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ABSTRACT 

Alzheimer’s disease is the most common neurodegenerative disease in the 

elderly. Senile plaques and nerve cells in the fiber entanglement [neurofibrillary 

tangle (NFT)] are the significant pathological features. Currently, clinical drugs 

cannot effectively treat AD and reverse its pathogenesis. Therefore, it is of great 

importance to research and development of new AD therapy drugs. Carbazole-

based cyanine is a type of synthetic small molecule compound that shares a 

common base with different functional groups; for example, SLOH, SLM, and 

SLCOOH. They exhibited selective binding to Aβ peptides and showed strong 

inhibition of Aβ peptide aggregation. 

It was found that one of the cyanines, SLOH, could significantly improve the 

cognitive ability of 3× Tg-AD mice treated for 40 days from the age of 4 months. 

In vivo, SLOH reduced Aβ levels and decreased hyperphosphorylation of tau both 

in the hippocampus and cortex by downregulating the activity of Akt/GSK3β and 

protein phosphatase 2A, SLOH can also activate the calcium pathway through 

activating CAMKII and cAMP-response element-binding (CREB). 

SLM significantly improved cognitive deficits in AD mice both in AD mice 

aged 4 months and 8 months. Both oligomeric Aβ and phosphorylated tau were 

decreased, and this was due to the activation of autophagic flux. 

The other cyanine compound SLCOOH also exhibited significant 

improvement in the cognitive ability of 4-month 3× Tg-AD mice after two months 

of treatment. There was significantly reduced Aβ deposition, decreased total tau, 

and reduced tau hyperphosphorylation by inhibiting the activities of glycogen 

synthase kinase-3β in 4-month 3× Tg-AD mice. SLCOOH treatment cleared Aβ 
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and tau by upregulating the autophagy pathway, which inhibited the activity of 

mTOR/p70S6K. Moreover, SLCOOH structurally restored synapses and spines and 

regulated the Ca2+/CaMKII/CREB signaling pathway, leading to enhanced synaptic 

plasticity and cognitive ability in AD mice. Furthermore, we found SLCOOH 

ameliorated synaptic deficits by downregulating N-methyl-D-aspartate receptors 

(NMDAR), thereby modulating intercellular calcium ion (Ca2+) loading and 

upregulating neuronal calcium dependent signaling. 

Thus, our results demonstrated that these three carbazole-based cyanines 

mitigated cognitive decline by targeting Aβ and tau pathology in 3× Tg-AD mice. 

Those data strongly support that these three carbazole-based cyanines as a potent 

therapy for AD. 
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CHAPTER 1. INTRODUCTION 

1.1 Alzheimer’s disease 

AD is an irreversible neurodegenerative disease that is clinically characterized 

by loss of acquired cognitive abilities. It is the most common cause of dementia in 

worldwide. In the United States in 2016, approximately 700,000 Americans die of 

AD, and many of them die of the complications of AD over 65 years of age. AD 

kills one person every 66 seconds in the United States.1 About 200,000 people aged 

<65 years develop AD and 5 million people above 65 years old suffer from AD. 

This will continue to worsen as ageing of population. The estimated number of 

patients is expected to be 13.8 million all over the world.2 Aging and senility are 

the key risk factors for AD disease, which is common in older adults over 70 years 

old (the average age is 73-years for men and 75-years for women). In 2014, the 

International Association for AD released data showing that the number of people 

with AD worldwide reached about 44 million, while the number in China reached 

9.9 million, ranking first in the world. In 2016, total budget for health care and 

hospital services for patients with AD more than 65 years old are estimated to be 

$236 billion.3 

The typical pathological changes are neurofibrillary tangles (NFTs) and senile 

plaque (SP), which are caused by abnormal phosphorylation of Tau proteins and β-

amyloid protein (Aβ) deposition. The disease is chronic and imperceptible at the 
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beginning, these early symptoms include cognitive decline, mental disorders, 

impaired functional abilities, and gradual loss of the ability to perform self-care.4 

The existing drug therapies are unsatisfactory and it is only possible to delay 

cognitive decline in patients. Even though AD has been studied over a century, it 

cannot be delayed or prevented by treatment. To be precise, there is still no effective 

therapeutic or curative method for AD. 

1.2 The pathogenesis of AD 

Because AD etiology is very complex, it has been difficult to determine the 

specific pathogenesis of AD. There were many hypotheses to explain his 

multifactorial disorder based on the various causative factors, for instance the Aβ 

hypothesis, tau hypothesis, and inflammation hypothesis.5-6 In addition, the choline 

and neurotransmitter disorder hypothesis, in other words, impaired synaptic 

conduction, and the hypothesis of free radical damage also exist.7 In recent years, 

an increasing number of studies have analyzed autophagy.8 However, at present, it 

is considered that AD is a multifactorial and heterogeneous disease due to the 

interaction between genetic and nurture factors, and it is impossible to explain the 

entire pathology and pathogenesis of AD from a single aspect.9 

Genetic studies in AD 

It is reported that aging and family genetics were closely related to the 

pathogenic factors of AD. When the onset time for AD patients is younger than 65-
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years, it is known as early onset AD (EOAD), and when onset occurs at more than 

65 years old, it is called late onset AD (LOAD). More than 90% of patients with 

AD were late onset patients. When AD occurs in a family, it is called familial AD 

(FAD). AD without familial heredity is called sporadic ADs (SADs).10 Patients who 

have familial genetic variation on a chromosome usually experience onset before 

65-years, or even before 50-years old, and is classified as early onset and familial 

AD.11 

Most patients with FAD are due to mutations in one of four genes: presenilins2 

(PS2) 12; presenilins1 (PS1) gene which is located on chromosome 14; amyloid 

precursor protein (APP) which is located on chromosome 21 13; apolipoprotein E 

(APOE). These genetic mutations can lead to hyperexpression of Aβ protein.14 They 

could also change the proportion of Aβ to different configurations in cells.15 APP 

genes contain 18 exons, through post-transcription will be shear into different 

length of peptides, including APP770, APP751, APP695, which are the products of 

error in splicing, can lead to overexpression of APP, eventually inducing the 

formation of Aβ.12-16 The PS1 gene contains 10 exons, which can encode a peptide 

consisting of 467 amino acids after transcriptional translation. PS1 can encode β-

secretase, which participates in the APP cleavage pathway that is involved in the 

process of the generation of βAPP.17 The APOE gene contains three major 

polymorphisms; that is, ε2, ε3, and ε4. In human, ε4 form is about 75%. The ε4 
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polymorphism represents the arginine codon 112 instead of cysteine. In ε3, it was 

found to be strongly associated with LOAD.18 Although many studies have shown 

that a gene may be a risk factor, most patients are not affected by genetic factors 

developed AD. 

The amyloid cascade hypothesis 

Amyloid cascade hypothesis suggest that the aggregation of Aβ is the 

fundamental cause of AD.19 According to the study, it was found that trisomy-21 

syndrome patients cause by an extra chromosome 21 compared to normal, will 

develop AD in their 40s. Further evidence was obtained with the production of 

transgenic mice. Researchers cloned mutant human APP genes in mice and the 

results showed many SPs and other brain lesions appeared that were similar to that 

of AD, and also the mice showed memory and spatial learning disabilities.20-21 

APP has different lengths of peptides due to the α or β degradation pathways, 

which involve α-, β-, and γ-secretase. Under non-pathological conditions, APP 

protein is given priority to undergo cleavage by the α-secretase pathway. α-secretase 

cleavage produces sAPPα and C83 fragments, which are produced by γ-secretase 

shear intracellular soluble fragments, which has a neurotrophic effect.22 

Pathologically, APP is given priority in the β-secretase pathway by β-secretase 

(BACE-1) degradation generating sAPPβ and C99 peptides, and C99, under the 

action of γ-secretase, divides into Aβ and the intracellular structure APP 
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intracellular domain (C49-50). Aβ is a polypeptide composed of 39–43 amino acid 

residues and more than 90% are in two forms; that is, Aβ40 and Aβ42. It is generally 

acknowledged that the Aβ monomer has no neurotoxicity. It is not only a metabolite, 

but also has some biochemical activity. The Aβ monomer itself can promote the 

transient growth of neurons, but when it accumulates or forms the structure of the 

β-sheet,23 neurotoxicity occurs. The toxicity of Aβ only occurs when aggregated 

into a fibrous oligomer. Especially Aβ1-42 tends to aggregate due to its structure and 

the aggregation in the brain eventually forms the diffuse SP, as shown in Figure 

1.2.1.24 Aβ oligomers or polymers can activate a variety of caspases, such as caspase 

2, 3, 6, and 8, which can lead to DNA damage, cell membrane damage and 

shrinkage, leading to apoptosis in the body and DNA fragmentation typical 

characteristics of apoptosis.25 In addition, Aβ aggregates can combine with the 

membrane receptor in the Wnt/β-catenin pathway, inhibiting the Wnt signaling 

pathway, followed by glycogen synthase kinase 3-beta (GSK3β) activation.26 Aβ 

can promote Tau protein phosphorylation and accelerate the pathological process 

of AD. 

The tau hypothesis 

Tau proteins are microtubule-associated proteins whose primary function is to 

stabilize microtubules in neuron.27 Hyperphosphorylated and aggregated tau 

proteins are the key factors of NFTs.28 Tau in paired helical filaments (PHF) was  
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Figure 1.2.1 The process of APP cleavage by secretase enzymes.29 

 

reported to be phosphorylated at over 30 serine/threonine residues.30 The 

hyperphosphorylated tau (hp-tau) lose the ability to bind with and stabilize 

microtubules. They then dissociate from microtubules and aggregate into the PHF, 

which precedes the formation of insoluble NFTs (Figure 1.2.2).31 

Normally, Tau remains at a low level of phosphorylation, with only two or three 

phosphate groups on each of the tau proteins. In AD patients, a large number of tau 

proteins are highly phosphorylated, with each containing five to nine phosphate 

groups. These phosphorylation sites mainly include Ser396/Ser404, Ser202/Thr205, 

Ser422, Thr181 and Thr231/Ser235. According to a previous study, the total amount 

of tau proteins in and hp-tau protein in the major phosphorylation sites above were 

remarkably increased in patients with AD.30 
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Figure 1.2.2 Protein kinase and phosphatase are the enzymes that adjust tau 

phosphorylation.32 

 

Protein kinases, for instance, protein kinase N, GSK3, and c-Jun N-terminal 

kinase, promote tau phosphorylation.33 Protein phosphatase can downregulate the 

phosphorylated tau, for example, protein phosphatase 2A (PP2A), etc.33-34 GSK3 is 

an important intracellular serine/threonine protein kinase. It was found in many cell 

signaling pathways, as well as cell growth factors that are closely related to many 

diseases. PP2A plays a main role (71%) in dephosphorylation.35 Studies have shown 

that when the balance between phosphorylation and dephosphorylation is broken, 
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the expression level and activity of phosphorylase itself will also be downregulated 

by intracellular protein kinase, which causes hyperphosphorylated tau, as in the AD 

model mice brain in which PP2A activity is significantly reduced.5 

Autophagy dysfunction 

Autophagy, carried out through the lysosome degradation pathway, breaks 

down the intracellular waste into small molecules that cells recycle.36 Autophagy 

has been found in extensive eukaryotic organisms during starvation, oxidative stress, 

during cellular remodeling, and cell death.37 It can be categorized into three types 

based on different physiological functions; chaperone-mediated autophagy, 

microautophagy, and macroautophagy. In eukaryocytes, macroautophagy is often 

considered in AD, so is mentioned in this manuscript.38 

So far, 35 kinds of autophagy-related gene (Atg) proteins and more than 50 

related genes have been found to participate in the processes of autophagy, and there 

are complex signaling pathways upstream that regulate autophagy. The mammalian 

target of rapamycin (mTOR) which involved in the signaling pathway of autophagy. 

Its dysfunction can lead to a variety of diseases, including AD.39 

i. mTOR signaling pathway. 

The target of rapamycin (TOR) is the protein target enzyme of rapamycin, 

which was first found in yeast and can regulate various Atg proteins.38-40 In 

mammals, mTOR is homologous with TOR, which has an analogous effect. The 
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formation of autophagosomes mainly require regulation of mTOR signaling. After 

the extracellular signals combine with cell membrane receptors, intracellular 

phosphatidyl inositol 3-kinase (PI3K) complexes are activated, begin to recruit 

protein kinase B (Akt) and phosphorylation, and then activate Akt binding with 

mTOR, the so-called PI3K-Akt-mTOR signaling pathway. When mTOR is 

activated through phosphorylation, it binds to the downstream substrate p70 

ribosomal protein S6 kinase (p70S6K), inhibiting Atg proteins to initiate autophagy. 

The formation of autophagosomes requires Unc-51-like kinase 1 (ULK-1), which 

combines with Atg1–Atg13–Atg17 to mediate.41 Under sufficient nutrition, mTOR 

signaling is activated and recruits ULK-1 to combine with p70S6K. 

Autophagosomes cannot be formed when lacking ULK-1. With nutrient deficiency, 

mTOR activity is inhibited, and ULK-1 is dissociated, activating the phagophore 

assembly site to recruit Atg proteins, and then autophagy begins to assemble.42-43 In 

addition, autophagy is closely related to energy metabolism. When cells are under 

starvation and there is a lack of energy in cells, adenosine 5‘-monophosphate 

(AMP)-activated protein kinase is activated, which inhibits mTOR, thereby 

promoting autophagosome formation and facilitating material degradation and the 

release of energy.44 

At present, mTOR activity, which reported in many studies, is interrelated to 

AD. The apoptosis level of neurons was higher and the activity of mTOR increased 
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significantly in AD patients compared with controls.44 Hung S. Y. showed that the 

autophagy level of neurons increased after activation of mTOR in the mouse model 

with rapamycin and Aβ expression decreased.26 Maiese K. et al. found that 

inhibiting mTOR can repair cognitive ability and enhance long-term potentiation 

(LTP) and synaptic plasticity. 

ii. Molecular mechanism of autophagy. 

Microtubule-associated protein light chain 3 (LC3) is the homologue of Atg8. 

In early autophagy, formation was cut by Atg4 to format LC3-I, combined with 

phosphatidylethanolamine, and then formatting of LC3- II occurred. It functions as 

a structure component in the extension of autophagosomes.45 Most Atg components 

dissociate from autophagosomes immediately, whereas LC3-II stays until 

degradation in autophagy-lysosomes. Hence, LC3-II acts as a marker for tracking 

autophagosomes. In addition, to be degraded in autophagy, waste requires a 

mediator, which is the adaptor protein SQSTM1/P62. It combines with substances 

and is sent into autolysosomes to be degraded in the company of waste. With 

autophagy dysfunction, the degradation substrates in autophagy and P62 will 

accumulate in autophagosomes. Therefore, P62 is viewed as an important indicator 

for detecting autophagy efficiency. 

Studies have shown that knockout of Atg5 in mice nervous systems can block 

the formation of autophagy, leading to the upregulation of full-length APP.45 After 
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knockout of Atg7, many membrane structures in neurons are clustered and the 

apoptosis of neurons induced by Aβ is increased.46-47 This suggests that clearance 

by autophagy in neurons is extremely important for the survival of cells. Meanwhile, 

autophagy activity declines with aging, which may be the cause of accumulation of 

protein in the brains of elderly people. It also may be the main reason for 

neurodegenerative diseases happening often in the elderly.48 In recent years, 

research has also gradually supported this idea. 

Synapses in Alzheimer’s disease 

It is found that neither Aβ plaques nor NFT closely connect with the severity of 

AD. People have realized that the loss of nerve terminal and synaptic dysfunction 

more relevant to cognitive deficit.49 Although Aβ plaques and NFTs are the 

pathology of AD, evidences showed that these pathological features might not the 

cause of AD. Clinical data has shown that the development of cognitive deficit in 

AD patients was very consistent with the synaptic damage in cortical and 

hippocampal neurons. In particular, in the early pathological process of AD, 

cognitive and memory impairment was closely related to the damage of synaptic 

structures and functions, but was not consistent with the amount of Aβ plaque.50  

Synapse loss correlates more closely with cognitive deficits than plaques or 

tangles.51 Autopsy results on brain tissue showed a 13% decrease in hippocampal 

synapses in mild cognitive impairment (MCI) patients and a 44% decrease in 
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hippocampal synapses in patients with early AD.52-53 Moreover, damage of these 

synapses preceded Aβ pathology and the degeneration of neurons.54-55 Terry et al. 

found that synaptic damage predated the occurrence of impaired memory, while 

drug treatment inhibited synaptic loss in the brain, which significantly delayed 

cognitive impairment in AD mice model.50 It is indicated that the cognitive ability 

of AD patients is directly related to synaptic injury and that synaptic deficit is an 

early feature in the pathological process of AD.56 

i. Synaptic structure 

Synapses are consisted of three components: a presynaptic terminal, synaptic 

gap, and postsynaptic membrane. Synaptic damage mainly includes synaptic 

plasticity disorder, the loss of dendrites, the weakening of dendrites and dendrite 

connections, and the degeneration of dendritic spines.57 Pathological changes in 

dendritic structures is crucial in the pathogenesis of neurodegenerative diseases. 

The dendrites of neurons in AD mice were significantly degraded, while behavioral 

training therapy can improve the cognitive ability of AD mice, significantly 

increase the amount of dendritic spines, and stimulate LTP formation.57 In addition, 

decreases in synaptic protein levels are also an important features of synaptic loss 

in AD pathology. Synaptic proteins include a variety of presynaptic and 

postsynaptic proteins, among which presynaptic marker synaptophysin (SYP) and 

postsynaptic density protein 95 (PSD95) are the most studied. SYP is involved in 
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the reception of synaptic signals and the release of neurotransmitters, while PSD95 

interacts with NMDARs to complete neurotransmitter transmission.58 In addition, 

synaptic proteins participate in regulating the transport of Ca2+ in neurons, affecting 

the conduction function of synapses.59 Therefore, synaptic protein is not only an 

important component of the synaptic structure, but also an indispensable functional 

protein for synaptic conduction. 

ii. Synaptic plasticity 

Synaptic plasticity is the main mode of synaptic function. It mainly reflects 

adjusting synaptic function under certain conditions, changing the synaptic 

morphology and controlling the number of synapses, including the change in 

synaptic transmission efficiency and morphological structure. Moreover, the 

process of synapse plasticity requires mitochondria to participate in energy 

transformation and regulate cellular signaling pathways and calcium 

homeostasis.60 

LTP is commonly used to reflect electrophysiological synaptic plasticity. The 

formation and maintenance of LTP is a combination of presynaptic and postsynaptic 

mechanisms. Most synapses in the brain are excitatory synapses with glutamate 

(Glu) as the excitatory amino acid transmitter. When neurons are stimulated, the 

presynaptic terminals release Glu, which combines with receptor. There are three 

common, such as N-methyl-d-aspartate receptor (NMDAR), kainic acid receptor 
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(KAR), and α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor 

(AMPAR). This induces postsynaptic neuronal excitation to generate excitatory  

 

Figure 1.2.3 The signaling pathway participated in the formation and regulation of LTP 

 

postsynaptic potentials. Thus, the Ca2+ mediated channel opens and the intracellular 

concentration of Ca2+ is increased, triggering a series of biochemical reactions, 

leading to the generation of LTP. At the same time, Ca2+ dependent calmodulin 

kinase (CaMKII) is activated, thereby activating downstream protein kinase A, 

extracellular signal-regulated kinases (ERKs), cAMP-response element-binding 
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protein (CREB), and other kinases, promoting memory-related protein transcription 

and translation, inducing memory and forming a complete LTP (see Figure 1.2.3).61 

Phosphorylated CREB at Ser133 can be regulated by different kinases, which is 

crucial for cellular survival and neuroplasticity.62-63 Excitatory synaptic 

transmission is adjusted by the activation NMDARs and AMPARs on the 

postsynaptic membrane. The formation of LTP requires activation of synaptic 

NMDARs. On the other hand, LTP induced the recruitment of AMPARs and the 

formation of dendritic spines.64 

iii. Synaptic loss in AD 

In AD, the degradation of synaptic integrity and plasticity is early pathological 

characteristics. Aβ, specially soluble Aβ oligomers, induces this synaptic 

dysfunction.65 The levels of Aβ oligomers closely relate to neurotoxicity and 

synaptic loss and highly correlated with the pathological process of AD patients.66-

67 It is commonly recognized that Aβ is critical in inducing AD pathogenesis. Thus, 

the relation between tau and synaptic dysfunction is particularly important.68 First, 

Tau which is an axonal protein, has a dendritic function via targeting Fyn which 

participated in phosphorylating NMDAR subunit 2B (NMDAR2B). NMDAR2B is 

an important molecule mediating the formation of NMDA receptors and PSD95 

complexes which is required for excitotoxic.69 Although tau is in axons, dendritic 

functions are now seen as a key factor in normal neurons. Patients with AD showed 
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progressive, irreversible memory impairment associated with decreased LTP in 

cortical and hippocampal synapses.70-71 It is reported that the dendrites of neurons 

in the brain were significantly degraded, and the interlacing of dendrites was 

significantly reduced in AD mice.72-73 Therefore, damage to synaptic plasticity is a 

direct result of cognitive and memory impairment in AD patients because intact 

synaptic plasticity and dendritic spines that affect its function are necessary for the 

formation of stable memory. Therefore, synaptic deficiency, as an early 

pathological process of AD, is a very important therapeutic indicator, especially for 

early prevention. 

1.3 Drug Development for Alzheimer's Disease 

Many studies have been performed through different strategies, disappointedly, 

there is still no effective therapy to cure AD.74 

1.3.1 Therapies targeted at β-amyloid 

The most important pathological feature of AD patients is the senile plaques 

formed by the accumulation of Aβ, so the main direction of the early development 

of treatment for AD drugs is to reduce the production of Aβ. Aβ is formed by the 

precursor protein APP through the shearing of β-secretase and γ-secretase. In 

addition, the transition of Aβ from soluble to insoluble state is also the key to the 

development of AD. The drugs targeted at Aβ to treat AD are mainly divided into 

the following three categories. 
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i. Inhibiting Aβ generation   

The drugs inhibiting Aβ generation are mainly consist of three types: α-

secretase agonist, β-secretase inhibitor, γ-secretase inhibitor. α-secretase and β-

secretase can cut APP competitively, cleaved by γ-secretase finally. Up-regulation 

of α-secretase activity, inhibition the activity of β-secretase or γ-secretase, may 

reduce the amount of APP cleaved by β-secretase, thereby reducing the secretion of 

Aβ. Studies have shown that regulating the activity of these enzymes can indeed 

reduce Aβ production. However, none of them can become a drug because of the 

side-effects or respective difficulty to pass through the blood-brain barrier. Many 

drugs for AD can increase the activity of α-secretase, but it has a adverse side-effect 

on neuronal receptors, so it could not be a suitable drug for secretase targets.75-78 

ii. Inhibiting Aβ aggregation   

It is generally believed that Aβ monomers are only neurotoxic when they 

aggregate to form oligomers, so inhibiting Aβ aggregation has become one of the 

research drug targets. Bellus Health Company developed a drug called 

Tramiprosate. In vitro experiments proved that it could bind to soluble Aβ and 

prevented its aggregation.  But in clinical trials, it was found that it can cause 

dependency in patients with AD, and it did not significantly improve tau 

phosphorylation and spatial memory. Therefore, the development project of this 

drug was terminated in the United States and Europe.79 
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iii. Promoting clearance of Aβ 

The drugs promoting Aβ clearance can be roughly divided into two types: Aβ 

degradation and Aβ immune-related drugs.  

Most of the drugs promoting Aβ degradation are some Aβ degrading enzymes, 

which can degrade Aβ peptide of different lengths. However, these drugs are limited 

to targeting one or more of the enzymes in the Aβ clearing pathway and are 

therefore less effective. 

Aβ immunotherapy is classified into active and passive immunotherapy, which 

produces Aβ antibody in patients, and activates the immune phagocytosis through 

antigen-antibody binding and clears endogenous Aβ. The data showed 

improvement in cognitive function and Aβ reduction in PET imaging in most 

subjects treated with Aβ immunotherapy. However, the side effects of these drugs 

were found in clinical trials, such as meningitis or lymphocyte infiltration, local 

cerebral hemorrhage, and vasogenic edema; they are still being updated and 

studied.80 

1.3.2 Therapies Targeted at Tau 

Currently, more and more researchers are joining in the study of drugs 

targeting Tau, as Aβ drugs have been consistently declared phase III clinical failure. 

The research objects are roughly divided into two types, namely tau aggregation 

inhibitor and tau phosphorylation inhibition. 
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Studies have shown that soluble tau proteins become neurotoxic when they 

become oligomers or filaments.81 Thus, preventing tau toxicity should prevent tau 

aggregation and increase tau monomer levels to stabilize microtubules. However， 

several tau aggregation inhibitors tested have failed in clinical trials due to either 

side effects or lack of efficacy.74 

Another aspect of tau targeted therapy focuses on tau phosphorylation 

inhibition: 1) inhibiting tau hyper-phosphorylation kinases such as GSK3 and 

cyclin dependent kinase 5 (CDK5). 2) promoting the activity of tau 

dephosphorylation enzyme protein such as PP2A. There has been no success in 

clinical trial studies. It has been reported in the literature that selenium compounds 

can specifically promote PP2A activity, inhibit GSK-3 activity, alleviate Tau 

hyperphosphorylation and inhibit the formation of nerve fiber tangles, and improve 

the cognitive ability of AD mice.82 It is expected to develop into a Tau target drug, 

but it is still in the early stage of research. 

1.3.3 Drugs targeting the cholinergic system 

According to the "cholinergic hypothesis", AD patients are significantly 

deficient in central cholinergic neurotransmitters in the brain compared with normal 

people, resulting in significant changes in memory, cognition, behavior and 

personality. Therefore, increasing the acetylcholine content in AD patients to 

enhance its working effect is an important way to treat AD.83 Such drugs are also 
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the first-line drugs currently in clinical treatment. However, side effects can occur, 

such as damage to the digestive tract, bradycardia, fainting and other common 

symptoms. Most importantly, none of these drugs can stop the process of AD. 

Nearly all drug treatments tested for AD today have failed to show any efficacy. 

There is a great need for therapies to prevent and/or slow the progression of AD. 

1.4 Carbazole-based cyanine 

 

Figure 1.2.4 Molecular structure of carbazole-based cyanine, SLOH, SLM, SLCOOH. 

1.4.1 SLOH and SLM 

Carbazole-based cyanine fluorophores have been developed as a two-photon 

absorption probes for double-stranded DNA.84 By using the published convergent 

approach,85 the Knoevenagel reaction of carbazolyl-3-aldehyde and the 

corresponding 4-alkylpyridinium or 4-alkyl-quinoliniumhalide was used as the key 

step to synthesize these three compounds.86 The full name of these compounds are 

(E)-1-(2-hydroxyethyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-

yl)vinyl)quinolinium chloride (SLOH); (E)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-

9H-carbazol-3-yl)vinyl)-1-methylquinolinium iodide (SLM). 
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Both of these compounds were highly soluble in aqueous solution, exhibited a 

very weak emission at 596–677 nm. When SLOH and SLM (Figure 1) were titrated 

with the Aβ peptide, a strong and progressive increase by more than 80 times in 

fluorescence intensity was seen. SLM shows the highest binding affinity with Aβ 

(1–40) fiber among four carbazole-based cyanines (Kd for SLM and SLOH=49 and 

92 μM, respectively). However, SLOH shows the best inhibition effect on Aβ 

fibrillogenesis. The inhibitory effect of SLM is much weaker than SLOH.86 These 

cyanines exhibited a neuroprotective effect against the neurotoxicity of Aβ 

oligomers and fibrils.86 

1.4.2 SLCOOH 

(E)-1-(carboxymethyl)-4-(2-(9-(2-(2-methoxyethoxy)ethyl)-9H-carbazol-3-

yl)vinyl)quinolinium bromide (SLCOOH) (Figure 1) can a newly developed 

cyanine, which was also found to bind with Aβ and inhibit its aggregation. More 

importantly, according to the group of Professor Man shing Wong, it showed much 

less toxicity than two compounds above (LC50: SLM, 24µM; SLOH, 5µM. LD50: 

SLM, ~47mg/kg; SLOH, ~63mg/kg; SLCOOH: >125mg/kg). 

Three of these fluorophores were selected after screening with MTT for ROS 

experiments in cell lines as further study to explore the effects in a mice model. 

We herein conducted a structural variation study of the carbazole-based 

quinolinium cyanine dyes to enhance and optimize the functional properties to 
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identify the potential theranostic candidates that possess desirable biological and 

biomedical properties for mouse model studies. 

CHAPTER 2. METHODS AND MATERIALS 

2.1 Animals 

Animal models 

The triple transgenic mouse AD (3× Tg-AD) mice we used here harbored three 

mutations; APPSwe, PS1M146V, and TauP301L. Accumulation of both 

intracellular Aβ and tau were displayed in the brain of 3× Tg-AD mice with age. At 

the age of 6 months, extracellular Aβ deposits occurred in the brain. Tau 

immunoreactivity first exists in hippocampus until 12 months. That means 4 months 

of age is an important time point in mice for the prevention of AD. 

Mice were placed in ventilation cages with the adequate temperature (23°C ± 

3°C) and humidity (55% ± 5%). Sufficient food and water were provided. All 

animal experiments were approved by the Animal Ethical and Welfare Committee 

of Shenzhen University (Permit Number: AEWC-20140615-002). 

Treatment of animal models 

(1) SLOH 

4-month 3× Tg-AD mice (n = 12; half male and female) were 

intraperitoneal injected with SLOH (2.25 mg/kg/day) for 40 d. PB were given as 

control (n = 12; half male and female). 



 

23 

 

 

(2) SLM 

4-month 3× Tg-AD mice (n = 12; half male and female) were 

intraperitoneal injected with SLM (2.25 mg/kg/day) for 45 d. PB were given as 

control (n = 12; half male and female). 

8-month 3× Tg-AD mice (n = 12; half male and female) were 

intraperitoneal injected with SLM (2.25 mg/kg/day) 45 d. PB were given as control 

(n = 12; half male and female) 

(3) SLCOOH 

10 males and 9 females of 4-month 3× Tg-AD mice were 

intraperitoneal injected with SLCOOH (4.5 mg/kg/day) for 60 d. PB were given as 

control (n = 19; 9 males and 10 females). 

2.2 Behavioral test 

Morris water maze (MWM) test 

The MWM test was perform in the 3× Tg-AD mice treated with or without 

cyanine and wild type mouse.87 The maze is contained by a pool (1.5 meters in 

diameter) with an underwater platform see below (Figure 2.3.1). The procedure 

consisted of two parts; 1) Hidden platform test (day 2-5) which is training at the 

first day and the prob trial for five days. 2) Probe trial (day 6 and 8) which is 

performed at 24 and 72 hours after the last day of hidden platform test (Figure 2.3.2).  
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Figure 2.3.1 MWM test setting 

The mice were trained on the first day. If mice could not land on the platform 

within 60 seconds, it was placed on the platform for 10 seconds for reinforcing 

memory. In the hidden platform tests, the escape latency of each mouse to find the 

platform was recorded within 60 seconds. On the probe trial in which the platform 

was removed, each mouse was given 60 seconds to find the original platform. The 

distance in each quadrant, the escape latency and the frequency across the original 

platform were measured. The data were analyzed with two-way analysis of variance 

(2-way ANOVA). 

 

Figure 2.3.2 Time arrangement of the MWM test 
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T-maze 

A T-maze contains a T arm and automatic data acquisition and processing 

system. The T arm device has one starting arm and two goals arms (30×6×15 cm). 

A digital camera was placed 1 m above the frame and its internal vision covered the 

entire device. 

 

Figure 2.3.3 T-maze experiment setting 

 

A T-maze (Figure 2.3.3) is widely used to study spatial learning, alternate 

behavior, condition recognition learning and working memory of animals. Food is 

used as bait in a T-maze to study the spatial working memory of mice. The 

information measured is only useful during the current operation. The mice were 

fasted (receiving 50% of their normal food intake per day) for three days, and then 

trained for three consecutive days. On each training day, food was placed in the 

fixed arm and each mouse was placed in the starting one, allowing exploration of 
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the food for three minutes. After three sessions of training, the food was taken 

away from the target arm. Mice were given three minutes to find the right arm in 

which food was previously placed. During the test, the latency of mice to enter the 

correct arm and the number of access the correct or the wrong arm were recorded. 

Between trials, the arms were rubbed with alcohol to remove any olfactory cues. 

2.3 Cell culture 

Primary neuron culture 

Primary neurons were cultured from the cortex of newborn AD or WT mice 

and they were cultured under a certain concentration for various primary neuron 

cell experiments. 

i. Experimental preparation 

1) The medium and papain were prepared just before use. 

2) The 6 well plates were pretreated with poly-lysine (0.1 mg/ml, Sigma, 

USA) for more than 4 h, washed 3 times with PBS, and dried in the incubator. 

ii. Primary neuron isolation and culture procedure 

1) Meninges-free cortices were dissociated into 1 mm3 in precool Dulbecco's 

Modified Eagle Medium (DMEM). 

2) The tissue was digested in papain for 0.5 h at 37°C. 

3) The fragments were rinsed twice softly with DMEM with 10% rat serum 

to inactive that papain and remove it. 
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4) DMEM (3 ml) was added and supplemented with 0.2% glutamate, 1% rat 

serum, 2% B27, and 1% P/S. The tissue was blown gently with a pipet 

less than 10 times. 

5) The fragments were kept stable on ice for 3 min to settle the tissue blocks. 

6) The medium was collected with neurons separated in the supernatant. 

This process was repeated twice. 

7) The solution was diluted separately into 105–106 and then the neurons 

were seeded in plates and incubated under 5% CO2 at 37°C. 

8) After 4–8 hours, DMEM was replaced by neurobasal, supplemented with 

0.2% glutamate, 2% B27, and 1% P/S for further culture. The medium 

was changed by half every three days. 

After cultured for seven days, primary neurons were incubated with SLOH (10 

µM) for 2 h. Neurons were lysed on ice with cell lysis solution. Cell scrapers were 

used to scrape down the neurons. Lysate was centrifuged at 13 000×g for 0.5 h.  

After cultured for seven days, neurons were transfected with AAV9-jRCaMP1 

(Gibco, USA) for 24 h to display calcium ion level. 

Cell line culture 

N2a-APP695-sw (N2asw), which is a cell line of Neuro-2A that was stabilized 

expressing the Swedish family APP695 mutations of mice, can express β-amyloid 

and it is commonly used as AD cell model. Provided by Professor Yunwu Zhang 
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from Xiamen University, stored in our laboratory. Cells were cultured within 10% 

FBS complete medium (50% opti-MEMTM medium, 40% DMEM, 10% FBS serum, 

G418) at 37°C and 5% CO2. 

i. Cell resuscitation 

1) N2a and N2asw cells were rapidly put into 37°C water bath, the freezing 

tube was gently shaken, and completely melted within 1 min. 2) Cells were added 

into the medium and then incubated at 37°C and 5% CO2 overnight. 3) Replaced 

the medium after 4 hours. 

ii. Cell passage 

1) Discard the medium in culture flask, gently wash the flask twice with PBS. 

2) Cells were supplemented with 1 ml 0.25 % trypsin and digested at 37°C for 

1–5 min (depending on the cell status). 

3) As observed under a microscope, when there was a gap between cells, 

trypsin was sucked out. 

4) A total of 2 ml of complete medium were added and cells were gently blown 

off from the bottom with a pipette. 

5) 1 ml of the medium within cells were planted into new culture bottles, and 

fresh medium was added and then incubated under 37°C and 5% CO2. 

2.4 Gel electrophoresis and immunoblotting 

The hippocampus and cortex from mice were homogenized in RIPA buffer 
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(Beyotime, China) supplemented with PMSF and phosphatase inhibitors (Roche, 

Switzerland). Homogenization buffer was centrifuged at 13 000×g for 0.5 h at 4ºC. 

Supernatants were collected carefully for protein quantification. 

The protein quantification was determined with BCA assay kit (Beyotime, 

China). Using 12% SDS-polyacrylamide gel, 20 μg of proteins with loading buffer 

were loaded. After electrophoresis, proteins were transferred onto 0.45 nm 

polyvinylidene difluoride (PVF) membranes (Millipore, USA) from gel. PVF 

membranes were incubated in blocking buffer [(5% skim milk powder in Tris-

buffered saline (TBS)] for 1 h, followed by primary antibodies overnight at 4°C. 

anti-Aβ (Abcam, UK, 1:1000), anti-full-APP (Abcam, UK, 1:1000), anti-BACE1 

(CST, USA, 1:1000), anti-tau (Abcam, UK, 1:1000), anti-pS404, anti-pS422, anti-

pS202, anti-GSK3β, anti-p-GSK, anti-Akt, anti-p-Akt (CST, USA, 1:1000); HT7, 

AT8, AT100, (Invitrogen, USA, 1:5000) anti-LC3-II from Sigma (USA, 1:1000); 

anti-Erk1/2, anti-p-Erk1/2 (Thr202/Tyr204), anti-p-CREB (Ser133) and CREB 

(48H2) (Cell Signaling Technology, USA,1:1000), anti-NMDAR2A (Abcam, UK, 

1:1000), anti-NMDAR2B (BD, USA, 1:1000). The membranes were washed thrice 

with TBST (0.1% Tween 20 in TBS) and incubated with goat anti-mouse or anti-

rabbit secondary antibodies (CST, USA, 1:5000) in TBST for 1 h at 37 °C. The blots 

were revealed by using enhanced chemiluminescence (ECL) kit (Tanon, China) and 

detected by visualizer (Tanon, China). β-actin or α-tubulin (CST, USA) were used 
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to normalize the concentration of proteins. The grey value analysis was quantitated 

by Image J software. 

2.5 Immuno-staining 

Immunofluorescent staining 

1) Left hemispheres were fixed in 4% phosphate-buffered paraformaldehyde 

for 24-36 h, dehydrated in 30% sucrose until they sank, embedded and 

frozen in OCT. 

2) Tissue were cut into 20 μm slices with a cryotome (Leica, Germany).  

3) After permeabilized with 0.2% Triton X-100 for 20 min, the slices were 

blocked with 10% goat serum in PBS for 10 min, and then incubated with 

anti-Tau-5 antibodies (Abcam, USA) 1:150 diluted in PBS overnight at 

4°C.  

4) After washed thrice with PBS, the slices were incubated with a secondary 

antibody (Abcam, USA) which labeled with fluorescence for 1 h at 37°C 

in dark place.  

5) The slices were photographed after PBS washed thrice. Images were 

collected by a laser confocal microscope. 

Immunohistochemical staining 

To inactive endogenous peroxidases, 0.3% H2O2 were incubated with brain 

sections for 30 min. The slices were then treated with 70% formic acid for 10 min 
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at RT for the antigen repairment. After blocked, the sections were incubated with 

primary antibodies overnight at 4°C. After washed thrice with PBS, the slices were 

incubated with biotinylated secondary antibodies at room temperature for 2 h. DAB 

kit (MXB Biotechnologies, China) were used to color developing of positive area. 

2.6 Electrophysiology 

1) Preparation of hippocampal brain slices 

The brains were removed and sectioned into 300 μm sliced rapidly in ice cold 

artificial cerebral-spinal fluid (aCSF) bubbled with carbogen to adjust pH.  The 

formula of aCSF as followed: 119 mM NaCl, 3.5 mM KCl, 2.5 mM CaCl2, 1.3 mM 

MgSO4, 26.2 mM NaHCO3, 1 mM NaH2PO4, and 11 mM glucose. After recovery 

at 32°C for 2 h, slice was placed into the glass electrodes. 

2) MED64 planar microelectrode array recording system 

The MED64 planar microelectrode array recording system is a multi-channel 

extracellular neuroelectrophysiological research tool produced by Alpha Med 

Science (Japan).  

3) Recording of hippocampal LTP 

The incubated brain slices were placed on the microelectrode array and 

covered with wetted mesh and the brain slice anchor. A hippocampus slice was 

placed on the microelectrode array, and the position of the brain slice was adjusted 

so that the hippocampus was placed above the center of the electrode. The positions 
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of each hippocampus region and each channel of the electrode were observed 

through the microscope, and the stimulus channel was selected. The intensity of 

stimulation produced field excitatory postsynaptic potentials (fEPSPs). To induce 

LTP, the high-frequency stimulation (HFS) consisting of four trains at 100 Hz for 

12 pulses were performed. Before HFS, the initial slopes of fEPSPs were recorded 

as the baseline for 30 min. Statistical comparisons of the average slopes of fEPSPs 

of last 10 min after HFS using Student’s t-tests. 

2.7 Transmission electron microscope (TEM) 

1) Sampling 

The fresh brain tissue was removed quickly and cut into small pieces of about 

2 mm3. 

2) Fixation 

3% glutaraldehyde and 1.5% paraformaldehyde/0.1 M PBS (pH7.2) at 4°C 

were used for fixation for more than 2 h. 

3) Post-fixation 

The tissues were rinsed thrice with PBS, fixed by 1% osmic acid/1.5% 

potassium ferrocyanide at 4°C for 1.5 h, and washed with PBS three times. 

4) Dehydration 

The following are the steps used for dehydration: 50% ethanol (15 min) → 70% 

ethanol saturated uranium acetate dyeing at 4°C overnight → 90% ethanol 
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treatment (15 min) →90% ethanol and acetone mixture (15 min) → 90% acetone 

(15 min) → anhydrous acetone (15 min) 3 times. 

5) Embedding 

Anhydrous acetone and epoxy resin 618 mixture were used for 1.5 h. 

Embedding medium was used at 35°C for 3 h. 

6) Polymerization 

Polymerization was carried out at 35°C for 12 h, 45°C for 12 h, and 60°C for 

three days. 

7) Section and staining 

100-nm slices were sectioned with an ultramicrotome (Leica EM UC6). Slices 

were dyed with uranium acetate for 5 min, lead citrate for 15 min, and then washed 

with double distilled H2O. 

8) Photography and Synapse Count 

The images were photographed with PHILIPS EM208 transmission electron 

microscopy. Synapses were counted by eye by counting all synapses in the 

photographs of all groups (3 samples in each group, 5 pictures were counted for 

each sample). 

2.8 Golgi staining 

Using a Golgi staining technique, dendrites and small morphological changes 

in the dendrites were observed in medicated animals and in patients who died of 
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neurological diseases. However, the unreliability and time-consuming nature of 

Golgi staining has become an obstacle to its widespread application. Thus, in this 

experiment, we used advanced Golgi-Cox staining, which was performed with a 

FD Rapid Golgi Stain kit (FD NeuroTechnologies, USA). 

1) Tissue preparation 

The animals were deeply anesthetized before being killed. The brain was 

released from the skull rapidly without damaging or compressing the tissue. The 

blood on the tissue surface was quickly washed away with Milli-Q water. 

2) Staining 

Freshly harvested brain tissues were then immersed in 10 ml of impregnation 

solution (equal volumes of Solutions A and B were mixed 24 h before use to remove 

the precipitate) for two weeks at room temperature. Subsequently, tissues were 

transferred to Solution C for 72 h in the dark. Then, 150 µm coronal sections were 

sliced with a vibratome (Leica VT 1000S), dried in dark overnight. 

3) Mounting 

After staining with Solutions D+E and dehydration in a gradient ethanol series, 

slides were covered with permount TM mounting medium and imaged with a 

fluorescence confocal microscope (Olympus). 
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2.9 Tandem Mass Tag (TMT) 

1) Protein extraction 

Samples were supplemented with an appropriate amount of RIPA lysate and 

ultra-sonication was performed for 2 min. The supernatant was taken after 

centrifugation. Proteins quantification were performed with BCA kit. The samples 

were packed separately and stored at −20°C. 

2) Acetone precipitates FASP enzymatic hydrolysis 

A protein sample of 300 μg was diluted to 100 μl with 40 mM NH4HCO3 

solution, four times the volume of precooled acetone was added and then 

precipitated overnight. Samples were reduced by 10 mM dithiothreitol (Sigma, 

USA), followed by alkylation with 50 mM iodoacetamide (Sigma, USA) to block 

the cysteine residues. Using centrifugal filter devices (10 kDa cutoff; Millipore), 

samples were desalted with 0.5 M triethylammonium bicarbonate (Sigma, USA) 

thrice. Then the samples were digested with trypsin (Sigma, USA) at 37°C 

overnight, terminated by1% trifluoroacetic acid with centrifugation. 

3) TMT labeling 

After desalted with a Sep-Pak C18 cartridge (Waters), the samples were dried 

with a vacuum concentrator. Each sample reacted with TMT reagents after 

dissolved with 50 mM HEPES, desalted again before LC/LC–MS/MS. 
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2.10 Statistics 

All data are expressed as the mean ± SEM and considered statistically 

significant when p value < 0.05 by using GraphPad Prism software. A repeated-

measures ANOVA was used in behavioral test. A one-way ANOVA and multiple 

comparison test were used to analyze in western blot. 
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CHAPTER 3. RESULTS AND DISCUSSION 

3.1 SLOH 

3.1.1 SLOH inhibited Aβ generation by reducing BACE1 in primary neurons 

 In my previous study, to explore the effect of SLOH, we found that SLOH 

can significantly decrease tau pathology in 3× Tg-AD primary neurons. Here we 

focused on exploring Aβ pathology, which at the expression levels of APP, BACE1, 

and Aβ were evaluated by immunoblotting technology. BACE1 as the main β-

secretase in neurons which is crucial to generate Aβ.88 As can be seen in Figure 

3.1.1A, no significant differences were shown the levels of APP in SLOH -treated 

primary neurons than those of control. However, significant decreases in the levels 

of BACE1 and Aβ (*p < 0.05) were observed in the SLOH group than those of 

control. In other words, SLOH inhibited Aβ generation by decrease the expression 

of β-secretase without modifying the expression of APP. 

3.1.2 SLOH decreased apoptosis level and improved synaptic damage by 

regulating Ca2+/CaMKII/CREB in AD neurons 

We used Annexin V-FITC/PI apoptosis detect kit to observe neuron apoptosis 

of SLOH in cell line. The apoptosis of in N2asw cells significantly reduced after 

treated with SLOH (*p < 0.05; Figure 3.1.2). The results showed that SLOH could 

improve cell damage and reduce apoptosis in N2asw cell model. 

To further investigate the mechanism of SLOH reversing cell apoptosis in the AD  
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Figure 3.1.1 SLOH inhibited Aβ generation by reducing the activity of BACE1 in AD primary 

neurons 

(A) Western blot of APP, BACE1, and Aβ protein levels after 2 h treatment. 

(B) Western blot analysis of these proteins (*p < 0.05 vs. control, **p < 0.01 vs. control; n=3). 

 

 

Figure 3.1.2 SLOH reduced neuronal apoptosis in the N2asw cell line 

(A) Annexin V-FITC/PI double labeling in the N2asw cell line. 

(B) Quantification of cell apoptosis (*p < 0.05; n = 6).  
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model, we first detected the Ca2+ level in N2asw cells and primary neurons after 

SLOH treatment. Calcium influx plays an important role in the cell signaling that 

underlie synaptic plasticity and apoptosis. The calcium levels in N2asw cells were 

measured by calcium ion fluorescence detection reagent (Fluo3-AM) and in 

primary neurons were detected by adenovirus associated virus (AAV). Notably, 

Calcium ion levels were significantly reduced after treated with SLOH in both 

N2asw cells (10,000 cells were counted) (Figure 3.1.3 A) and 3× Tg-AD primary 

neurons (Figure 3.1.3 B). Thus, SLOH reduced apoptosis by regulating intracellular 

calcium level.  

To detect the effect of SLOH on synaptic damage, two synaptic proteins, SYP 

and PSD95 levels were detected by western blots. After treatment by SLOH, SYP 

and PSD95 levels were remarkably enhanced in AD primary neurons as compared 

with those of control (Figure 3.1.4). Additionally, the ratio of p-CaMKII/CaMKII 

was significantly increased in SLOH-treated group than control (*p < 0.05). CREB 

is the downstream protein of CaMKII. p-CREB/CREB was significantly increased 

after SLOH treatment (**p < 0.01). SLOH regulated intracellular calcium level and 

alleviated synaptic damage by upregulating calcium pathway.  
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Figure 3.1.3 SLOH reduced intracellular calcium ion levels in AD neurons 

(A) Intracellular calcium ion levels in the N2asw cells were detected by flow cytometer (*p 

< 0.05, n = 6). 

(B-C) The Ca2+ levels in 3× Tg-AD primary neurons (C). Fluorescence intensity statistics (B) 

(*p < 0.05; n = 6). 
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Figure 3.1.4 SLOH ameliorated synaptic deficits through CaMKII/CREB pathway in 3× Tg-

AD primary neurons 

(A) Western blot of SYP, PSD95, CaMKⅡ and its phosphorylation, CREB and its 

phosphorylation after 2 h treatment. 

(B) Western blot analysis of those proteins (*p < 0.05, **p < 0.01; n = 3). 

 

3.1.3 SLOH revised cognitive deficits of 3× Tg-AD mice 

To directly assess the role of SLOH on cognition of mice, we explored the 

effect of SLOH on the behavior of AD mice after treatment by MWM test. In hidden 

platform test of MWM, which measured the duration for the mice to locate the 

platform, namely, escape latency. The shorter the escape latency, the better the 

spatial learning ability. Before behavior test, AD mice were intraperitoneal injection 

with SLOH (2.25 mg/kg, n =12) or PB (n = 12) for 40 d. As shown in Figure 3.1.5A, 

the escape latencies of the 3× Tg-AD mice were significantly longer than age-
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matched WT mice. However, this phenomenon was reversed after treated with 

SLOH. AD mice showed markedly shorter escape latencies than control after SLOH 

treatment. There was no significant difference in swimming speed among the three 

groups (Figure 3.1.5 B). This result indicated that the influence of SLOH on AD 

mice was unrelated to athletic ability. 

 

Figure 3.1.5 SLOH reduced escape latency in AD mice model in hidden platform tests. 

(A) The escape latency of mice in hidden platform tests (**p < 0.01, *p < 0.05; n = 12). 

(B) The swimming speed of mice. 

 

In probe trials in which the platform was removed, the spatial memory ability 

of mice was evaluated. The duration in the target quadrant of AD mice significantly 

reduce than WT mice (#p < 0.05; Figure 3.1.6A). Longer duration in the target 

quadrant were performed in AD mice with SLOH than those of control (**p < 0.01; 

Figure 3.1.6A). WT mice swam more frequently across the platform location in 

probe trials both 24 h and 72 h test than AD mice (###p < 0.001, #p < 0.05; Figure 
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3.1.6B), so as the SLOH-treated AD mice (*p < 0.05; Figure 3.1.6B). This suggests 

that SLOH treatment can significantly improve the cognitive ability in AD mice. 

 

Figure 3.1.6 SLOH improved the cognitive ability in the prob trial. 

(A) The duration of mice stayed in the target quadrant (#p < 0.05, **p < 0.01; n =12). 

(B) Times that mice crossed the virtual platform (###p < 0.001, #p < 0.05, *p < 0.05; n =12). 

 

3.1.4 SLOH reduced the level of Aβ, but not APP and BACE1 proteins 

Aβ aggregation is an early causative event in AD development. We assessed 

the Aβ expression and distribution in brain in wild type, AD control and AD mice 

treated with SLOH using immunohistochemistry technology. The distribution and  
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Figure 3.1.7 SLOH reduced Aβ deposition in AD mice. 

(A) Aβ deposition in the dentate gyrus (DG), cornu ammonis 3 (CA3), cornu ammonis 1 (CA1) 

of hippocampus and cortex. Arrows indicate the Aβ positive area. Original magnifications: 

20× 
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number of Aβ-positive areas in both hippocampi (CA1 and CA3) and the cortex of 

AD mice was notably reduced than control after SLOH treatment (Figure 3.1.7A). 

Further analysis by western blotting was used to detect the oligomers of Aβ 

which is more toxic to neurons. We used the Aβ1-42 antibody to identify the 

different molecular sizes of Aβ oligomers. The expression of Aβ oligomers in AD 

mice were significantly reduced both in the hippocampus (Figure 3.1.8) and the 

cortex (Figure 3.1.9) after SLOH treatment. 

 

Figure 3.1.8 SLOH reduced Aβ oligomers in the hippocampus. 

(A) Aβ oligomer levels in the hippocampus in the sizes of 48kD, 40kD, 36kD, 24kD, 16kD. 

(B) Quantification of the expression levels of Aβ oligomers (*p < 0.05; n = 4). 
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Figure 3.1.9 SLOH reduced Aβ oligomers in the cortex. 

(A) Aβ oligomer levels in the cortex in the sizes of 48kD, 40kD, 36kD, 24kD, 16kD. 

(B) Quantification of Aβ oligomers (#p < 0.05, *p < 0.05, ** p < 0.01; n = 4). 

 

However, APP and BACE1 remain unchanged in the brain (Figure 3.1.10-11), 

suggesting SLOH reduce Aβ levels without regulating the expression of APP and 

BACE1, in other words the generation of Aβ. 
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Figure 3.1.10 APP and BACE1 in the region of hippocampus. 

(A) Western blot of APP and BACE1 in the hippocampus. 

(B) Quantification of the expression levels of those proteins. 

 

 

Figure 3.1.11 APP and BACE1 in the cortex. 

(A) Western blot of APP and BACE1 in the cortex. 

(B) Quantification of the expression levels of those proteins. 
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3.1.5 SLOH reduced Tau and its hyperphosphorylation 

We examined expression and distribution of tau in the brain by 

immunofluorescence. Tau-positive regions in hippocampus (DG, CA3, CA1) and 

cortex were remarkably increased in AD control mice compared to WT mice, when 

reduced after SLOH treatment (Figure 3.1.12 A). 

We next examined tau and its phosphorylation in brain with western blotting. 

pS202 and pS404 are hyperphosphorylated site in AD which are pathological 

markers of tau.89 Tau5, pS202, and pS404 were significantly decreased both in the 

hippocampus (Figure 3.1.13; *p< 0.05, *p< 0.05, and **p< 0.01, respectively) and 

cortex (Figure 3.1.14; ***p< 0.001, *p< 0.05, and *p< 0.05, respectively) of AD 

mice after SLOH treatment than control. SLOH treatment can reduce the 

expressions of Tau5 and hyperphosphorylated tau.  

3.1.6 SLOH decreased phosphorylated tau by activating Akt and PP2A  

To further explore the mechanism of effect of SLOH on tau 

hyperphosphorylation, the ralated enzymes, such as GSK3β, PP2A, and AKT, that 

regulate phosphorylated process were detected. GSK3β is the most important 

kinase for the induction of phosphorylated tau in the AD brains.17 Thus, the levels 

of GSK3β, as well as GSK3β phosphorylated at Ser9 (activity inhibited form), were 

measured by western blot. The higher ratio of p-GSK3β/GSK3β reflected the lower 

activity of GSK3β. However, the ratio of p-GSK3β/GSK3β remained lower activity  
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Figure 3.1.12 SLOH reduced tau-positive in the brain. 

(A) Total tau in the DG, CA3, CA1 and cortex. Original magnifications: 20× 
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of lower activity of GSK3β. However, the ratio of p-GSK3β/GSK3β remained 

unchanged in the hippocampus and cortex (Figure 3.1.15-16) among the three 

groups. 

In AD, the inactivity of PP2A is thought to be a cause of hyperphosphorylation 

of tau.90 The phosphorylation of PP2A on Tyr307 can inhibit the activity of 

dephosphorylation on tau by PP2A. p-PP2A/PP2A was significantly increased in 

the cortex (Figure 3.1.16) of AD mice than WT mice (##p < 0.01). The ratio of p- 

PP2A/PP2A was significantly decreased both in the hippocampus and cortex of Tg-

 

Figure 3.1.13 The expression levels of Tau5, pS202, and pS404 in the hippocampus. 

(A) Tau5, pS202, and pS404 in the hippocampus were detected by western blot. 

(B) Quantification of the expression levels of those proteins (###p < 0.0001, #p < 0.05, * p < 

0.05, **p < 0.01; n = 4). 



 

51 

 

 

PP2A/PP2A was significantly decreased both in the hippocampus and cortex of Tg-

AD mice after treated with SLOH (*p < 0.05, **p < 0.01, respectively) than those 

of control, which indicated that the activity of PP2A was significantly increased as 

depicted in Figure 3.1.15-16. Upstream kinase Akt can inhibit GSK3β activity by 

phosphorylated of GSK3β at Ser9 site.91 Similarly, phosphorylation-specific 

antibodies against Akt at Ser473 (the activated site of Akt) was measured. p- 

Akt/Akt were significantly increased in the hippocampus and cortex of AD mice 

after treated with SLOH (Figure 3.1.15-16) (**p < 0.01, respectively). SLOH 

treatment reduce hyperphosphoralated tau by upragulating dephosphorylation. 

 

Figure 3.1.14 The expression levels of Tau5, pS202, and pS404 in the cortex. 

(A) Tau5, pS202, and pS404 in the cortex detected by western blot. 

(B) Quantification of the expression levels of these proteins (***p < 0.0001, *p < 0.05; n = 4). 
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Figure 3.1.15 The expression levels of GSK3β, PP2A, AKT, and its phosphorylation in the 

hippocampus. 

(A) GSK3β, PP2A, Akt, and its phosphorylation in the hippocampus. 

(B) Quantification of these proteins (*p < 0.05, ** p< 0.01; n = 4). 
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Figure 3.1.16 The expression levels of GSK3β, PP2A, and AKT and their phosphorylation in 

the cortex. 

(A) GSK3β, PP2A, Akt, and its phosphorylation in the cortex. 

(B) Quantification of these proteins (##p < 0.01, **p < 0.01; n = 4). 
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3.1.7 SLOH upregulated CAMKII and CREB to activate the calcium 

pathway in vivo 

CaMKII is a kinase, which can promote synaptic transmission between 

neurons, is crucial to form the long-term memory storage.92 The process of memory 

storage requires to activate specific gene expression programs by the transcription 

factor, for example CREB.93 Phosphorylation CaMKII is the activation form of 

CaMKII. The ratio of p-CaMKII/CaMKII was significantly increased both in the 

hippocampus and cortex (Figure 3.1.17-18) of AD mice after treated with SLOH 

(*p < 0.05) than controls, which indicated that the activity of CaMKII was 

significantly increased. Similarly, CREB activity was assessed with western 

blotting using phosphorylation-specific antibodies (the activated form). SLOH 

treatment significantly increased p-CREB/CREB in the hippocampus and cortex 

(**p < 0.01, respectively). SLOH treatment also alleviated synaptic damage by 

upregulating the expression levels of SYN and PSD95 in hippocampus and PSD95 

in cortex. This indicated that SLOH can promote calcium pathway by upregulating 

CAMKII and CREB. 
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Figure 3.1.17 SLOH upregulated CAMKII and CREB to activate the calcium pathway in the 

hippocampus 

(A) SYN, PSD95, CaMKII, CREB, and its phosphorylation in the hippocampus. 

(B) Quantification of those proteins (*p < 0.05; n = 4). 
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Figure 3.1.18 SLOH upregulated CAMKII and CREB to activate the calcium pathway in the 

cortex 

(A) SYN, PSD95, CaMKII, CREB, and its phosphorylation in the cortex. 

(B) Quantification of these proteins (**p < 0.01, * p < 0.05; n = 4). 
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Discussion 

Previous research suggested that one of the carbazole-based cyanine 

dyes, SLOH, could remarkably inhibit the aggregation of Aβ peptides in AD brains. 

More notably, SLOH is not toxic to neurons and protect them from neurotoxicity of 

Aβ oligomers. The advanced penetration to across the blood-brain barrier in mice 

is also  important for its potential as a effectively medicine for AD.94 We 

demonstrated that long-term treatment with SLOH reduced tau 

hyperphosphorylation and cleared tau proteins by GSK3β activity in the primary 

neurons. On the other hand, further studies of the effects of SLOH to the AD mice 

in vivo showed that the mechanism of the SLOH impact in vivo may be attributed 

to regulation of the Akt/GSK3β pathway. Moreover, The MWM results showed that 

SLOH ameliorated cognitive impairment in 4-month 3× Tg-AD mice. 

Tau as a microtubule-associated protein is important for microtubule 

stabilization. Its self-association into filamentous deposits are found in several 

neurodegenerative diseases.95 This pathological change is cause by 

hyperphosphorylation of tau resulting the intracellular NFTs in AD.96 Even overt 

Aβ pathology was absence, tau can also form aggregates in vivo.97 In addition to 

the hyperphosphorylation of tau, tau was truncated and shifted in spatial 

conformation to form polymer characteristic of NFTs.98 Tau induced neurofibrillary 

pathology is related to the cognitive impairment in AD patients. Therefore, it is a 
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very promising strategy for disease-modifying treatment of AD to targeting 

pathological tau.99 In the current experiment, the results showed that SLOH reduced 

the hyperphosphorylation of tau of AD model, suggesting that SLOH has a 

promising curative effect to reverse the tauopathy in AD. 

The dynamic balance of protein kinase and protein phosphatase activity co-

regulates tau phosphorylation. The imbalance of this physiological process is the 

direct cause of hyperphosphorylation of tau. 100 GSK3β as a protein kinase 

phosphorylates tau at the sites which closely related to AD. The activation of 

GSK3α/β to phosphorylate tau is inactivated by Akt at the sites of Ser21 in 

GSK3α and Ser9 in GSK3β.101 However, GSK3β is considered to be the major 

kinase involved in tau hyperphosphorylated. Akt is the upstream kinase to regulate 

the activation of GSK3.102 PP2A is a main phosphatase in brain as which dominates 

the regulation of tau dephosphorylation.103-104  In the brains of patients with AD, 

both activity and expression of PP2A were decreased. 97 Indeed, these proteins are 

directly or indirectly mutual adjusted tau phosphorylation105. SLOH significantly 

increased the activity of PP2A in vivo and inhibited that of GSK3β in vitro but it 

did not alter that of GSK3β in 3× Tg-AD mice. It suggests that SLOH can regulate 

the dynamic crosstalk between protein kinase and protein phosphatase activity in 

AD mice model. Both the activities of Akt and PP2A were significantly increased 

after treated with SLOH. This suggests the effect of SLOH reduced phosphorylated 
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tau is determined by promoting Akt and PP2A activity in vivo. 

Aβ which is cleavage of APP, is the main constituent units of SPs in the brains 

of AD patients. Many evidences have demonstrated that Aβ overexpression or 

aggregation in AD brain is an early pathological.106 As BACE1 is the enzyme 

sheared at the APP N-terminus to format Aβ, it was considered as a therapeutic 

molecular target for AD.107 Therefore, the development of an effective inhibitor of 

BACE1 can prevent or slow the formation of Aβ plaques, thus preventing the 

pathological process of AD and providing a possible effective target for treatment. 

Significantly, both the levels of Aβ and BACE1 were decreased after treated with 

SLOH compared with the control group in the primary neurons. In addition, data 

showed that the APP amount remained unchanged. However, in AD mice model, 

the levels of BACE1 have no significant difference between SLOH-treated group 

and those of control, suggesting that SLOH reduced Aβ levels not through 

modulating the generation of Aβ. It is indicated that the reduction of Aβ after SLOH 

treatment might induced by other mechanisms, such as enhancing clearance in vivo. 

CaMKII is the downstream protein of N-methyl-D-aspartate receptors, which 

is considered to be a key factor in formatting neuronal plasticity.108-109 Neuronal 

development and plasticity are required amount of proteins, and the transcripts of 

those proteins are triggered by signal cascades of CREB which is responsible for 

dendritic development and synapse formation.110-111 The CREB signal is crucial for 
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long-term changes in synaptic plasticity, which converted short-term memory into 

long-term memory storage. 93 

In conclusion, our findings are first to report that SLOH rescues cognitive 

impairments in 4-month AD mice model. SLOH not only reduces Aβ levels but also 

decreases hyperphosphorylation of tau by inhibiting the Akt/GSK3β pathway, in 

addition to upregulate CaMKII and CREB activity to activate the calcium pathway. 

These data proved that SLOH has the preventive and therapeutic effect on AD.  
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3.2 SLM 

3.2.1 SLM in 4-month of 3× Tg-AD mice. 

3.2.1.1 SLM restored cognitive impairment of AD mice. 

SLM, which can bind with Aβ but have worse inhibition effect on Aβ 

fibrillogenesis, was conducted on mice to verify whether SLOH has therapeutic 

effects on AD mice by inhibiting aggregation of Aβ. To assess cognitive ability of 

AD mice after treatment with SLM, MWM tests were used. These mice were 

administered SLM (2.25 mg/kg, n =12) or PB (n = 12) by intraperitoneal injection 

for 40 days, followed by behavioral analysis. As shown in Figure 3.2.1A, the total 

escape latencies of the SLM-treated mice were remarkably shorter than control. No 

significant differences were observed in the swimming speed between two groups 

(Figure 3.2.1 B). 

 

Figure 3.2.1 SLM reduced the escape latencies in AD mice in MWM. 

(A) The escape latencies of mice after treatment of SLM (***p < 0.001; n = 12). 

(B) The swimming speed of mice. 
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Both in 24 h and 72 h test, longer duration in the target quadrant were observed 

for SLM-treated AD mice as compared to those of control (*p < 0.05, **p < 0.01; 

Figure 3.2.2A). In 24 h and 72 h trials, SLM-treated AD mice swam more frequently 

across the previous location of platform as compared with those of control. (*p < 

0.05, **p < 0.01; Figure 3.2.2B). 

 

Figure 3.2.2 SLM improved cognitive ability in the prob trial. 

(A) The duration of mice in the target quadrant (*p < 0.05, **p < 0.01; n = 12.) 

(B) The frequency of mice across the virtual platform. 

 

3.2.1.2 SLM reduced the level of Aβ by regulating its generation  

The expression of Aβ peptides of 56 kD, 40 kD, 32 kD and 24 kD were 

markedly reduced in AD mice after treated with SLM in the hippocampus (Figure 

3.2.3). In cortex, 56 kD, 44 kD, 40 kD, 32 kD and 24 kD of Aβ oligomers were 

markedly reduced of AD mice after treated with SLM as shown in Figure 3.2.4. 
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Figure 3.2.3 SLM reduced Aβ peptides in the hippocampus. 

(A) Aβ oligomer levels in the hippocampus in the sizes of 56 kD, 40 kD, 32 kD and 24 kD. 

(B) Quantification of Aβ oligomers (*p < 0.05; n = 4). 
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Figure 3.2.4 SLM reduced Aβ oligomers in the cortex. 

(A) Western blot analysis of Aβ oligomer levels in the cortex. 

(B) Quantification of the expression levels of Aβ oligomers (**p < 0.01; n = 4). 
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The level of BACE1 was significantly reduced (Figure 3.2.5) after SLM 

treatment in the hippocampus. The level of APP was significantly reduced (Figure 

3.2.6) after SLM treatment in the cortex. The level of BACE1 was slightly reduced 

in the cortex but showed no statistical difference. It is suggested that SLM reduced 

Aβ levels by regulating the expression of APP or BACE1; in other words, the 

generation of Aβ. 

 

Figure 3.2.5 The expression levels of APP and BACE1 in the hippocampus. 

(A) APP and BACE1 were detected by western blot in the hippocampus. 

(B) Quantification of APP and BACE1 (*p < 0.05; n = 4). 
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Figure 3.2.6 The expression levels of APP and BACE1 in the cortex. 

(A) APP and BACE1 were detected by western blot in the cortex. 

(B) Quantification of APP and BACE1 (*p < 0.05; n = 4). 

 

3.2.1.3 SLM treatment reduced tau and its phosphorylation in vivo 

We next examined tau pathology, tau and its phosphorylation by western 

blotting. Both pS404 and pS422 levels were both significantly decreased after SLM 

treatment compared with those of controls in the hippocampus (Figure 3.2.7) (*p< 

0.05, *p< 0.05, respectively). In the cortex, pS422 was reduced in SLM-treated AD 

mice than those of control (Figure 3.2.8). Therefore, SLM treatment reduced 

hyperphosphorylated tau in vivo. 
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Figure 3.2.7 The expression level of Tau5, pS404, pS422, and pS202 in the hippocampus. 

(A) Tau5, pS404, pS422, and pS202 were detected by western blot in the hippocampus. 

(B) Quantification of the expression levels of these proteins (*p < 0.05; n = 4). 
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Figure 3.2.8 The expression levels of Tau5, pS404, pS422, and pS202 in the cortex. 

(A) Tau5, pS404, pS422, and pS202 were detected by western blot in the cortex. 

(B) Quantification of these proteins (*p < 0.05; n = 4). 

 

3.2.1.4 SLM decreased tau phosphorylation via inhibition of GSK3β in vivo. 

GSK3β is the most important kinase for the induction of phosphorylated tau 

in AD brains.17 Thus, the levels of GSK3β as well as GSK3β phosphorylated at Ser9 

(activity inhibited form) were measured by western blotting. The higher the ratio of 

p-GSK3β/GSK3β, the lower the GSK3β activation. p-GSK3β/GSK3β significantly 

increased in the hippocampus and cortex (Figure 3.2.9-10) as compared to control 

mice. SLM reduced hyperphosphorylated tau by inhibiting tau phosphorylation in 

4-month AD mice. 
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Figure 3.2.9 The expression level of GSK3β in its phosphorylated form in the hippocampus. 

(A) Western blot analysis of GSK3β, p-GSK3β (Ser9) in the hippocampus. 

(B) Quantification of those proteins (*p < 0.05; n = 4). 

 

 

Figure 3.2.10 The expression level of GSK3β in its phosphorylated form in the cortex. 

(A) Western blot analysis of GSK3β and its phosphorylation in the cortex. 

(B) Quantification of these proteins (*p < 0.05; n = 4). 
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3.2.1.5 Initiation of autophagy was activated by SLM treatment in 3× Tg-AD mice  

Autophagy disorders were observed in both animal models and human with 

AD.112 mTOR has a crucial regulator in autophagic pathway. 113 Autophagy flux is 

suppressed by activating the mammalian TOR (mTOR) activity when 

phosphorylated at the ser2488 site. 114 The p-mTOR(ser2488)/mTOR was 

decreased significantly after SLM treatment as compared with those of control, 

which means the activity of mTOR was downregulated by SLM treatment, both in 

the hippocampus and cortex (Figure 3.2.11-12, *p < 0.05; n = 4, respectively). 

 

Figure 3.2.11 The expression level of mTOR, p-mTOR(ser2448) and LC3 in the 

hippocampus. 

(A) Western blot analysis of mTOR, p-mTOR(ser2448) and LC3 in the hippocampus of SLM 

and control mice. 

(B) Quantification of these proteins (*p < 0.05; n = 4). 
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Light chain protein 3 (LC3) is the most common marker to evaluate the level 

of autophagy. LC3I will be activated when truncated into LC3II to formation the 

autophagosomes. However, LC3II on autophagosomes will be degraded in 

autolysosomes. It showed that the LC3II /LC3I level was significantly reduced in 

the hippocampus (Figure 3.2.11) of AD mice after treated with SLM as compared 

with controls, which were slightly decreased in the cortex after treatment (Figure 

3.2.12). SLM modulated initial autophagy to activate the clearance in AD mice. 

 

Figure 3.2.12 The expression levels of mTOR and its phosphorylation and LC3 in the cortex. 

(A) mTOR, p-mTOR(ser2448) and LC3 in the cortex were detect by western blot. 

(B) Quantification of these proteins (*p < 0.05; n = 4). 
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3.2.2 SLM in 8-month of 3× Tg-AD mice 

3.2.2.1 No significant weight change after SLM administration 

No obvious differences in body weight among the groups during the 45-day 

administration were observed between SLM-treated mice and control mice (Figure 

3.2.13 A). This indicated that SLM injection had no significant effect on the growth 

rate of mice. 

 

Figure 3.2.13 Body weight of AD mice 

(A) The body weights of the control and SLM-treated mice after IP injection were monitored 

once a week. 

 

3.2.2.2 SLM restored cognitive impairment in AD mice model 

MWM tests were used to detect the cognitive ability of mice after the 45 d 

SLM treatment. As shown in Figure 3.2.13, A shorter escape latency to locate the 

platform of SLM-treated AD mice were performed than those of control (*p < 0.05; 

n = 12) without any changes in physical ability (swimming speed) (Figure 3.2.14B).  
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Figure 3.2.14 SLM restored cognitive impairment in the hidden platform test. 

(A) In hidden platform tests, the escape latency of three groups of mice (##p < 0.01, *p < 0.05; 

n = 12). The data were analyzed with a two-way ANOVA. 

(B) The swimming speed of the three groups in the Morris Water Maze assessment. 

 

In the probe trial, AD control mice pass the removed platform less frequently 

and spend less time in the target quadrant as compared with those of WT mice (#p 

< 0.05; n = 12, respectively; Figure 3.2.15A, B). The duration in the target platform 

quadrant was longer and the frequency across the previously platform of SLM-

treated AD mice was more than controls in the probe trial both in 24 and 72 h test 

(*p < 0.05, **p < 0.01; n = 12; Figure 3.2.15A, B). It is suggested that SLM can 

also improve cognitive ability in older 8-month AD mice. 
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Figure 3.2.15 SLM restored cognitive impairment of AD mice in a probe trial 

(A) The duration in the target quadrant of the WT mice, AD controls and the SLM-treated AD 

mice after 24 h and 72h of the hidden platform test (#p < 0.05, *p < 0.05; n = 4). 

(B) Times across the previously learned platform for the wild type, AD controls, and the SLM-

treated AD mice (#p < 0.05, ##p < 0.01, *p < 0.05; n = 4). 

 

3.2.2.3 Autophagic flux was activated by SLM treatment in AD mice model.  

Both Aβ and tau pathology were mitigated after SLM treatment in 8-month-

old mice, which was detected in my previous work. LC3-II /LC3-I, a marker of 

autophagy, was decreased after SLM treatment in cortex. We further detected the 

autophagy pathway. Upon SLM treatment, activation of AKT were significantly 

reduced both in the hippocampus and cortex. Meanwhile, activation of mTOR was 

downregulated accordingly as the downstream protein. An increase of Beclin 1 and 

LC3 levels modulated by downregulated activation of P70-S6K indicate that 
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initiation autophagy was increased after treatment. Moreover, the Cat D level was 

significantly increased, which showed improvement in lysosome function. It is 

indicated that SLM can promoted autophagy flux in 8-month AD mice. 

 
Figure 3.2.16 Autophagic flux was activated by SLM treatment in the hippocampus of AD 

mice. 

(A) Western blot results for Akt, mTOR, and P70-S6K, and their phosphorylation, Beclin 1, 

LC3, P62, Cat D.  

(B) Quantification of those proteins (**p < 0.01, *p < 0.05; n = 4). 

http://topics.sciencedirect.com/topics/page/Western_blot
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Figure 3.2.17 Autophagic flux was activated by SLM treatment in the cortex of AD mice. 

(A) Western blot result of Akt, mTOR, P70-S6K, and their phosphorylation, Beclin 1, LC3, 

P62, Cat D. 

(B) Quantification of the expression levels of these proteins (*p < 0.05, ***p < 0.001; n = 4). 

 

Discussion 

In a previous study, we found that the levels of APP and BACE 1 in AD mice 

were similar to those of controls after treated with SLM, suggesting that the 

http://topics.sciencedirect.com/topics/page/Western_blot
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generation of Aβ was not affected by SLM treatment. However, SLM treatment 

significantly decreased the p-mTOR, followed by the reduction of phosphorylated 

Akt as an upstream regulator of mTOR. Modulation of mTOR significant increase 

the proautophagic protein, Beclin 1 in AD mice than those of control.  It is 

suggested that SLM functioned as autophagic inducer in AD mice. Furthermore, 

both LC3-II, which can be degraded in autophagolysosomes and the LC3-

associated p62 protein, a marker of autophagic flux were significantly decreased in 

AD mice. One of the lysosomal proteases, Cat D was significantly increased, that 

mediates the degradation capacity enhancement in autophagolysosomes. Overall, 

the above results revealed that the autophagic pathway was upregulated after SLM 

treatment in AD mice, resulting in clearance of unwanted or mis-folded proteins as 

well as improving cognitive deficits in AD mice model. These results revealed that 

SLM also have therapeutic effect on AD mice model not due to the inhibition effect 

on Aβ fibrillogenesis.  
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3.3 SLCOOH 

3.3.1 SLCOOH restored cognitive impairment of 3× Tg-AD mice 

3.3.1.1 SLCOOH improved cognitive ability in AD mice model in MWM 

AD mice were administered SLCOOH (4.5 mg/kg, n = 19) or PBS (n = 19) by 

intraperitoneal injection for 60 days, followed by behavioral analysis. The escape 

latency of AD mice was more prolonged than WT mice (#p < 0.05, n = 19; Figure 

3.3.1 A), which was shorten by SLCOOH treatment (*p < 0.05, n = 19), with no 

distinct changes in athletic ability (Figure 3.3.1B). The escape latency in 2, 3, and 

4 days of the hidden platform test are shown in Figure 3.3.1, respectively. 

 

Figure 3.3.1 SLCOOH improved cognitive ability in AD mice model 

(A) The escape latency of three groups of mice were detected for 4 d. 

(B) The swimming speed were recorded in the MWM assessment. 

(C) Escape latency in Day2, Day3, Day4 (#p < 0.05, *p < 0.05, **p < 0.01; n = 19). 
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In the probe trial at both 24 h and 72 h test, AD mice have shorter duration in 

the target region than those of WT mice (#p < 0.05; Figure 1d). Longer duration 

stayed in the target region of SLCOOH-treated AD mice were observed as 

compared with those of control (**p < 0.01; Figure 3.3.2 A). AD mice after treated 

with SLCOOH across the removed platform more frequently in two tests (*p < 0.05; 

Figure 3.3.2 B). SLCOOH treatment can improved cognitive ability after 2-month 

administration. 

 

Figure 3.3.2 SLCOOH restored cognitive impairment of 3× Tg-AD mice in a probe trial. 

(A) The duration of mice traveled into the target quadrant. (# p < 0.05, * p < 0.05; n = 19). 

(B) The frequency of mice crossed the platform in the probe trial at 24 h and 72 h. (* p < 0.05, 

** p < 0.01, ### p < 0.001; n = 19) 

 

3.3.1.2 SLCOOH ameliorated cognitive deficits of AD mice model in T-maze. 

 T-maze as another classic method of cognitive memory was applied to verify 
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the cognitive ability improvement after treatment. In T-maze tests, after fasting and 

additional food training, the times of AD mice entering the right arm in 3 min was 

significantly reduced compared to the WT, which implied that the cognitive ability 

of AD mice were impaired. Additionally, SLCOOH can significantly increase the 

frequency ran into the right arm of AD mice, which obviously increased the 

cognitive ability of AD mice (Figure 3.3.3).  

 

Figure 3.3.3 SLCOOH revised memory deficits in AD mice model in T-maze 

(A) The percentage of correct entries in a T-maze test (mean ± SEM). (#p < 0.05, *p < 0.05; n 

= 19) 

 

3.3.2 SLCOOH reduced the Aβ level of AD mice 

As Aβ aggregation is an early feature of AD and a key pathology of AD, the 

level of Aβ of mice were measured by western blot analysis. Figure3.3.4 A-B 

showed that the expressions of Aβ peptides in the bands of 40 kD and 20 kD 
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molecular weights of WT mice were markedly increased than those of AD control 

and were reduced in SLCOOH-treated AD mice in the hippocampus. No obvious 

differences of APP and BACE1 in the hippocampus. In the cortex (Figure 3.3.5 A-

B), the levels of APP and BACE1 in AD mice were increased compared to WT mice. 

It is suggested that SLCOOH reduced Aβ expression levels without significant 

effect on Aβ generation in AD mice. 

 

Figure 3.3.4 SLCOOH reduced Aβ oligomers in the hippocampus. 

(A) Aβ oligomer, APP and BACE1 were detected by western blot. 

(B) Quantification of those proteins (*p < 0.05; n = 3). 
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Figure 3.3.5 SLCOOH reduced Aβ oligomers in the cortex. 

(A) Aβ oligomer levels, APP and BACE1 were detected by western blot in the cortex. 

(B) Quantification of Aβ oligomers APP, and BACE1 (#p < 0.05; n = 3). 

 

3.3.3 SLCOOH reduced tau and its phosphorylation in AD mice model 

We next measured the tau pathology in the brain of mice. HT7 was used to 

detect the total tau of mice. The human tau expression in AD mice was remarkably 

increased compared to WT mice, but no obvious changes were observed in 

SLCOOH-treated mice, both in the hippocampus and cortex regions (Figure 3.3.6-

7). AT8(Ser202), AT100(Ser214, Thr212), and pS422(Ser422) were used to detect 

abnormal phosphorylation in specific sites unique to PHF-tau. AT100 levels were 
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markedly increased in AD mice than in WT mice both in the hippocampus and 

cortex, while they were significantly decreased in SLCOOH-treated mice both in 

the hippocampus and cortex, as compared to those in AD mice (Figure 3.3.6 A, B). 

In the cortex (Figure 3.3.7 A-B), the expression level of pS422(Ser422) was 

significantly increased in AD mice as compared with those of WT mice and were 

decreased after SLCOOH treatment than those of AD mice (*p < 0.05). SLCOOH 

reduced the expression levels of total tau and its hyperphosphorylation. 

 

Figure 3.3.6 SLCOOH reduced tau pathology in the hippocampus. 

(A) Western blot analysis of HT7, AT8 (Ser202), AT100 (Ser214, Thr212), and pS422 (Ser422) 

in the hippocampus. 

(B) Quantification of HT7, AT8 (Ser202), AT100 (Ser214, Thr212), and pS422 (Ser422) (#p 

< 0.05, ## p < 0.01, *p < 0.05; n = 3). 
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Figure 3.3.7 SLCOOH reduced tau pathology in the cortex 

(A) Western blot analysis of HT7, AT8 (Ser202), AT100 (Ser214, Thr212), and pS422 (Ser422) 

in the cortex. 

(B) Quantification of HT7, AT8 (Ser202), AT100 (Ser214, Thr212), and pS422(Ser422) (#p < 

0.05, ## p < 0.01, *p < 0.05; n = 3). 

 

In the hippocampus (CA1 and CA3) and cortex, the immunofluorescence 

image of AT100 antibody of AD mice were significantly increased than those of 

WT mice and reduced by SLCOOH treatment (Figure 3.3.8 B; #p < 0.05, *p < 0.05). 

It is indicated that tau phosphorylated at Ser214 and Thr212 was reduced in AD 

mice which is consist with the results in the detection by western blot. 

 



 

85 

 

 

 

Figure 3.3.8 SLCOOH reduced phosphorylated tau (AT100). 

(A) Immunofluorescence staining of AT100. 

(B) Immunofluorescence analyses of the data in (A). [#p < 0.05, *p < 0.05; n = 6 slices (2 

slices per mouse)] CA1, cornu ammonis 1; CA3, cornu ammonis 3. Scale bar: 20 μm. 

 

3.3.4 SLCOOH reduced tau phosphorylation via inhibiting activity of GSK3β 

but not PP2A in AD mice model 

The activities of GSK3β and PP2A were detected by western blot. Both in the 

hippocampus and cortex, no differences were observed in GSK3β expression 

among the three groups. The p-GSK3β expression of AD mice were significantly 

increased compared to WT mice (#p < 0.05, respectively), while it was significantly 

decreased after SLCOOH treatment (Figure 3.3.9) in the cortex (Figure 3.3.10; *p 
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< 0.05, respectively), implying SLCOOH treatment induced a significant decrease 

in GSK3β activity. As shown in Figure 3.3.10, the PP2A level of 3× Tg-AD mice 

was significantly decreased compared to WT mice (#p < 0.05), while it was 

increased after SLCOOH treatment (*p < 0.05) in the cortex. However, there were 

no obvious differences of p-PP2A levels in brain among all groups (Figure 3.3.9-

10). SLCOOH reduced hyperphosphorylation tau by both regulating 

phosphorylation and dephosphorylation of tau. 

 

Figure 3.3.9 SLCOOH reduced tau hyperphosphorylation via inhibiting the activity of GSK3β 

but not PP2A in the hippocampus. 

(A) GSK3, PP2A, and its phosphorylation were detected by western blot in the hippocampus. 

(B) Quantification of the expression levels of GSK3, p-GSK3β (Ser9), PP2A, and p-PP2A 

(Tyr307) (#p < 0.05, *p < 0.05; n = 3). 
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Figure 3.3.10 SLCOOH reduced tau hyperphosphorylation via inhibiting the activity of 

GSK3β but not PP2A in the cortex 

(A) GSK3, PP2A, and its phosphorylation were detected by western blot in the cortex. 

(B) Quantification of the expression levels of GSK3, p-GSK3β (Ser9), PP2A, and p-PP2A 

(Tyr307) (#p < 0.05, *p < 0.05; n = 3). 

 

3.3.5 SLCOOH treatment promoted clearance by upregulating the 

autophagic pathway but had no influence on the ubiquitination pathway in 

vivo 

The ubiquitin proteasomal system and autophagy-lysosomal pathway are two 

main mechanisms to degrade abnormal or misfolded proteins in cells. LC3 was also 

detected as the marker of autophagy. It showed that the LC3-II /LC3-I level was 
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also significantly improved in the hippocampus of 3× Tg-AD mice as compared to 

WT mice. SLCOOH treatment further increased the ratio in AD mice (Figure 

3.3.11). The levels of ubiquitinated proteins have no changes in the brain among 

the three groups both in the hippocampus and cortex (Figure 3.3.11-12). It is 

indicated that SLCOOH promoted clearance in brain by activating initiate 

autophagy but not ubiquitin proteasome pathway. 

 

Figure 3.3.11 SLCOOH promoted the formation of autophagosomes but not the ubiquitin 

proteasomal system in the hippocampus 

(A) LC3-II /LC3-I and ubiquitin protein were detected by western blot in the hippocampus.  

(B) Quantification of LC3-II /LC3-I and ubiquitin protein (#p < 0.05, *p < 0.05; n = 3). 
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Figure 3.3.12 The formation of autophagosomes and the ubiquitin proteasomal system in the 

cortex. 

(A) LC3-II /LC3-I and ubiquitin protein were detected by western blot in the cortex. 

(B) Quantification of LC3-II /LC3-I and ubiquitin protein (#p < 0.05, *p < 0.05; n = 3). 

 

To further explore the underlie mechanism that the effect of SLCOOH on the 

autophagic pathway, the levels of p-mTOR, mTOR, p-p70S6K, and p70S6K were 

evaluated by using western blot. Phosphorylation at Ser2448 of mTOR will activate 

mTOR. Notably, the SLCOOH treatment significantly increased the ratio of 

phospho-mTOR/mTOR both in the hippocampus and cortex (Figure 3.3.13-14) of 

AD mice. p70S6K, which is the downstream substrate of mTOR, was active by 

phosphorylated at the site of Thr389. p-p70S6K/p70S6K in AD mice was 
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significantly increased in the brain compared to the WT, while it was significantly 

increased after SLCOOH treatment in the cortex as compared to AD mice controls 

(Figure 3.3.13-14). Beclin 1, as an autophagy-related protein which is necessary for 

the formation of autophagosome. It is significantly increased in AD mice than WT 

in the hippocampus, but remains unchanged after SLCOOH treatment in the brain. 

In addition, the level of the adaptor molecule p62 increased in AD mice as compared 

with those of WT mice in the hippocampus, downregulated after SLCOOH 

treatment in the hippocampus. Downstream of the autophagy pathway, we 

measured the level of cathepsin D, one of the major protein-degrading enzymes in 

lysosomes. Cathepsin D remains unchanged in the hippocampus (Figure 3.3.13) in 

each group, but were increased in AD mice compared to the WT in the cortex 

(Figure 3.3.14). SLCOOH improved autophagy flux in AD mice which promoted 

clearance of misfolded and aggregated proteins. 

3.3.6 SLCOOH treatment improved the structural plasticity of synapses and 

dendritic spines in vivo 

The structure and quantity of synapses is the foundation of cognitive function50. 

To assess the impact of SLCOOH on the synaptic structure in 3× Tg-AD mice, we 

imaged and analyzed hippocampal and cortical synapses using transmission 

electron microscopy (TEM). After SLCOOH treatment, AD mice exhibited 

narrower synaptic clefts and higher postsynaptic density than control in the synaptic 
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Figure 3.3.13 SLCOOH increased autophagy flux in the hippocampus 

(A) mTOR, p70S6K, and their phosphorylation, Beclin 1, p62, cathepsin D were detected by 

western blot in the hippocampus. 

(B) Quantification of these proteins (#p < 0.05, *p < 0.05; n = 3). 
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Figure 3.3.14 SLCOOH increased autophagy flux in the cortex 

(A) mTOR, p70S6K, and their phosphorylation, Beclin 1, p62, cathepsin D were detected by 

western blot in the cortex 

(B) Quantification of those proteins (#p < 0.05, *p < 0.05; n = 3). 
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structure both in the hippocampus and cortex (Figure 3.3.15-16) of AD mice. In 

addition, SLCOOH significantly increased the quantity of synapses in the 

hippocampus (Figure 3.3.15) and cortex (Figure 3.3.16) of AD mice. It is suggested 

that SLCOOH can structurally ameliorated synaptic pathology in AD mice which 

spatially provided the conditions for synaptic conduction. 

 

Figure 3.3.15 SLCOOH increased the number of synapses in the hippocampus. 

(A) Synapses in the hippocampus of AD, and SLCOOH-treated AD mice. The arrows point to 

the synapses. Scale bar: 0.5 μm. 

(B) Quantification of the number of synapses in the hippocampus (**p < 0.01; n = 3). 
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Figure 3.3.16 SLCOOH increased the number of synapses in the cortex. 

(A) Synapses in the cortex of AD, and SLCOOH-treated AD mice. The arrows point to the 

synapses. Scale bar: 0.5 μm. 

(B) Quantification of the number of synapses in the cortex (**p < 0.01; n = 3). 

 

To assess the expression of synaptic proteins, presynaptic protein (SYP) and 

postsynaptic protein (PSD95) levels were measured using western blotting. These 

two protein levels in AD mice were significantly decreased as compared with WT 

mice. SLCOOH treatment reversed these decreases and significantly enhanced the 

levels of both SYP and PSD95 in the hippocampus as shown in Figure 3.3.17. In 

the cortex, there was no change in the expression of PSD95 among the three groups; 
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Figure 3.3.17 SLCOOH reversed the synaptic deficit in the hippocampus. 

(A) PSD95 and SYP were detected by western blot in the hippocampus. 

(B) Quantification of those proteins (#p < 0.05, ##p < 0.01, *p < 0.05, **p < 0.01; n = 3). 

 

 

Figure 3.3.18 SLCOOH reversed the synaptic deficit in the cortex. 

(A) PSD95 and SYP were detected by western blot in the cortex. 

(B) Quantification of these proteins (*p < 0.05; n = 3). 
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 however, the expression of SYP was significantly enhanced after SLCOOH 

treatment compared to AD control mice (Figure 3.3.18). It is proved that synaptic 

damage was alleviating by SLCOOH treatment in AD mice. 

 

Figure 3.3.19 SLCOOH restored dendritic spine loss both in vivo. 

(A) Representative images of the dendritic spines in the hippocampus by Golgi staining. 

(B) The quantification of (A). (#p < 0.05, *p < 0.01; n = 6 slices, Scale bar: 2 μm.) 

 

Dendritic spines are the major postsynaptic sites of excitatory inputs in 

neurons and they influence excitatory neurotransmission and synaptic plasticity115. 

We first evaluated the numbers of dendritic spines in the hippocampus neurons. The 

numbers of spines in hippocampal neurons of AD mice were markedly reduced 

compared to those of WT mice, and SLCOOH treatment significantly increased the 

number of neuronal spines (Figure 3.3.19). This effect was also verified in cultured  
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Figure 3.3.20 SLCOOH restored dendritic spine loss in primary neurons. 

(A) Representative imaging of the cytoskeleton of primary neurons in WT and AD mice by 

immunostaining using anti-MAP2 antibodies. 

(B) The quantification of (A). #p < 0.05, *p < 0.05; n = 6 slices, Scale bar: 5 μm. 
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primary neurons isolated from the cortex of newborn WT and AD mice after 8 h-

treatment with SLCOOH (Figure 3.3.20). Administration of SLCOOH can increase 

the number of synaptic spines in neuron of AD mice which plays a decisive role in 

memory generation and storage both in vivo and in vitro. 

3.3.7 SLCOOH treatment enhanced synaptic plasticity by activating the 

postsynaptic signaling pathway in 3× Tg-AD mice 

To further investigate the effect of SLCOOH on synaptic plasticity, we 

performed LTP recordings of the Schaffer collateral (CA3-CA1) pathway116 of the 

hippocampus in WT, AD and SLCOOH mice. LTP induction was notably weaken 

in AD mice than those of WT mice and was improved in SLCOOH-treated mice 

(Figure 3.3.21). 

LTP induction in the CA1 region of the hippocampus requires the activation 

of CaMKII and/or protein kinases A and C, which subsequently activate 

extracellular signal-regulated kinase 1/2 (ERK1/2). Activated ERK can then affect 

CREB in the nucleus, which turns on the expression of downstream genes that 

regulate the growth of synapses and accomplish integral synaptic plasticity.61 Thus, 

we assessed the levels of CaMKII, ERK, and CREB and their phosphorylated form 

at specific activation sites, respectively, by using western blotting. In the 

hippocampus, p-CaMKII/CaMKII and p-ERK/ERK ratios of AD mice were 
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Figure 3.3.21 SLCOOH enhanced synaptic plasticity in AD mice model. 

(A) Slope of the field excitatory postsynaptic potential (fEPSP) in response to 100-HZ 

stimulation in the Schaffer collateral CA1-region of WT, AD and SLCOOH mice. 

(B) Quantification of the averaged fEPSP slope (a) (means ± SEMs). (#p < 0.05, *p < 0.05; n 

= 6) 

 

decreased compared with those in WT mice, and SLCOOH treatment. reversed 

those decreases and also significantly increased the p-CREB/CREB ratio in AD 

mice (#p < 0.05, ##p < 0.01, *p < 0.05, ****p < 0.0001; Figure 3.3.22). In the 

cortex, the p-CaMKII/CaMKII ratio was similarly decreased in AD mice as 

compared with WT. SLCOOH treatment significantly reversed the p-

CaMKII/CaMKII ratio (Figure 3.3.23). SLCOOH improved synaptic plasticity by 

modulating calcium signaling in AD mice, especially improved the activation of 

CaMKII. 
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Figure 3.3.22 SLCOOH enhanced the CaMKII/Erk/CREB signaling pathway in the 

hippocampus of AD mice 

(A) CaMKII, ERK, CREB, and their phosphorylation were detected by western blot in the 

hippocampus.  

(B) Quantification of those proteins (#p < 0.05, ## p < 0.01, *p < 0.05, ****p < 0.0001; n = 

6). 
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Figure 3.3.23 SLCOOH enhanced the CaMKⅡ/Erk/CREB signaling pathway in 3× Tg-AD 

mice in the cortex 

(A) CaMKII, ERK, CREB, and their phosphorylation were detected by western blot in the 

cortex. 

(B) Quantification of these proteins (#p < 0.05, *p < 0.05; n = 6). 
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3.3.8 SLCOOH treatment reversed the calcium overload via downregulating 

NMDA receptors in 3× Tg-AD mice 

Dysregulation of neuronal calcium homeostasis, such as intracellular Ca2+ 

overload, contributes greatly to the impairment of synaptic plasticity in AD 117. To 

investigate the effect on the level of intracellular calcium in primary neurons, we 

transfected a recombinant AAV9-jRCaMP1 vector into the neurons, which 

exhibited increased fluorescent intensity upon binding to free Ca2+. SLCOOH 

treatment markedly reduced the Ca2+ fluorescence intensity in primary neurons 

from AD mice (Figure 3.3.24). It is suggested that SLCOOH can alleviate the 

overload of intracellular Ca2+ which cause neuronal damage in AD mice. 

 

Figure 3.3.24 SLCOOH restored dendritic spine loss in primary neurons. 

(A) Representative confocal images of intracellular Ca2+ in primary AD neurons transfected 

with AAV9-jRCaMP1. (Scale bar: 20 μm) 

(B) The quantification of intracellular Ca2+ level. (**p < 0.01, n=6 cells; The data was 

quantified from three independent experiments) 
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Among the various entrances of calcium ion, NMDARs, are the major receptor 

has the ability to prevent excessive calcium ion influx. To further clarify whether 

NMDAR was involved in the effects of SLCOOH, the levels of NMDAR2 

(NMDAR2A and NMDAR2B), the regulatory subunit, were measured by western 

blotting. The levels of NMDAR2B and phosphorylated NMDAR2B (p-NMDAR2B) 

in the hippocampus of AD mice were significantly increased compared with WT

 

Figure 3.3.25 SLCOOH decreased the intracellular Ca2+ level through downregulating the 

expression level of NMDAR2B in the hippocampus. 

(A) Representative western blots of NMDAR2A, p-NMDAR2A, NMDAR2B, and p-

NMDAR2A of WT, AD and SLCOOH mice at 6 months.  

(B) The quantification of (A). (#p < 0.05, *p < 0.05; n = 6.) 
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mice, while they were significantly reduced after SLCOOH treatment (Figure 

3.3.25). However, the level of NMDAR2A and its phosphorylation remained 

unchanged in both the hippocampus and cortex among the three groups (Figure 

3.3.25-26). It is proved that SLCOOH decreased Ca2+ flux by reduce the expression 

levels of NMDA receptor 2B in hippocampus. 

 

Figure 3.3.26 SLCOOH decreased the intracellular Ca2+ level through downregulating the 

expression level of NMDAR2B in the cortex. 

(A) Representative western blots of NMDAR2A, p-NMDAR2A, NMDAR2B, and p-

NMDAR2A of WT, AD and SLCOOH mice at 6 months.  

(B) The quantification of (A). (#p < 0.05, *p < 0.05; n = 6.) 
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3.3.9 Effect of SLCOOH on the proteome of the hippocampus in AD mice 

model 

For better understanding the mechanism of SLCOOH treatment to reverse AD 

pathologies, proteins are crucial in the whole physiological process as the actual 

functional participants. TMT is a isotope labeling method of which the maximum  

sample size is 11.118-119 Therefore, this study was aim at the proteomics differences  

in hippocampus of AD mice after SLCOOH treatment by performing a TMT based 

differential proteomics study. The hippocampus is the crucial part of the brain 

responsible for formatting cognitive memory, which depends on the changes of 

function and structure, for example LTP and synaptic reorganization. 

A total of 4923 proteins were identified in mass spectrometric proteomics 

analysis of the data. Twenty-eight differentially expressed proteins (DEPs) were 

revealed in Tg/WT mice, which contains 21 upregulated and seven downregulated 

proteins. In Tg+SLCOOH/Tg mice, 21 DEPs were exposed, which contains 18 

upregulated and three downregulated proteins. The SLCOOH/Tg+WT mice 

showed 85 DEPs including 62 upregulated and 23 downregulated proteins, as 

shown in Table 3.3.1. 
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Table 3.3.1 Quantification of total protein revealed in proteome in three groups: Tg/WT, 

Tg+SLCOOH/ Tg, and Tg+SLCOOH/WT 

 

AD mice compared with WT mice (Tg/WT Group) 

Heat map analysis of these DEFs in Tg/WT mice is shown in Figure 3.3.27. 

Fold changes are shown in Table S1. 

 

Figure 3.3.27 Heat map showing DEPs in Tg/WT mice. 

  

Comparisons Up- Down- All- 

Tg/WT 21 7 28 

Tg+SLCOOH/Tg 18 3 21 

SLCOOH/Tg+WT 62 23 85 
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Gene ontology (GO) analysis of cellular components (CC), molecular function 

(MF), and biological processes (BP) which demonstrated the correlation of the 

proteins in basal processes upon the molecular and biological levels. Ten enriched 

CCs are depicted in Figure 3.3.28. These proteins are involved in important cellular 

parts and they contain the immunoglobulin complex, circulation, blood 

microparticles, and the Wnt-Frizzled-LRP5/6 complex, mitochondrial processing 

peptidase complex, nuclear telomere cap complex, Ku70:Ku80 complex, 

nonhomologous end joining complex. They also include the growth cone 

lamellipodium, actin filament bundle, and endosome lumen. Similarly, Figure 

3.3.28 shows that the relation of these proteins in MF that include transition metal 

ion binding, serine-type endopeptidase inhibitor activity, immunoglobulin receptor 

binding, antigen binding, gamma-glutamylaminecyclotransferase activity, gap 

junction channel activity involved in cardiac conduction electrical coupling, 

porphobilinogen synthase activity, lead ion binding, coreceptor activity involved in 

Wnt signaling pathway, and 6-pyruvoyltetrahtdropterin synthase activity. These 

proteins that are involved in BP include kidney development, lens development in 

a camera-type eye, cellular responses to gamma radiation, positive regulation of B 

cell activation, negative regulation of the Wnt signaling pathway, negative 

regulation of endopeptidase activity, phagocytosis, recognition, protein 

heterotetramerization, complement activation, classical pathway, and the holesterol 
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metabolic process. 

 

Figure 3.3.28 GO analysis of cellular components, molecular functions and biological 

processes of DEPs in the Tg/WT group.  
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Table 3.3.2 shows the Kyoto Encyclopedia of Genes and Genomes (KEGG) 

analysis that indicates the relevance of these DEPs in Alzheimer’s disease. These 

include protein processing in the endoplasmic reticulum, synapse, calcium 

signaling pathway, metabolic pathways, and cholesterol metabolism. 

Protein ID KO Name Map ID Map Name 

P23927 K09542 CRYAB ko04141 Protein processing in 
endoplasmic reticulum 

P23927 K09542 CRYAB ko04213 Longevity regulating pathway 
– multiple species 

P26048 K05175 GABRA ko04080 Neuroactive ligand-receptor 
interaction 

P26048 K05175 GABRA ko04723 Retrograde endocannabinoid 
signaling 

P26048 K05175 GABRA ko04727 GABAergic synapse 

P26048 K05175 GABRA ko04742 Taste transduction 

P26048 K05175 GABRA ko05032 Morphine addiction 

P26048 K05175 GABRA ko05033 Nicotine addiction 

P23242 K07372 GJA1, CX43 ko04540 Gap junction 

P23242 K07372 GJA1, CX43 ko05412 Arrhythmogenic right 
ventricular cardiomyopathy 

(ARVC) 

P12023 K04520 APP ko04726 Serotonergic synapse 

P12023 K04520 APP ko05010 Alzheimer disease 

Q9DB30 K00871 PHKG ko04020 Calcium signaling pathway 

Q9DB30 K00871 PHKG ko04910 Insulin signaling pathway 

Q9DB30 K00871 PHKG ko04922 Glucagon signaling pathway 

P10518 K01698 hemB, ALAD ko00860 Porphyrin and chlorophyll 
metabolism 
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P10518 K01698 hemB, ALAD ko01100 Metabolic pathways 

P10518 K01698 hemB, ALAD ko01110 Biosynthesis of secondary 
metabolites 

P10518 K01698 hemB, ALAD ko01120 Microbial metabolism in 
diverse environments 

Q9R1Z7 K01737 queD, ptpS, PTS ko00790 Folate biosynthesis 

Q9R1Z7 K01737 queD, ptpS, PTS ko01100 Metabolic pathways 

P17665 K02272 COX7C ko00190 Oxidative phosphorylation 

P17665 K02272 COX7C ko01100 Metabolic pathways 

P17665 K02272 COX7C ko04260 Cardiac muscle contraction 

P17665 K02272 COX7C ko04714 Thermogenesis 

P17665 K02272 COX7C ko04932 Non-alcoholic fatty liver 
disease (NAFLD) 

P17665 K02272 COX7C ko05010 Alzheimer disease 

P17665 K02272 COX7C ko05012 Parkinson disease 

P17665 K02272 COX7C ko05016 Huntington disease 

P56695 K14020 WFS1 ko04141 Protein processing in 
endoplasmic reticulum 

Q9CY64 K00214 BLVRA, bvdR ko00860 Porphyrin and chlorophyll 
metabolism 

Q9CY64 K00214 BLVRA, bvdR ko01100 Metabolic pathways 

Q9CY64 K00214 BLVRA, bvdR ko01110 Biosynthesis of secondary 
metabolites 

P09813 K08758 APOA2 ko03320 PPAR signaling pathway 

P09813 K08758 APOA2 ko04979 Cholesterol metabolism 

P23475 K10884 XRCC6 ko03450 Non-homologous end-joining 

Table 3.3.2 Bioinformatics analyses of the DEPs in the Tg/WT group.  
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SLCOOH-treated AD mice compared with AD mice (Tg+SLCOOH/Tg Group) 

Heat map analysis of these DEF proteins in Tg+SLCOOH/Tg mice is shown 

in Figure 3.3.29. Fold changes are shown in Table S2. 

 

Figure 3.3.29 Heat map showing DEPs in Tg+SLCOOH/Tg mice. 

Eight enriched CCs are shown in Figure 3.3.30. These proteins are in various 

important cellular parts that include the trans-Golgi network transport vesicle 

membrane, sarcoplasmic reticulum, Golgi cis cisterna, MLL3/4 complex, 

neurofilament, A band, dendritic spine head, and I band. Ten enriched MF that 

include calcium ion binding, chromatin DNA binding, histone demethylase activity 

(H3-K27 specific), dioxygenase activity, kinase inhibitor activity, ATPase-coupled 

phospholipid transporter activity, neurotransmitter transporter activity, RAGE 
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receptor binding, ion transmembrane transporter activity, and G-protein beta-

subunit binding. These proteins, which are involved in BP, include musculoskeletal 

movement, regulation of the APP biosynthetic process, astrocyte activation, 

regulation of cilium beat frequency, determination of pancreatic left/right 

asymmetry, outer dynein arm assembly, inner dynein arm assembly, epithelial 

cilium movement, which is participant in the determination of left/right asymmetry. 

 

Figure 3.3.30 GO analysis of cellular components, molecular function and biological 

processes of DEPs in the Tg+SLCOOH/Tg group.  

 

Table 3.3.3 shows the KEGG analysis that indicates the involvement of DEPs in 
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Alzheimer’s disease. These include the MAPK signaling pathway, PI3K-AKT 

signaling pathway, synapse, and synaptic vesicle cycle.  

Protein ID KO Name Map ID Map Name 

P54227 K04381 STMN1 ko04010 MAPK signaling pathway 

P54227 K04381 STMN1 ko05206 MicroRNAs in cancer 

Q9JMF3 K04547 GNG13 ko04014 Ras signaling pathway 

Q9JMF3 K04547 GNG13 ko04062 Chemokine signaling pathway 

Q9JMF3 K04547 GNG13 ko04151 PI3K-Akt signaling pathway 

Q9JMF3 K04547 GNG13 ko04371 Apelin signaling pathway 

Q9JMF3 K04547 GNG13 ko04713 Circadian entrainment 

Q9JMF3 K04547 GNG13 ko04723 Retrograde endocannabinoid 
signaling 

Q9JMF3 K04547 GNG13 ko04724 Glutamatergic synapse 

Q9JMF3 K04547 GNG13 ko04725 Cholinergic synapse 

Q9JMF3 K04547 GNG13 ko04726 Serotonergic synapse 

Q9JMF3 K04547 GNG13 ko04727 GABAergic synapse 

Q9JMF3 K04547 GNG13 ko04728 Dopaminergic synapse 

Q9JMF3 K04547 GNG13 ko04740 Olfactory transduction 

Q9JMF3 K04547 GNG13 ko04742 Taste transduction 

Q9JMF3 K04547 GNG13 ko04745 Phototransduction - fly 

Q9JMF3 K04547 GNG13 ko04926 Relaxin signaling pathway 

Q9JMF3 K04547 GNG13 ko05032 Morphine addiction 

Q9JMF3 K04547 GNG13 ko05034 Alcoholism 
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Q9JMF3 K04547 GNG13 ko05163 Human cytomegalovirus 
infection 

Q9JMF3 K04547 GNG13 ko05167 Kaposi sarcoma-associated 
herpesvirus infection 

Q9JMF3 K04547 GNG13 ko05170 Human immunodeficiency 
virus 1 infection 

Q9JMF3 K04547 GNG13 ko05200 Pathways in cancer 

Q8R1B5 K15295 CPLX3_4 ko04721 Synaptic vesicle cycle 

O70546 K11447 UTX, UTY ko05202 Transcriptional misregulation 
in cancer 

Q9CQH7 K01527 EGD1, BTF3 ko04214 Apoptosis - fly 

P61514 K02921 RP-L37Ae, 

 

ko03010 Ribosome 

Table 3.3.3 Bioinformatics analyses of the DEPs in the Tg+SLCOOH/Tg group. KEGG 

pathways of each differentially expressed protein are shown as a map name. 

 

Discussion 

SLOH and SLM in previous study, which share similar a structure with 

SLCOOH, was enhanced upon binding to monomeric Aβ.120 Both compounds were 

reported to protect AD mice from the neurotoxicity of the Aβ oligomers by 

inhibiting Aβ aggregation.121 Here we demonstrated that SLCOOH treatment 

ameliorated the decline of the cognitive ability, reduced both Aβ and tau and its 

phosphorylation, upregulated autophagy, and improved synaptic deficits by 

inhibiting NMDAR in the younger AD mice. 

BACE 1 cleaves APP at the N-terminal generating Aβ sequence. 

Overexpression and aggregation of Aβ are the typical pathological features in AD. 
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This process cause the direct neurotoxicity, which further induced the 

hyperphosphorylation of tau, inflammation, apoptosis of neuron which ultimately 

the cognitive impairment.122-123 Aβ is still the most extensively validated 

therapeutic target. Here, we found that SLCOOH reduced Aβ expression. As 

BACE1 have no changes in the brain after treated with SLCOOH, suggesting that 

SLCOOH reduces the Aβ expression which do not affect the generation of Aβ.  

Microtubule dynamics and neuronal polarity which are crucial for the axonal 

outgrowth, and axonal transport are control by normal tau phosphorylation. 

Hyperphosphorylated tau is the direct cause of NFTs.124 SLCOOH treatment 

reduced tau and its hyperphosphorylation, which suggesting that SLCOOH has 

obvious therapeutic effect on tauopathy in AD. 

GSK3β phosphorylates tau at the sites related to AD and PP2A is the major 

enzyme of regulation of tau dephosphorylation.125 SLCOOH significantly inhibited 

the activity of GSK3β in young 3× Tg-AD mice but not PP2A. This suggests 

SLCOOH reduces tau hyperphosphorylation by inhibiting GSK3β activity, which 

reduced the phosphorylation of tau but not dephosphorylation of tau. 

Enhancing clearance is the most positive way for SLCOOH to reduce both tau 

expression and Aβ. There are two major systems to do the clearance in eukaryocytes, 

which are autophagy and the ubiquitin proteasome pathway. Autophagy is 

commonly occurred in cellular clearance of misfolded and aggregated proteins.125 
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The ubiquitin proteasome pathway (UPP) is a cytoplasmic and intracellular protein 

degradation pathway that is highly selective, non-lysosomal involved and ATP-

dependent. Linking ubiquitin molecules to other proteins is the first step in UPP 

degradation.126 In our study, the levels of ubiquitinated proteins have no changes 

among three group in the brain. However, it showed that the LC3-II /LC3-I level 

was significantly improved in the hippocampus of 3× Tg-AD mice compared with 

WT, which further increased after SLCOOH treatment. It has been suggested that 

initiation of autophagy was active instead of due to the UPP system after SLCOOH 

treatment. 

Amount of evidences proposed that synaptic deficit was an very early 

manifestation in AD.127 Synaptic dysfunction in AD is mainly manifested as the 

impairment of synaptic plasticity, including structural and functional plasticity.128-

129 First, we demonstrated that SLCOOH can prevent synaptic loss in the brain and 

improves compromised synaptic structures, such as a narrowed synaptic cleft and 

increased postsynaptic density of AD mice. The plasticity of synaptic structures is 

achieved by dendritic spine dynamics, including changing spine shapes and 

motility.130-131 Many psychiatric and neurologic disorders, including AD, are 

accompanied by alterations in spine morphology and synapse number.132 In our 

study, SLCOOH treatment induced increased dendritic spines among primary 

neurons and mice brains were observed and subsequently showed increased LTP 
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induction and activation of downstream signaling pathways related to synapse and 

memory formation. Thus, SLCOOH appears to restore the structural and functional 

plasticity of synapses in AD mice. The positive effects of SCLOOH on the activity 

of CaMKII, ERK and CREB, which were inhibited in AD mice, strongly suggesting 

that the restorative effects of SLCOOH on synaptic plasticity. However, the precise 

mechanism by which SLCOOH modulates NMDARs remains to be explored. 

Since calcium ions are widely used as second messengers, neurons have a very 

tight system for regulating intracellular calcium concentration.133 The loss of 

neuronal calcium ion homeostasis in AD neurons is induced by intracellular basal 

Ca2+ overload.117-134 Notably, SLCOOH significantly reduced the basal level of 

intracellular Ca2+. 

Activation of N-methyl-d-aspartate receptors (NMDARs), which is a Ca2+ 

channel, is required for LTP of excitatory synaptic transmission and the 

development of neural plasticity. NMDAR, an important glutamate receptor, on the 

postsynaptic membrane and has been demonstrated to be closely related to the 

formation of LTP.135 Moreover, pathological cytoplasm Ca2+ overload was mainly 

mediated by NMDA receptors.136 NMDA receptors, including the NR2A and NR2B 

subunits, have been proposed to play a particularly important role in excitotoxicity 

in AD.137-138 In this study, the upregulation of NMDA2B in AD was reduced in the 

presence of SLCOOH. 
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In this work, we utilized a TMT proteomics method to assess the differences 

of protein expression in the hippocampus of 3× Tg-AD mice after SLCOOH 

treatment. And the differences of 3× Tg-AD and wild type mice were also 

contrasted. The hippocampus is most severely damage area in AD which is crucial 

for memory and cognition.139 28 differentially expressed proteins were found in AD 

mice as compared with WT mice. Among these, the expressions of 21 proteins were 

significantly upregulated, while seven proteins downregulated. These showed that 

the upregulated proteins in the hippocampus was affected with AD. The results of 

bioinformatics about those DEPs provided detailed information about the function 

and components in vivo. DEPs are mainly involved in the immune system, 

structural processes, signaling cascades, synaptic processes, neurotransmission, and 

metabolic processes. To evaluate the role of SLCOOH in functional capabilities of 

3× Tg-AD mice, we treated the 3× Tg-AD mice with SLCOOH. We found that 18 

proteins were upregulated and only three proteins were downregulated in 3× Tg-

AD mice. These results showed that SLCOOH has some effect by regulating the 

tissue from disorders of neurotransmission through upregulating the proteins 

involved in the neurotransmission pathway. We found that SLCOOH upregulated 

the expression of five synaptic proteins in AD mice. These included stathmin 

(STMN1), guanine nucleotide-binding protein G(I)/G(S)/G(O) subunit gamma-13, 

and complexin-3/4. STMN1, which upregulated in the first three places was 
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downregulated by neuronal calcium dependent signaling in AD.140-141 Complexin-

3/4 is involved in the fusion of synaptic vesicles. Hence, SLCOOH reversed protein 

expression this protein into normal level that might improve synaptic transmission, 

which is consistent with previous data. 

Stathmin is one of the phosphoproteins in stathmin family which is the most 

abundantly expressed one in neurons.142 It is reported that this protein is tightly 

associated with Alzheimer’s disease. Stathmin could be an important protein which 

takes part in abnormal signal transduction and involves in NFT formation. Stathmin 

is also involved in physiological regulation of microtubule dynamics that is 

important for synaptic plasticity. In stathmin knockout mice, LTP is impaired while 

the basic transmission and receptors are still work normally.143 

In AD, the expression level of stathmin is reduced and negatively correlated 

with NFT but not with plaques.144 Stathmin-microtubule interactions is thought to 

be a mechanism underlying memory loss in the aging. Stathmin expression is 

decreased in aged brain and accelerated in AD. As well as the reduction of GluA2 

at the synaptic sites and in microtubule fractions of the dentate gyrus in AD. 145 

Visinin-like protein1 which is the primarily brain-expressed neuronal calcium 

sensing protein, reported as one of the diagnostic and prognostic biomarkers in 

Alzheimer’s disease where its level is found to be reduced in AD patients.146-148 
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Some studies suggest that Visinin-like protein1 is specific to AD as in other 

neurodegenerative disorders it remains no changes.149-150 Visinin-like protein1 is a 

member in a large family of calcium-dependent molecular switches and a receptor 

transporter from the cytosol to the cytomembrane.151 Moreover, it takes part in 

exocytosis by modulating the expression of receptors on transmembrane, thereby 

increasing cellular cGMP and cAMP levels.152-154 

Guanine nucleotide-binding proteins (G-proteins) are second messengers, 

consisting of α, β and γ subunits. 155 G-proteins is important in transducing ligands, 

such as, neurotransmitters, into intracellular reactions which are crucial for 

transmission of neural signal.156-157 

Protein phosphatase 1 is one of serine/threonine-specific protein phosphatases 

that have been revealed in eukaryote. They have different biochemical and 

enzymatic properties in cell. 158 It is reported that inhibition of protein phosphatase 

1stimulates secretion of APP and promotes tau hyperphosphorylation and 

impairment of spatial memory retention in rats .159-160 

Nascent polypeptide-associated complex consists of α and β subunits, which 

is participant in assembly and transport of synthetic protein. It is reported that 

inhibition of NAC is involved in inflammation and apoptosis in vivo.161-162 

These DEPs are interrelated with AD in many aspects. They are therefore 

proposed to be studied and verified their corresponding changes in comprehensive 
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and detailed protein levels after the drug administration in AD model mice. 

In conclusion, our study is demonstrated that SLCOOH restores cognitive 

ability and attenuates neuropathology in AD by activating the autophagy pathway 

and restores synaptic deficits by regulating the calcium signaling pathway in 4-

month AD mice model. Furthermore, we found SLCOOH ameliorated synaptic 

deficits by inhibiting NMDAR, thereby modulating intercellular calcium ion (Ca2+) 

loading and upregulating neuronal calcium dependent signaling.For future work, 

the proteome of SLCOOH-treated 3×Tg-AD mice is proposed to be further 

investigated. The differentially expressed proteins of 18 upregulated and 3 

downregulated proteins will be verified.AD associated SLCOOH-reversed proteins, 

i.e., stathmin, visinin-like protein 1, guanine nucleotide-binding protein 

G(I)/G(S)/G(O) subunit gamma-13, protein phosphatase 1 regulatory subunit 28, 

nascent polypeptide-associated complex subunit beta, will be analyzed for Western 

blot. 
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CHAPTER 4. CONCLUSION  

In conclusion, our present studies demonstrated that three of the cyanine 

compounds, SLOH, SLM and SLCOOH, significantly improved the learning and 

cognitive deficit of AD mice. They not only reduced Aβ level but also decreased 

hyperphosphorylation of tau in vivo. These cyanines were able to attenuate tau 

hyperphosphorylation by modulating the activity of GSK3β. The enhanced 

clearance of misfolded proteins was attributed to the activation of autophagic flux. 

In additions, SLCOOH and SLOH can also activate the calcium pathway by 

phosphorylating CaMKII and CREB, leading to improvement in synaptic plasticity. 

These project work sheds light on functional mechanism of preventive and 

therapeutic effect of these carbazole-based cyanines in AD treatment. 
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Accession Gene Name Fold Change P value 

P01864 N/A 3.422764228 0.033091151 

P01751 Ighv1-72 2.5115727 0.009663569 

P01867 Igh-3 2.065116279 0.025842851 

Q8C033 Arhgef10 1.714646465 0.025725983 

P23927 Cryab 1.569567241 0.022095638 

P26048 Gabra2 1.541409692 0.0188753 

Q9D0I6 Wdsub1 1.444589309 0.000396336 

Q9R257 Hebp1 1.417601381 0.007696135 

P97346 Nxn 1.407968127 0.022374657 

Q9CYW4 Hdhd3 1.388911704 0.023768636 

Q923B0 Ggact 1.352805534 0.046236836 

P23242 Gja1 1.313569439 0.002321669 

P12023 App 1.311083642 0.021616991 

Q9DB30 Phkg2 1.298073142 0.038724797 

Q8R3I3 Cog6 1.296643247 0.036837862 

O08800 Serpinb8 1.241923077 0.016749335 

P10518 Alad 1.233633869 0.035072476 

O88322 Nid2 1.231180741 0.027342021 

Q9CXT8 Pmpcb 1.223503161 0.015090918 

Q61704 Itih3 1.213491209 0.039524605 

Q9R1Z7 Pts 1.207114625 0.002378995 
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P17665 Cox7c 0.828270677 0.037206585 

P46097 Syt2 0.807550645 0.01589085 

P56695 Wfs1 0.785672343 0.013906354 

P52760 Rida 0.743757094 0.008515816 

Q9CY64 Blvra 0.714713896 2.55106E-05 

P09813 Apoa2 0.531034483 0.007181204 

P23475 Xrcc6 0.399838612 0.014353276 

 Table S1 Fold change and p-value of Tg/WT Group 

 

Accession Gene Name Fold Change P value 

Q6Y7W8 Gigyf2 1.540836 0.005990268 

Q9D8Y0 Efhd2 1.393532 0.00604918 

P32848 Pvalb 1.346931 0.004725322 

Q8BG18 Necab1 1.280973 0.009885156 

P54227 Stmn1 1.263504 0.012450966 

P63054 Pcp4 1.262349 0.000564145 

P62761 Vsnl1 1.245595 0.013738745 

P50114 S100b 1.245455 0.019937063 

Q99PJ0 Ntm 1.241183 0.015493644 

Q9JMF3 Gng13 1.240741 0.010759874 
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Q9D2H9 Dnaaf1 1.239913 0.031008968 

Q8C8T7 Elfn1 1.228089 0.012326039 

Q8R1B5 Cplx3 1.226994 0.041167679 

P43275 Hist1h1a 1.212665 0.008175136 

Q05186 Rcn1 1.210717 0.0312097 

O70546 Kdm6a 1.204892 0.034198658 

Q9CQH7 Btf3l4 1.204802 0.009988365 

P60761 Nrgn 1.203425 0.010929626 

Q9QZW0 Atp11c 0.798314 0.002074571 

Q8BFS6 Cpped1 0.700444 0.010376848 

Table S2 Fold change and p-value of Tg+SLCOOH/Tg Group 
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