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Abstract  

Background: We examined the mechanism by which lithium chloride (LiCl) 

attenuates the impaired learning and memory of APP/PS1 double transgenic 

(APP/PS1) mice. 

Methods: Six- or twelve-month-old APP/PS1 and wild-type (WT) mice were divided 

randomly into 4 groups: 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 

-amyloid peptide oligomers (AβOs), LiCl and/or XAV939 (inhibitor of 

Wnt/β-catenin) or transfected with small interfering RNA against the β-catenin gene. 

Phosphor-glycogen synthase kinase-3β (GSK3β) (ser9), total GSK3β, β-catenin, 

cyclin D1, and α7 nAChR protein and mRNA were quantified by Western blotting or 

real-time PCR, respectively; senile plaques and α7 protein by immunohistochemical 

or immunofluorescent staining; Aβ42 by ELISA; and cell viability by CCK8. Learning 

and memory were assessed utilizing the Morris water maze test. 

Results: In the brains of APP/PS1 mice, the level of Aβ was increased and those of 

α7 nAChR, phosphor-GSK3β (ser9), β-catenin, and cyclin D1 (at the protein and/or 

mRNA level) reduced. Treatment with LiCl for 2 months at 4 or 10 months of age 

attenuated all of these effects. Similar changes in the levels of these proteins were 

observed 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.  

Conclusion: LiCl attenuates the impaired ability of learning and memory 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 signaling. 

Keywords 
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Introduction 

Alzheimer’s disease (AD), the most common form of dementia associated with 

aging, is characterized by progressive loss of cognitive abilities, in particular memory 

and learning [1, 2]. The hallmarks of this disease in the brain include intracellular 

neurofibrillary tangles containing highly phosphorylated tau, extracellular amyloid 

plaques containing -amyloid peptide (A), an excessive loss of synapses [3, 4] and 

deficient cholinergic transmission [5]. In this context, hydrolysis of amyloid precursor 

protein (APP) by β- and γ-secretases leads to accumulation of Aβ oligomers (AβOs), 

thereby inducing onset of neuronal toxicity [6]. 

The cholinergic pathway is involved directly in learning and memory [7] and the 

“cholinergic hypothesis” proposes that the reduction in cholinergic innervation is 

responsible for the cognitive decline observed in patients with AD [8,9]. Neuronal 

nicotinic acetylcholine receptors (nAChRs), ligand-gated ion channels composed of 

combinations of five different α (2-9) and three different β (2-4) subunits, participate 

in a wide range of functions, including cognitive processing and learning and memory. 

Alterations in the expression of these receptors are associated with the impaired 

cholinergic neurotransmission [10] and may be responsible for complex neuronal 

diseases such as AD and Parkinson disease [11-14].  

Indeed, expression of nAChRs is lowered in the brains of the patients with AD 

and of animal models of this disease, as well as in isolated neuronal cells exposed to 

Aβ [15, 16]. α7, the main subtype of nAChR present in both neuronal and 

non-neuronal cells of the human brain, consists mainly of five α7 subunits and is 

considered to be one of the receptors most closely related to the pathogenesis of AD 

[17, 18]. 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 [19-24].  
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Potential treatment of AD targeting the nAChRs may not only enhance cognition, 

but also attenuate other symptoms of this pathology [25, 26]. Unfortunately, current 

pharmacotherapy only decelerates the symptoms of AD transiently. Treatment of AD 

patients with cholinesterase inhibitors (ChEIs) briefly activates the nAChRs, but 

ChEIs cannot prevent the continuous disappearance of these receptors. 

In addition to the toxic consequences due to direct binding of Aβ to nAChRs, 

other subcellular events have been associated with AD, including down-regulation of 

the canonical Wnt/β-catenin pathway, which might influence the stability of these 

receptors. Cytoplasmic β-catenin plays a key role in signaling via this pathway. When 

Wnt receptors are not activated, casein kinase 1 and glycogen synthase kinase-3β 

(GSK3β) phosphorylate Axin-bound β-catenin sequentially at a series of regularly 

spaced Ser/Thr residues located in its N-terminus. As a consequence, β-catenin is 

ubiquitinated and targeted for rapid destruction by the proteasome, thereby depressing 

the expression of downstream targets such as cyclin D1 [27].  

Interestingly, Wnt/β-catenin signaling is closely associated with learning and 

memory in mammals [28] and this signaling is impaired both in the brains of patients 

with AD and animal models of this disease [29]. This dysfunction plays a key role in 

neuron degeneration and the impairment of synapses, creating a deleterious pathway 

that leads to dementia [30]. Notably, nAChRs are present both on presynaptic [31,32] 

and postsynaptic [33,34] membranes and loss of these receptors leads inevitably to 

abnormalities in synapses. Furthermore, persistent activation of Wnt signaling, either 

by administration of ligands or by preventing the action of inhibitors, overcomes the 

toxic effects of Aβ and improves cognitive performance in patients with AD [35-37]. 

Lithium is universally accepted as the first-choice mood-stabilizer for 

maintenance of bipolar disorder [38]. In addition to mood-stabilization, lithium exerts 
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anti-suicidal, immunomodulatory and neuroprotective actions [39], during the last 

decade, has come to be regarded as a neuroprotective agent and is now widely used in 

studies of neurodegenerative diseases, including AD [40-42]. 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 [38]. 

Lithium chloride (LiCl) inhibits GSK3β, thereby reducing this activity in the brain of 

animal models of AD [43,44], while enhancing Wnt/β-catenin signaling. There are 

indications that the neuroprotection demonstrated by lithium involves this action on 

Wnt/β-catenin signaling [45]. 

Accordingly, lithium may be of value in treating AD. However, it is currently 

unknown whether lithium can reverse the impairment of learning and memory in a 

murine model of AD and, if so, whether this effect involves regulation of 

Wnt/β-catenin signaling and consequent regulation of α7 nAChR. Here, we 

investigated these questions by treating both APP/PS1 mice and primary neurons 

exposed to AβOs with LiCl or XAV939 and then analyzing the cognitive ability of 

these mice, as well as potential changes in Wnt/β-catenin and α7 nAChR in both of 

these systems. 
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Materials and Methods 

Materials 

LiCl, Aβ1-42 and XAV939 (Sigma-Aldrich Inc., USA); mouse monoclonal 

anti-Aβ antibody (BioLegend Inc., USA); rabbit monoclonal anti-GSK3β, 

-phosphor-GSK3β (ser9), -β-catenin and -cyclin D1 antibodies and anti-rabbit IgG 

conjugated with horseradish peroxidase antibody (Cell signaling Inc., USA); rabbit 

polyclonal GAPDH antibodies (Gentex Inc., USA); rabbit polyclonal anti-nAChR α7 

(Abcam Inc., USA); cell counting Kit-8 (Dojindo Inc., Japan); mouse monoclonal 

anti-NeuN antibody (Merck 112 Millipore Inc., Germany); rabbit monoclonal 

anti-glial fibrillary acidic 113 protein (GFAP) antibody (Dako Inc., Denmark); 

anti-mouse IgG labeled with CY-3 and anti-rabbit IgG labeled with 488 (Thermo 

scientific Inc., USA); kits for measuring Aβ42 levels (Thermo scientific Inc., USA); 

Lipofectamine RNAiMAX Reagent (Invitrogen Inc., USA); Universal TaqMan 

2×PCR mastermix (Applied Biosystems Inc., USA); and all other general chemicals 

(Sigma-Aldrich Inc., USA) were purchased from the sources indicated. 

Experimental animals 

Four-month-old B6.Cg-Tg (APPSWE and PSEN1dE9) mice with a 85Dbo/Mmjax 

background and wild-type (WT) mice of the same strain (all with a body weight of 

20-30 g) were purchased from Shanghai Nanfang Biological Technology 

Development Co., Ltd. Following acclimatization for one week with a humidity of 

30-55% and temperature of 22-25 C, 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 genotyping by the polymerase chain reaction (PCR), 

with analysis of the products by 1.5% agarose gel electrophoresis. The PCR primers 

for target transcripts (Table 1) were designed on the basis of the complete cDNA 
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sequences deposited in GenBank. 

All experiments described here were pre-approved by the Ethical Committee of 

Guizhou Medical University, China (No. 1702110). 

At the ages of 4 or 10 months, the transgenic (APP/PS1 mutation) and WT mice 

were divided randomly into 4 groups (6 animals in each) for subsequent treatment for 

two months [46] as follows: (1) the WT group: WT animals received physiological 

saline (approximately 0.4 ml) by gavage once daily; (2) the WT+Li group: WT 

animals were treated with LiCl (100 mg/kg); (3) the transgenic group: animals with 

the APP/PS1 mutation were treated with physiological saline in the same manner as 

group (1); (4) the transgenic+Li group: transgenic animals were treated with LiCl in 

the same manner as group (2).  

Culturing and treatment of primary hippocampal neurons 

Primary neurons were prepared from the brains of neonatal Sprague-Dawley rats 

employing minor modifications of a published procedure [47]. In brief, the 

hippocampal regions were dissected out within 2-3 min after sacrifice and thereafter 

maintained in Hibernate-A medium on ice. After removing the meninges, the 

hippocampus was washed three times with Hank’s buffered saline solution and then 

digested with 0.25% trypsin for 10 min at 37 C. Subsequently, the incubation 

medium was discarded and DMEM containing 10% FBS added to terminate digestion. 

After washing twice more with Hank’s buffered saline solution, the digested tissue 

was resuspended in 2 ml Neurobasal/B27 complete medium (Neurobasal A medium 

with 2% B27, 1% GlutaMAX Supplement, 100 U/ml penicillin and 100 mg/ml 

streptomycin).  

The resulting single-cell suspension was filtered and transferred into a new tube. 

Then, the cells were counted using trypan blue exclusion and placed onto 96- or 
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6-well poly-L-lysine-coated plates at a density of approximately 5.0×104/cm2. 

Thereafter, the neurons were maintained under a humidified atmosphere containing 

5% CO2 at 37° C, with replacement of half of the medium once every 3 days. After 10 

days of such incubation, the neurons were subjected to various treatments. The purity 

of these primary neurons was evaluated by immunofluorescent double-staining with 

mouse anti-NeuN antibody followed by anti-mouse IgG labeled with CY-3 (red) and 

with rabbit anti-GFAP antibody followed by anti-rabbit IgG labeled with 488 (green). 

AβOs were prepared by a procedure described earlier [48] and the suitable 

concentration for exposure chosen as also described previously [47]. Cells were first 

exposed to different concentrations of LiCl (0-100 mmol/L) and XAV939 (0-50 

μmol/L) for different times. Thereafter, the cells were incubated with 10 μl CCK8 

solution for 2 h, following which the absorption at 450 nm was determined. On the 

basis of the results of this test for viability, suitable concentrations of LiCl and 

XAV939 and incubation times were chosen. 

Transfection with small interfering RNA (siRNA) was initiated by adding a 

mixture (1:1) of Lipofectamine RNAiMAX Reagent diluted in Opti-MEM Medium 

(15 μl:250 μl) and the siRNA (For5’-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 [49]. 

The Morris water maze (MWM) test of spatial learning and memory 

Each mouse was forced to find a submerged escape platform in a circular pool 

filled with water (25-26° C) rendered opaque with powdered milk [50]. During the 

familiarization session and acquisition phase (four trials/day for four consecutive 

days), the mouse was given as long as 60 s to find the hidden platform and then 
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allowed to remain seated on this platform for 5 s, after which the animal was returned 

to its home cage. During the retention phase, the platform was removed from the pool 

and for 60 s the path taken by each mouse was video-filmed to determine the time 

required to swim to the original position of the platform, as well as the number of 

passes over and time spent at this position. 

Determination of Aβ42 by ELISA  

The level of Aβ42 in mouse brains was determined utilizing an Amyloid β42 

Mouse ELISA kit in accordance with the manufacturer’s protocol [50]. In brief, after 

homogenization and centrifugation of the tissue, the pellets obtained were extracted 

with 5 M guanidine-HCl. The same amount of protein in each extract was diluted to a 

final volume of 100 μl and then incubated in wells on plates at room temperature (RT) 

for 2 h. The wells were then washed, filled with 100 μl Detection Antibody solution, 

and then incubated for one more h at RT. Thereafter, the wells were again washed, 

followed by incubation with 100 μl HRP-linked antibody solution for 30 min and four 

additional washes. Finally, Stop Solution was added and the optical density at 450 nm 

determined with a spectrophotometer (Bio-Rad Inc., USA). 

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 

centrifuged at 12,000 rpm at 4° C for 20 min; and the protein concentrations of the 

supernatants thus obtained determined with the BCA protein assay kit [47]. The 

proteins were subsequently separated by 10% SDS-PAGE and then blotted onto 

polyvinylidene difluoride (PVDF) membranes with a transfer unit (Bio-Rad Inc., 

USA).  
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For relative quantification of the proteins, these membranes were thereafter 

incubated with antibody against phosphor-GSK3β (ser9), GSK3β, β-catenin, cyclin 

D1, α7 nAChR, or GAPDH at 4° C overnight. After washing, the membranes were 

incubated with horseradish peroxidase-conjugated secondary antibody for 60 min. 

Finally, the protein bands were detected utilizing an enhanced chemiluminescence 

system (ECL kit, MiniporeInc., USA) and the signals thus obtained visualized by 

exposure to hyper-performance chemiluminescence film for 30 s to 3 min. Signal 

intensity was quantified employing the Image J software. 

Determination of the level of α7 nAChR mRNA by reverse transcription and 

quantitative real-time PCR 

Total RNA extracted from brain tissue or cells using Trizol Reagent was used to 

obtain cDNA by reverse transcription with the Prime Script™ RT Master Mix cDNA 

Synthesis Kit (Takara Bio., USA) [51]. Quantitative real-time PCR was performed in 

the ABI PRISM 7300 Sequence Detection System (Applied Biosystems., USA) in 

accordance with the manufacturer’s protocol and analyzed with GeneAmp7300 SDS 

software. 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. 

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 performed as described previously [52]. Sections were first deparaffinized 

in xylene, then dehydrated through a series of aqueous solutions containing increasing 
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concentrations of alcohol; next, they were microwaved in 0.01 M citric acid buffer 

(pH 6.0) for 20 min to achieve antigen retrieval; and then placed in blocking buffer 

(Dako Inc., Denmark) for 30 min at RT. Subsequently, the sections were incubated 

with 6E10 and anti-α7 nAChR antibodies at 4° C overnight; and the next day, with 

biotinylated goat anti-mouse or rabbit IgG for 60 min at RT. Thereafter, they were 

incubated with the avidin-biotinylated enzyme complex and then placed in peroxidase 

reaction solution containing diaminobenzidine. The number of senile plaques and 

optical density (IOD) of α7 nAChR staining in randomly selected fields of vision 

(original magnification X 200) were quantified with the Image Pro Plus software 

(USA). 

For immunostaining of α7 nAChR in isolated cells, the primary neurons were 

first seeded onto 6-well PLL-coated plates, washed three times with PBS and then 

fixed in 4% paraformaldehyde. These samples were then treated with goat serum for 

30 min at RT; incubated with antibody against α7 nAChR overnight at 4° C [47]; and 

the next day incubated with fluorescein isothiocyanate-labelled goat anti-rabbit IgG 

labelled with 488 for one h at RT. Thereafter, the cells were rinsed three times in PBS 

and coverslipped with Vectashield (Vector Laboratories., USA).The IOD of 

immunofluorescent staining for α7 nAChR in randomly selected fields of vision 

(original magnification X 400) was quantified with the Image Pro Plus software 

(USA). 

Statistical analyses 

The values for the different groups of mice are presented as means±SD and 

compared by analysis of variance (ANOVA), followed by a least significant 

difference post-hoc test. Semi-quantitation of the Aβ plaques was carried out with the 

Bielschowsky procedure [53]. The correlation between the level of α7 nAChR protein 
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and spatial learning and memory was performed employing the Pearson correlation 

test. Differences with a value p< 0.05 were considered to be statistically significant. 

All analyses were performed using the SPSS 22.0 software (SPSS Inc., USA). 
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Results 

Confirmation of the APP/PS1 murine genotype  

When genomic DNA was utilized as the template for PCR amplification, 

products approximately 400 and 600 bp in size, consistent with the size of the APP 

and PS1 genes, respectively, were observed with the transgenic, but not WT mice (Fig. 

1). 

Spatial learning and memory in mice 

As determined by the Morris water maze test (Fig. 2), the number of times the 

original position of the platform was crossed and the time spent at this position were 

both reduced, while the escape latency was increased in the 6- and 12-month-old 

APP/PS1 double-transgenic mice in comparison to the corresponding WT mice. 

Treatment of the transgenic animals with LiCl for 2 months beginning at 4 or 10 

months of age clearly improved both their ability of learning and memory to the 

extent that these were the same as those of the WT mice treated with LiCl in a similar 

manner.  

The number of the senile plaques and level of Aβ42 in the cortex of mouse brains 

The brains of 6- (Fig. 3A-D and a-d) or 12-month-old (Fig. 3E-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. 

No amyloid plaques were detected in the brains of WT mice with or without exposure 

LiCl (Fig. 3I). 

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 decreased even further by treatment with LiCl (Fig. 3J). 

The viability of primary neurons exposed to AβOs, LiCl and/or XAV939 
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Immunostaining of the primary cultured neurons prepared from the hippocampal 

region of the brains of newborn rats with antibodies directed toward NeuN (a marker 

for neurons), GFAP (a marker for astrocytes), and DAPI (a marker for nucleus) 

revealed that approximately 90% of these cells were neurons (Fig. 4A-E). The 

viability of these primary neurons following exposure to AβOs, LiCl and/or XAV939 

was assessed 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 (Fig. 4F and G).  

Exposure of these primary neurons to 0.5 μmol/L AβOs for 48 h [conditions chosen 

on the basis of an earlier study; 47] reduced cell viability, a reduction that was 

attenuated by LiCl, but aggravated by XAV939 (Fig. 4H). 

Expression of proteins involved in Wnt signaling in the hippocampus and cortex of 

mouse brains and primary neurons 

As determined by western blotting, the levels of phosphor-GSK3β (ser9) (but not 

total GSK3β), β-catenin and cyclin D1 in the hippocampus (Fig. 5A-C and D-F) or 

cortex (Fig. 5a-c and d-f) of the brains of APP/PS1 mice at 6 (Fig. 5 A-C and a-c) or 

12 (Fig. 5 D-F and d-f) months of age were all lower than the corresponding levels in 

WT mice. Interestingly, treatment of the transgenic animals with LiCl attenuated 

these reductions. In addition, expression of these proteins in the hippocampus and 

cortex of 6- or 12-month-old WT animals was also elevated by treatment with LiCl as 

compared with the WT mice without the treatment of LiCl. 

In the case of 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 (Fig. 6A and B).  
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In comparison with the corresponding control group, transfection of primary 

neurons with siRNA targeting the β-catenin gene reduced both the level of this protein 

and that of cyclin D1 (Fig. 6E and F). 

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 levels of both α7 

nAChR protein and mRNA were enhanced by 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 (Fig. 6C and 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 (Fig. 6G). 

As assessed by western blotting and real-time PCR, the levels of α7 nAChR 

protein (Fig. 7A-D) and mRNA (Fig. 7E-H) were decreased in the hippocampus (Fig. 

7A, C, E and G) and cortex (Fig. 7B, D, F and H) of APP/PS1 mice at 6 (Fig. 7A, B, 

E and F) and 12 (Fig. 6C, D, G and 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 (Fig. 8A-D and 

a-d). This immunostaining was less intense in the hippocampus (Fig. 8A, a, C and c) 

and cortex (Fig. 8B, b, D and d) of the APP/PS1 mice at 6 (Fig. 8A, a, B and b) and 

12 (Fig. 8C, c, D and 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 immunofluorescent analysis 

revealed localization of the α7 nAChR subunit mainly at the plasma membrane and 

axon (Fig. 9A). Exposure to LiCl alone enhanced this immunofluorescence, whereas 
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XAV939 reduced it. Interestingly, the reduction caused by AβOs alone was attenuated 

by LiCl and enhanced by XAV939 (Fig. 9D).  

Correlations between the level of the α7 nAChR and spatial learning and memory 

Correlation analysis revealed a negative correlation between the elevated level of 

α7 nAChR protein present in the brains of APP/PS1 mice at 6 (Fig. 10A and C) or 12 

(Fig. 10B and D) months of age following exposure to LiCl and the impairment in 

their spatial learning and memory. 
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Discussion 

AD is associated with a specific onset and course of cognitive and functional 

decline during ageing, together with aggregation of a particular Aβ with 

hyperphosphorylated tau protein that causes loss of synapses and neurodegeneration 

[54, 55]. Aβ, the level of which is associated with the extent of cognitive decline [56], 

is measured in the cerebrospinal fluid and brain for purposes of auxiliary diagnosis 

[57].  

In the brain of APP/PS1 mice, one of the most common animal models of AD, 

the content of Aβ and number of senile plaques are elevated, while learning and 

memory of these animals are impaired [58]. Here, we found that in the brains of 6- 

and, especially, 12-month-old mice of this strain the number and size of senile 

plaques were markedly increased and learning and memory significantly impaired. 

Consistent with previous studies [47, 59], we have also confirmed that Aβ damages 

neurons directly, both in vitro and in vivo, leading to dysfunction and apoptosis. 

The α7 and α4β2 forms are the most abundant nAChRs in the mammalian brain. 

The α7 nAChR subtype is widely distributed in the central nervous system, although 

its expression is particularly prominent in the hippocampus and prefrontal cortex, two 

key regions involved in neurocognition [60]. The well-defined functions of α7 

nAChR in the brain include the modulation of synaptic transmission and plasticity 

underlying normal attention, cognition, learning and memory processes [61,62]. 

In this context, the level of α7 nAChR is lowered in animal models of AD and in 

neurons treated with AβOs and, moreover, the loss of the ability of learning and 

memory of APP/PS1 mice can be reversed or aggravated by activating or inhibiting 

the expression of α7 nAChR, respectively [63, 64]. Aβ damages nAChRs, and in 

particular α7 nAChR, directly, thereby altering neuronal signaling and contributing to 
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the synaptic dysfunction associated with AD. Computational modeling indicates that 

arginine-208 and glutamate-211 in α7 nAChR are involved in their interaction with 

Aβ [65].  

    Clearly, α7 nAChR plays key roles in maintaining ability of learning and 

memory. In our current investigation, the level of α7 nAChR protein in the 

hippocampus and cortex of the brains of 6- and 12-month-old APP/PS1 mice was 

found to be lower than in WT animals. In addition, 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 relationship between the loss of α7 nAChR and the decline in the ability of 

learning and memory of APP/PS1 mice. At the same time, we found that the loss of 

α7 nAChR is associated with a reduction in the level of the β-catenin protein. 

β-catenin plays an essential role in Wnt/β-catenin signaling, which is involved in 

both development of the nervous system and adult synaptic plasticity, as well as in 

learning and memory in both normal and disease states [28, 66]. Thus, the decline of 

learning and memory in patients with AD appears to be related to the decrease of 

Wnt/β-catenin in their brain [67]. In animal models as well, there is a strong 

association between down-regulation of Wnt/β-catenin signaling and AD pathology 

[29]. In addition, GSK3β is commonly activated in connection with the 

pathophysiology of AD and dysregulation of this kinase influences the stability of 

β-catenin, as well as downregulating the expression of downstream proteins such as 

cyclin D1 [68, 69]. Accordingly, the Wnt/β-catenin signal pathway offers a 

therapeutic target for alleviating the pathological process that results in AD [70].  



20 

 

In the present case, we verified that Wnt/β-catnin signaling in the brains of APP/PS1 

mice or in primary neurons treated with AβOs in vitro is significantly lower than in 

the WT animals or untreated cells.   

Evidence for a neuroprotective effect of lithium has accumulated over the last 

two decades [71] and this element has been found to be involved in the regulation of 

numerous genes, proteins and metabolites [72]. Most noteworthy of these is the 

inhibition of GSK3β by lithium, which has a wide range of beneficial effects [73,74]. 

Consistent with previous findings [75], we found here that LiCl enhances the ability 

of learning and memory of both 6- and 12-month-old APP/PS1 mice.  

 Moreover, both the elevated content of Aβ42 and the number or size of senile 

plaques in the brains of these transgenic mice were reduced by treatment with LiCl. In 

addition, this reduction 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 [76], as well as that the 

cognitive benefits of LiCl are associated with enhanced clearance of Aβ via 

upregulation of brain microvascularization by LRP1 and increased bulk flow of 

cerebrospinal fluid [77]. 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 [78]. In addition, up-regulation of Wnt/β-catenin signaling by 

LiCl can cause β-catenin to bind specifically to regions within the BACE1 promoter 

that contain putative TCF/LEF motifs and repress transcription [79]. Any or all 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 

[27,42]. Here, up-regulation of the Wnt/β-catenin pathway by LiCl in 6- and 
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12-months-old mice with or without the APP/PS1 double mutation was verified. This 

effect was associated with inactivation of GSK3β through specific phosphorylation of 

Ser9 in its N-terminus [80], 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.  

In line with these findings in vitro, activation of the Wnt/β-catenin pathway has 

been reported to counteract the detrimental effects of AβO [81] and may thus play an 

essential role in the maintenance of synapses and neuronal functions [82]. Abundant 

evidence demonstrates that reactivation of the Wnt/β-catenin pathway completely 

restores the number of synapses and synaptic plasticity [83] and this pathway is a 

target for recovery of neuronal circuits following degeneration of synapses [84]. Since 

α7 nAChRs are expressed widely on both pre-synaptic and post-synaptic membranes 

[31,34], we hypothesize that activation of Wnt/β-catenin pathway by LiCl stabilizes 

expression of these receptors in the brain of animal models of AD. 

Interestingly, the reduction in the level of α7 nAChR protein in the brains of 

APP/PS1 mice could be attenuated by treatment with LiCl. In addition, in WT 

animals, treatment with LiCl not only activated the Wnt/β-catenin pathway, but also 

elevated the levels of α7 nAChR protein and mRNA in the hippocampus or cortex. 

These findings indicate that LiCl may regulate expression of the α7 nAChR subunit 

during the development of AD. In this context, we found that the elevated level of α7 

nAChR protein in the brains of APP/PS1 mice exposed to LiCl correlated negatively 

with their impairment in spatial ability of learning and memory. In combination with 

previous observations, this study further supports the important role of α7 nAChR in 
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learning and memory [61,62] and suggests that restoring normal expression of α7 

nAChR may be one mechanism by which LiCl improves learning and memory in 

APP/PS1 mice. 

Subsequently, we found that when primary neurons were exposed to LiCl, their 

level of the α7 nAChR subunit increased, whereas XAV939 had the opposite effect. 

Moreover, the decrease in the level of α7 nAChR subunit 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 

expression of the α7 nAChR subunit. These findings indicate 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 maintaining the ability to 

learn and memory [85]. At present, relatively little is known about potential 

interactions between the Wnt/ β-catenin pathway and the function of nAChRs. Earlier 

investigations revealed that activation of the canonical Wnt pathway may promote the 

pre-synaptic localization of α7-nAChR [86] and accelerate differentiation of stem 

cells in adipose tissue into cholinergic neurons [87]. Moreover, activated the 

canonical Wnt pathway by Wnt-7a has been reported to promote up-regulation and 

aggregation of α7 nAChR [88]. These observations are in line with the finding with C. 

elegans that mutations causing defects in the Wnt pathway lower the synaptic level of 

the ACR-16/α7 nAChR homolog, a change accompanied by attenuated receptor 

function and loss of nicotinic-related behaviors [89].  

Limitation 
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In this paper, we have tentatively verified the association between α7 nAChR 

and the ability of learning and memory, and discussed the possible effect of lithium 

on α7 nAChR via the Wnt/β-catenin signaling pathway. However, not only α7 but 

also α4β2 nAChRs are important in the learning and memory. A further investigation 

concerning whether α4β2 nAChR is affected by lithium and also involved in the 

regulation of the Wnt/β-catenin signaling pathway on brain function in AD could be 

interesting.  
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Conclusion 

The present results showed that 6- or 12-month-old APP/PS1 mice demonstrated 

impaired learning and memory, as well as an increase in the number of senile plagues 

in their brains. Interestingly, the treatment of LiCl attenuated the impaired learning 

and memory of these APP/PSI mice and decreased the large number of senile plagues 

in their brains. Furthermore, expression of α7 nAChR, and the levels of the 

phosphor-GSK3β (ser9), β-catenin and cyclin D1 proteins were lowered both in the 

brains of these animals and in primary neurons exposed to AβOs. However, the 

treatment of either WT or APP/PS1 mice at 4 or 10 months of age with LiCl for 2 

months increased the levels of these proteins, and the effect was also observed upon 

exposure of primary neurons, untreated or treated with AβOs, to LiCl. A negative 

correlation was observed between the elevated level of α7 nAChR protein present in 

the brains of APP/PS1 mice and the impairment in their spatial learning and memory 

following exposure to LiCl. In addition, inhibition of the Wnt/β-catenin pathway with 

XAV939 enhanced the neurotoxic effect of AβOs on the expressions of this pathway 

and the α7 nAChR subunit. Inhibition of the expression of β-catenin by siRNA in 

primary neurons also decreased the level of α7 nAChR. These findings suggest that 

LiCl can reverse the impairment in ability of learning and memory exhibited by 

APP/PS1 mice via a mechanism that might involve elevation of the level of α7 

nAChR as a result of altered Wnt/β-catenin signaling. 
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Figures

Figure 1

Con�rmation of the genotype of the APP/PS1 double-transgenic mice. Bands 2 and 5: the transgenic
mice; bands 1, 3, 4, and 6: wild-type mice. M= BioDL100 DNA marker.



Figure 2

Assessment of the ability of learning and memory of 6- or 12-month-old wild-type (WT) and APP/PS1
double-transgenic (APP/PS1) mice by the Morris water maze test. The four groups were treated by
gavage once daily for two months 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 shown are means ± SD (n = 6), *p< 0.05 in comparison to WT; #p< 0.05 in comparison to
APP/PS1 mice.



Figure 3

Senile plaques in the brains of 6- (Fig. 3A-D, a-d) and 12-month-old (Fig. 4E-H, e-h) wild-type (WT) and
APP/PS1 double-transgenic (APP/PS1) mice. The four groups were treated by gavage once daily for two
months 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. Magni�cation: A-H, 40 X, scale bar = 250 μm; a-h (magni�cation of the squares in A-H), 400 X,
scale bar = 25 μm. I: the number of senile plaques detected by 6E10 immunohistochemistry. J: The
content of Aβ42 in the brain as detected by enzyme-linked immunosorbent assay. The values shown are
means ± SD (n = 6), *p< 0.05 in comparison to WT; #p< 0.05 in comparison to APP/PS1 mice.

Figure 4

Immunostaining of cultures of primary neurons prepared from the neonatal rat hippocampus and
determination (with CCK8) of their viability following exposure to LiCl, XAV939 and/or AβOs. A: NeuN-
positive neurons (red); B: nuclei (blue); C: GFAP-positive astrocytes (green); D: merged staining for



neurons (red), astrocytes (green) and nuclei (blue); E: the numbers of neurons and astrocytes; F: Viability
following exposure to LiCl (0-100 mmol/L), *p< 0.05 or #p< 0.05 in comparison to untreated cells
(control) following 6 or 24 h of exposure, respectively; G: Viability following exposure to XAV939 (0-50
μmol/L), *p< 0.05, &p< 0.05 or #p< 0.05 in comparison to control cells following 24, 48 or 72h of
exposure, respectively; H: control: untreated primary neurons; Aβ: primary neurons treated with AβOs (0.5
μmol/L) for 48 h; Li+Aβ: primary neurons treated with LiCl (10 mmol/L) for 6 h and AβOs (0.5 μmol/L) for
48 h; XAV939+Aβ: primary neurons treated with XAV939 (1 μmol/L) for 24 h and AβOs (0.5 μmol/L) for
48 h,*p< 0.05 in comparison to control group; #p< 0.05 in comparison to Aβ group. The values presented
are the means ± SD of three independent experiments.



Figure 5

Expression of the p-GSK3β, β-catenin and cyclin D1 proteins in the hippocampus (Fig. 5A-F) and cortex
(Fig. 5a-f) of the brains of 6- (Fig. 5A-C and a-c) or 12-month-old (Fig. 5D-F and d-f) wild-type (WT) and
APP/PS1 double-transgenic (APP/PS1) mice. The four groups were treated by gavage once daily for two
months 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 shown are
means ± SD (n = 6), *p< 0.05 in comparison to WT; #p< 0.05 in comparison to APP/PS1 mice.

Figure 6

Expression of the β-catenin (Fig. 6A and E) and cyclin D1 proteins (Fig. 6B and F) and α7 nAChR protein
and mRNA (Fig. 6C, D and G) by primary hippocampus neurons. control: untreated primary neurons; Li:
primary neurons exposed to LiCl (10 mmol/L) for 6h; XAV939: primary neurons exposed to XAV939 (1
μmol/L) for 24h; Aβ: primary neurons exposed to AβOs (0.5 μmol) for 48h; 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 48h. The values presented are the means ± SD of three
independent experiments. *p< 0.05 in comparison to control group; #p< 0.05 in comparison to the Aβ
group.



Figure 7

Expression of α7 nAChR protein and mRNA in the hippocampus (Fig. 7A, C, E and G) and cortex (Fig. 7B,
D, F and H) of the brains of 6- (Fig. 7A, B, E and F) and 12-month-old (Fig. 7C, D, G and H) wild-type (WT)
and APP/PS1 double-transgenic (APP/PS1) mice. The four groups were treated by gavage once daily for
two months 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 shown
are means ± SD (n = 6), *p< 0.05 in comparison to WT; #p< 0.05 in comparison to APP/PS1 mice.



Figure 8

Immunohistochemical staining for α7 nAChR protein in the hippocampus (Fig. 8A and C) and cortex (Fig.
8B and D) of the brains of 6- (Fig. 8A and B) and 12-month-old (Fig. 8C and D) wild-type (WT) and
APP/PS1 double-transgenic (APP/PS1) mice. The four groups were treated by gavage once daily for two
months 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. Magni�cation: A-D, 40 X,
scale bar = 250 μm or 200 X (magni�cation of the white arrows in A-D). a-d: semiquantitative analysis of
the integrated optical density (IOD) of α7 nAChR staining in the hippocampus (Fig. 8a and c) and cortex



(Fig. 8b and d) of the 6- (Fig. 8a and b) and 12-month-old (Fig. 8c and d) mice in the different groups. The
values shown are means ± SD (n = 6), *p< 0.05 in comparison to WT; #p< 0.05 in comparison to APP/PS1
mice.

Figure 9

Immuno�uorescent staining for α7 nAChR protein in primary hippocampus neurons. control group:
untreated primary neurons; Li: primary neurons exposed to LiCl (10 mmol/L) for 6h; XAV939: primary
neurons exposed to XAV939 (1 μmol/L) for 24h; Aβ: primary neurons exposed to AβOs (0.5 μmol) for 48h;
Li+Aβ group: primary neurons exposed to LiCl and AβOs; XAV939+Aβ group: primary neurons exposed to
XAV939 and AβOs. The neurons were stained with rabbit antibody directed against α7 nAChR (green) and
the cell nuclei were stained blue with DAPI. D: semiquantitative analysis of the integrated optical density



(IOD) of α7 nAChR staining. Magni�cation: 400 X, scale bar = 25 μm. The values presented are the means
± SD of three independent experiments. *p< 0.05 in comparison to the control group; #p< 0.05 in
comparison to the Aβ group.

Figure 10

TThe correlation between the level of α7 nAChR protein and spatial learning and memory of 6- (Fig. 10A
and C) and 12-month-old (Fig. 8B and D) wild-type (WT) and APP/PS1 double-transgenic (APP/PS1)
mice, as assessed employing the Pearson correlation test (r=value, p< 0.05).


