that was attenuated by 
LiCl and enhanced by XAV939 (Figure 4A,B).

Compared to the corresponding controls, transfection of pri-
mary neurons with siRNA targeting the β- catenin gene reduced both 
the level of this protein and that of cyclin D1 (Figure 4E,F).

3.6  |  Expression of α7 nAChR mRNA and protein 
in the hippocampus and cortex of mouse brains and 
primary neurons

In comparison with the corresponding control group, the lev-
els of both α7 nAChR protein and mRNA were enhanced by 

F I G U R E  4  Expression of the β- catenin (A and E) and cyclin D1 proteins (B and F) and α7 nAChR protein and mRNA (C, D and G) by 
primary hippocampus neurons. control: untreated primary neurons; Li: primary neurons exposed to LiCl (10 mmol/L) for 6 h; XAV939: 
primary neurons exposed to XAV939 (1 μmol/L) for 24 h; Aβ: primary neurons exposed to AβOs (0.5 μmol) for 48 h; Li+Aβ: primary neurons 
exposed to LiCl and AβOs; XAV939+Aβ: primary neurons exposed to XAV939 and AβOs; sicontrol: primary neurons transfected with 
sicontrol; siβ- catenin: primary neurons transfected with small interfering RNA (siRNA) targeting the β- catenin gene for 48 h. The values 
presented are the means ± SDs from three separate experiments. *p < 0.05 as compared to control group; #p < 0.05 as compared to the Aβ 
group
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exposure of the neurons to LiCl alone and reduced by XAV939. 
Moreover, these levels were reduced by exposure to AβOs, a 
decline that was attenuated by LiCl, but enhanced by XAV939 
(Figure 4C,D).

Moreover, transfection of neurons with siRNA targeting the β- 
catenin gene reduced the level of this protein, as well as that of α7 
nAChR (Figure 4G).

According to the results of real- time PCR and Western blotting, 
declines in the protein (Figure 5A– D) and mRNA (Figure 5E– H) levels 
of α7 nAChR were noted in the hippocampus (Figure 5A,C,E,G) and 
cortex (Figure 5B,D,F,H) of APP/PS1 mice at 6 (Figure 5A,B,E,F) and 
12 (Figure 5C,D,G,H) months of age. Administration of LiCl to either 
the WT or APP/PS1 animals elevated these levels in both of these 
areas of the brain.

Semiquantitative immunohistochemical analysis of mouse 
brains revealed localization of α7 nAChR primarily at the plasma 
membrane and axon (Figure 6A– D and a– d). This immunostaining 
was less intense in the hippocampus (Figure 6A,a,C,c) and cor-
tex (Figure 6B,b,D,d) of the APP/PS1 mice at 6 (Figure 6A,a,B,b) 
and 12 (Figure 6C,c,D,d) months of age than for the WT group. 
In both groups of animals, LiCl augmented the intensity of this 
staining.

In the case of primary neurons, semiquantitative immunofluores-
cent analysis revealed localization of the α7 nAChR subunit mainly at 
the plasma membrane and axon (Figure 7A). Exposure to LiCl alone 
enhanced this immunofluorescence, whereas XAV939 reduced it. 
Interestingly, the reduction caused by AβOs alone was attenuated 
by LiCl and enhanced by XAV939 (Figure 7D).

3.7  |  Correlations between the α7 nAChR level and 
spatial learning and memory

Correlation analysis revealed a negative association between the 
elevated level of α7 nAChR protein present in the cerebral zone of 
APP/PS1 mice aged 6 (Figure S3A,C) or 12 (Figure S3B,D) months 
following exposure to LiCl and the impairment in their spatial learn-
ing and memory.

4  |  DISCUSSION

In the cerebral zone of APP/PS1 mice, one most common animal AD 
model, the content of Aβ and number of senile plaques are elevated, 
while the learning capability and memory function of these mice are 
impaired.34 Here, we found that in the cerebral zone of 6-  and, es-
pecially, 12- month- old mice of this strain, the increases in size and 
quantity of senile plaques were evident and learning and memory 
significantly impaired. Consistent with previous studies,25,26 we 
have also confirmed that Aβ damages neurons directly, both in vitro 
and in vivo, leading to dysfunction and apoptosis.

α7 nAChR is widespread throughout the central nervous system. 
Regarding the well- defined intracerebral functions of α7 nAChR, it 
can modulate synaptic plasticity and transmission that underlay or-
dinary processes of cognition, attention, learning and memory.35,36 
In our current investigation, the protein expression of α7 nAChR in 
the cerebral hippocampus and cortex of APP/PS1 mice aged 6 and 
12 months was found to be lower than in WT animals. In addition, 

F I G U R E  5  Protein and mRNA expressions of α7 nAChR in the hippocampus (A, C, E and G) and cortex (B, D, F and H) of the brains of 6-  
(A, B, E and F) and 12- month- old (C, D, G and H) WT and dual- transgenic APP/PS1 mice. The four groups were subjected to 2- month gavage 
administration once daily as follows: WT: WT mice received physiological saline (PS); WT+Li: WT mice received LiCl (Li); APP/PS1: APP/
PS1 mice received PS; APP/PS1+Li: APP/PS1 mice received Li. The values are represented as means ± SDs (n = 6), *p < 0.05 as compared to 
WT; #p < 0.05 as compared to APP/PS1 mice
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primary neurons exposed to AβOs show a tendency towards reduced 
expression of α7 nAChR. Furthermore, we confirmed the damaging 
effect of Aβ on α7 nAChR both in vivo and in vitro, as well as the rela-
tionship between the loss of α7 nAChR and the decline in the learning 
capability and memory function for APP/PS1 mice. Computational 
modelling indicates that arginine- 208 and glutamate- 211 in α7 

nAChR are involved in their interaction with Aβ.37 Moreover, our 
previous results showed that the loss of the ability of learning and 
memory of APP/PS1 mice can be reversed or aggravated via activa-
tion or suppression of α7 nAChR expression, respectively.38

At the same time, we found that the loss of α7 nAChR is asso-
ciated with a reduction in the level of the β- catenin protein. The 

F I G U R E  6  Immunohistochemical staining for α7 nAChR protein in the hippocampus (A and C) and cortex (B and D) of the brains of 
6-  (A and B) and 12- month- old (C and D) WT and dual- transgenic APP/PS1 mice. The four groups were subjected to 2- month gavage 
administration once daily as follows: WT: WT mice received physiological saline (PS); WT+Li: WT mice received LiCl (Li); APP/PS1: APP/PS1 
mice received PS; APP/PS1+Li: APP/PS1 mice received Li. Magnification: A– D, 40×, scale bar = 250 μm or 200× (magnification of the white 
arrows in A– D). a– d: semiquantitative analysis of the integrated optical density (IOD) of α7 nAChR staining in the hippocampus (a, c) and 
cortex (b, d) of the 6-  (a, b) and 12- month- old (c, d) mice in the different groups. The values are represented as means ± SDs (n = 6), *p < 0.05 
as compared to WT; #p < 0.05 as compared to APP/PS1 mice
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decline of learning and memory in patients with AD also appears to 
be associated with the decrease of Wnt/β- catenin in their brain.39 
In animal models as well, the AD pathology is strongly correlated 
with the down- regulation of Wnt/β- catenin axis.12 Accordingly, the 
Wnt/β- catenin signal pathway offers a therapeutic target for alle-
viating the pathological process that results in AD.40 In the present 
case, we verified that Wnt/β- catenin signalling in the APP/PS1 mu-
rine cerebral zone or in the primary neurons exposed to AβOs in vitro 
is evidently weaker than in the WT mice or unexposed cells.

Evidence for a neuroprotective effect of lithium has accumulated 
over the last two decades,41 and this element has been found to be 
involved in the regulation of numerous genes, proteins and metabo-
lites.42 Most noteworthy of these is the inhibition of GSK3β by lith-
ium, which has a wide range of beneficial effects.43 Consistent with 
previous findings,44 we found here that LiCl enhances the learning 
capability and memory function of APP/PS1 mice aged both 6 and 
12 months.

Moreover, both the elevated content of Aβ42 and the size or quan-
tity of senile plaques in the cerebral zone of these transgenic mice 
were reduced through treatment with LiCl. In addition, this reduc-
tion in Aβ content was correlated to an improvement in learning and 
memory. Some evidence from animal models of AD indicates that LiCl 

can prevent neurotoxicity by reducing the production of Aβ,45 as well 
as that the cognitive benefits of LiCl are associated with enhanced 
clearance of Aβ via up- regulation of brain microvascularization by 
lipoprotein receptor- related protein 1 and increased bulk flow of ce-
rebrospinal fluid.46 In human neuronal cells, LiCl alters proteins such 
as the rab proteins, which have been implicated in the processing of 
APP in connection with the pathophysiology of AD.47 In addition, up- 
regulation of Wnt/β- catenin signalling by LiCl can cause β- catenin to 
bind specifically to regions within the BACE1 promoter that contain 
putative TCF/LEF motifs and repress transcription.33 Any of these 
mechanisms may explain the reduction in Aβ caused by lithium.

LiCl is a classic agonist of the Wnt/β- catenin pathway, which is 
the main reason it has been chosen for testing as a candidate drug 
for treating AD in numerous studies.10,22 Here, up- regulation of the 
Wnt/β- catenin axis by LiCl in 6-  and 12- month- old mice with or with-
out the APP/PS1 double mutation was verified. This effect was asso-
ciated with inactivation of GSK3β through specific phosphorylation 
of Ser9 in its N- terminus,48 which elevates the levels of the β- catenin 
and cyclin D1 proteins. In addition, we found here that in primary 
hippocampal neurons the Wnt/β- catenin pathway was activated by 
LiCl and inactivated by XAV939 or AβOs. Importantly, this effect by 
AβOs could be attenuated by LiCl, but aggravated by XAV939.

F I G U R E  7  Immunofluorescent staining for α7 nAChR protein in primary hippocampus neurons. Control group: untreated primary 
neurons; Li: primary neurons exposed to LiCl (10 mmol/L) for 6 h; XAV939: primary neurons exposed to XAV939 (1 μmol/L) for 24 h; Aβ: 
primary neurons exposed to AβOs (0.5 μmol) for 48 h; Li+Aβ group: primary neurons exposed to LiCl and AβOs; XAV939+Aβ group: primary 
neurons exposed to XAV939 and AβOs. The neurons were stained using rabbit antibody against α7 nAChR (green), while staining of cellular 
nuclei was accomplished using DAPI (blue). D: semiquantitative analysis of the integrated optical density (IOD) for α7 nAChR staining. 
Magnification: 400×, scale bar = 25 μm. The values are represented as the means ± SDs from three separate experiments. *p < 0.05 as 
compared to the control group; #p < 0.05 as compared to the Aβ group
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In line with these findings in vitro, the Wnt/β- catenin axis initi-
ation has been proven to offset the harmful action of AβO,40 which 
thus exerts a probable fundamental effect on maintaining neuronal 
and synaptic functions.49 Abundant evidence demonstrates that re-
activation of the Wnt/β- catenin pathway completely restores the 
number of synapses and synaptic plasticity50 and this pathway is a 
target for recovery of neuronal circuits following degeneration of 
synapses.51 Since α7 nAChRs are expressed widely on both pre- 
synaptic and post- synaptic membranes,14,15 we hypothesize that 
activation of Wnt/β- catenin pathway by LiCl stabilizes expression of 
these receptors in the animal AD models’ cerebral region.

Interestingly, the reduction in the cerebral α7 nAChR protein ex-
pression could be mitigated by LiCl exposure for the dual- transgenic 
mice. In addition, in WT animals, treatment with LiCl led to elevated 
cortical or hippocampal levels of α7 nAChR protein and mRNA apart 
from initiating the Wnt/β- catenin axis. These findings indicate that in 
the course of AD development, LiCl may regulate the α7 nAChR sub-
unit expression. In this connection, negative association was noted 
between the increased protein level of α7 nAChR in the LiCl- treated 
APP/PS1 murine brains and the impaired spatial learning and memory 
capabilities of these mice. In combination with previous observations, 
this study further supports the important role of α7 nAChR in learn-
ing and memory35,36 and suggests that restoring normal expression 
of α7 nAChR may be one mechanism by which LiCl improves learning 
capability and memory function for APP/PS1 mice.

Subsequently, in primary neurons, it was found that the decrease 
in the α7 nAChR subunit expression in these cells induced by AβOs 
was attenuated by LiCl, but aggravated by XAV939. Furthermore, 
transfection of primary neurons with siRNA targeting the β- catenin 
gene lowered not only the level of this protein and its downstream 
protein cyclin D1, but also reduced the α7 nAChR subunit levels. The 
above findings imply that the gene encoding α7 nAChR is regulated 
by the Wnt/β- catenin pathway and that the reductions in α7 nAChR 
protein and mRNA induced by AβO may be mediated by inactivation 
of this pathway.

Cholinergic neurons are reliant on (α7) 5 nAChRs for maintain-
ing the ability to learn and memory.52 At present, relatively little 
is known about potential interactions between the Wnt/β- catenin 
pathway and the function of nAChRs. Earlier investigations revealed 
that the canonical Wnt axis initiation may promote the pre- synaptic 
localization of α7- nAChR53 and accelerate differentiation of stem 
cells in adipose tissue into cholinergic neurons.54 Moreover, acti-
vating the canonical Wnt pathway by Wnt- 7a has been reported to 
promote up- regulation and aggregation of α7 nAChR.55 These ob-
servations are in line with the finding with C. elegans that mutations 
causing defects in the Wnt axis lower the synaptic expression of the 
ACR- 16/α7 nAChR homolog, a change accompanied by attenuated 
receptor function and loss of nicotinic- related behaviors.56

Interestingly, a possible role for the expression and activity of 
N- methyl- d- aspartic acid receptors (NMDARs) and glutamatergic 
transmission was found in the therapeutic effects of lithium.57 In 
many cases, the α7 nAChRs and NMDARs were closely apposed on 
axon terminals, where α7 nAChRs may regulate glutamate release 

and its subsequent modulation of neuronal plasticity.58,59 Activating 
α7 nAChRs potentiated responses to glutamate by increasing the 
membrane insertion of NMDARs.60 However, whether lithium af-
fects α7 nAChRs signal transduction through NMDARs has not been 
verified, which is worth of further study.

In the cerebral zone of APP/PS1 mice, the Aβ level was increased 
and those of α7 nAChR, phosphor- GSK3β (ser9), β- catenin and cyclin 
D1 (protein and/or mRNA levels) were reduced. Treatment with LiCl 
for 2 months at 4 or 10 months of age attenuated all of these effects. 
Similar expression variations were observed for these proteins in pri-
mary neurons exposed to AβOs, and these effects were attenuated 
by LiCl and aggravated by XAV939. Inhibition of β- catenin expres-
sion lowered the level of α7 nAChR protein in these cells. A proposed 
molecular pathway involving above changes is shown in Figure S4. 
These findings suggest that LiCl can reverse the impairment in learn-
ing capability and memory function for APP/PS1 mice via a mecha-
nism that might involve elevation of the level of α7 nAChR as a result 
of altered Wnt/β- catenin signalling.
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