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Abstract 

Alzheimer’s disease (AD) is a destructive neurodegenerative disorder, which threatens elderly people in 
their mental health irreversibly, causing cognitive deficit such as learning difficulties and memory loss. 
Neurobiological pathogenesis leading to the neuronal dysfunction in AD are mainly rationalized by two 
hypotheses: 1) extracellular aggregation of the β-amyloid (Aβ) peptide, which impacts on the normal 
neuronal pathways through excessive oxidative stress and damages neurons; and 2) intracellular 
hyperphosphorylation of tau protein, which forms the paired helical filaments, then gravely impacts axonal 
transport. In this review, we firstly introduce the neurobiological concept of AD, and its pathogenesis. Then 
we review the chemical approaches pointedly directing at Aβ peptide and tau protein, and the clinical 
reality of these pharmacological strategies. Thirdly, we discuss a physical approach, deep brain stimulation 
(DBS), which is receiving considerable attention in recent years due to its success in treating Parkinson 
disease clinically. DBS delivers current pulses, which are generated by a implanted pacemaker, through 
electrodes into dysfunctional brain structures to influence neural activities with the possibility to improve 
the cognitive function. We will summarize the clinical applications of DBS to restore cognitive impairments 
due to AD, and animal studies related with DBS. Finally, we will discuss the current study obstacles and 
future research development of DBS in preclinical and clinical investigations of AD.  
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1. Introduction 

A growing number of people suffer from AD due to the aggravation of social aging and the dilation of 

average life expectancy, which brings about heavy burden to the families, the society and the whole world 

[1]. Therefore numerous researchers and clinicians have spent considerable effort to find a cure. The initial 

histopathologic hallmarks of AD are the presence of intracellular neurofibrillary tangles (NFTs) and 

extracellular depositional β-amyloid (Aβ) plaques [2]. Other histopathologic distinctions differing from 

healthy people are loss of hippocampal neurons and degeneration of synapses [3]. 

AD is difficult to diagnosis for its inconspicuous initial symptoms. The disruption of episodic memory, 

emerging firstly in AD patients [4,5], as well as other subsequent cognitive impairments, especially in 

attention and execution, semantic memory, language expression, and orientation [6,7] may not draw 
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attention of patients and their family members. The clinical diagnosis of AD would not be definitive until 

the cognitive impairments become serious enough to affect normal social function.  

Pathogenesis of AD is considered to be the result of the accumulation of the Aβ, which is triggered by 

the overproduction of Aβ and the lack of clearance mechanisms. Aβ self-aggregates into oligomers, and 

then forms neuritic plaques in brain [8]. The potent synaptotoxin of insoluble Aβ plaques is endangering 

proteasome function, mitochondrial activity, neuronal function and so forth. On the other hand, 

hyperphosphorylated tau destabilizes microtubules, resulting in the damage of axonal transport and then 

leading to neuronal dysfunction [9]. Moreover, hyperphosphorylated tau can self-accumulate into NFTs 

which are also harmful to neurons. Furthermore, the cleanup process of hyperphosphorylated tau is 

suppressed by the actions of Aβ [10]. Therefore, Aβ cascade and hyperphosphorylated tau protein 

represent two essential therapeutic targets for researchers and clinicians. 

The effective pharmacological treatment and prevention of AD is exactly the disease-modifying 

therapies which researchers and clinicians are now trying to develop. As Aβ cascade and 

hyperphosphorylated tau protein are generally recognized as vital therapeutic targets, the processes of 

developing disease-modifying therapies are concentrated on them [11,12]. Here we address the 4 main 

strategies focusing on Aβ cascade from different directions, and 5 diverse means aiming at 

hyperphosphorylated tau in details. 

It is important to note that we have already faced many failures in the course of developing disease-

modifying therapies, while it is nice to see some successes in the development of symptomatic treatment 

therapies [13]. Available drugs nowadays for treating Alzheimer’s disease are directing on cholinesterase 

and N-methyl-D-aspartate (AMDA) receptor, which are donepezil, galantamine, rivastigmine and huperzine 

A, as well as memantine [1,12,13]. 

In addition to the traditional AD-oriented chemical methods, one physical method, which is called deep 

brain stimulation (DBS), appears to be a promising approach to modulate the symptoms of some 

neurodegenerative diseases [14]. Existing for years, DBS is a fairly minimally invasive neurological 

procedure which involves the implantation of a brain pacemaker sending mild electrical impulses to target 

encephalic regions, with the aim to treat certain affective and movement disorders [15].  

The origins of DBS are connected to the beneficial effects of electrical stimulation in certain deep brain 

areas, and performed during the stereotactic functional neurosurgery to identify the right position of the 

electrodes for treating movement disorders and tremor in Parkinson disease (PD) [16]. As the significantly 

advantageous outcomes and favourable actions result from treatment of PD which is conducted by DBS, it 

could be beneficial to apply DBS in the context of AD, especially to mitigate the symptoms resulting from 

cognitive impairment.  

The objective of this review seeks to unfold a retrospection of the chemical anti-AD researches and 

clinical reality of chemical treatment, as well as the physical anti-AD strategy in both preclinical and clinical 

studies. 

2. Chemical Methods to Treat AD 

2.1 Pharmacological Strategies of Disease-modifying Therapeutic Methods 

2.1.1 Aβ-targeting Strategies 

Aβ is produced by sequential proteolysis, where the overexpressed amyloid precursor protein (APP) is 

successively cleaved by β-secretase in extracellular region, and γ-secretase in transmembrane domain [17]. 
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Alternatively, Aβ would not be generated if APP is cleaved by the α-secretase, and another soluble 

neurotrophic, sAPPα is the hydrolysis product in this case [17]. Details are shown in Figure 1. However, due 

to the high expression level of β-secretase, amyloidogenic pathway is more likely to occur than 

nonamyloidogenic pathway in neurons [18]. Aβ isoforms are proteins containing 36-43 amino acid residues, 

where Aβ40 and Aβ42 are the two major isoforms. Aβ42 is predominant in the brain parenchyma of AD 

patients, which may result from fibrillogenic feature. If Aβ cascade is chosen as therapeutic target, four 

main options seem to be feasible to tackle the problem: (1) suppression of Aβ production, (2) stimulation of 

Aβ clearance, (3) prevention of Aβ aggregation into amyloid plaques, and (4) raising brain resistance to Aβ 

[1, 13].  

 

Figure 1. Aβ cascade and tau process: (a) Amyloidogenic pathway of APP proteolysis, (b) Non-amyloidogenic 
pathway of APP processing, (c) Interaction between Aβ cascade and tau process, (d) Tau process. 

2.1.1.1 Three Strategies of Decreasing Aβ Production  

The extracellular accumulation of senile plaques composes of the Aβ peptide, which represents one of 

the two defining lesions in AD brain. As a vital step of AD pathogenesis, Aβ production is a potentially 

crucial target for disease-modifying therapeutic methods which attempt to restrain the disease at early 

stages [12,19]. 

2.1.1.1.1 β-secretase inhibition 

β-secretase is an obvious therapeutic target because it initiates the amyloidogenic processing. However, 

the development of β-secretase inhibitors does not appear to be straight forward since the physiological 

roles and functions of this enzyme are not fully understood [20]. Besides, it could be challenging to develop 

a blood brain barrier permeable drug which can bind effectively to the large catalytic pocket of the enzyme.  

The oral drugs for type 2 diabetes, rosiglitazone and pioglitazone show the ability to inhibit β-secretase 

by activating the peroxisome-proliferator activated receptor-γ (PPARγ), which can suppress the expression 

of APP and β-secretase [21]. Rosiglitazone has been studied in a large Phase 3 trial with AD patients, but the 
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result was negative [22]. And it is also warned by FDA that rosiglitazone may be associated with cardiac 

risks. Pioglitazone exhibited its therapeutic effect of cognitive and functional improvements, and the effect 

of disease stabilization in diabetic patients with AD in a Japanese open-label study [23]. And one Phase 2 

study showed no unanticipated or serious adverse events attributable to pioglitazone over a long-term 

exposure in nondiabetic patients with AD, though no significant treatment effect was observed [24]. An 

ongoing Phase 3 trial (5,800 cognitively normal participants in the United States, Australia, Europe, and 

Russia) is underway to evaluate pioglitazone's ability to delay this diagnosis in people deemed high-risk 

with AD [25]. 

Another β-secretase inhibitor, CTS-21166 has been evaluated in a Phase 1 study. Preliminary clinical 

results suggested that this inhibitor was able to reduce the Aβ levels in human plasma [26]. Other β-

secretase inhibitors such as GSK188909 and PMS777 have been reported to reduce the level of Aβ42 in 

vitro [27, 28], but no clinical trial is conducted now. 

With more promising β-secretase inhibitors come to the horizon, it is expected that some of them might 

be developed into candidate drugs showing positive indications in future clinical evaluations for the 

modulation of cognitive decline in AD patients [29]. 

2.1.1.1.2 γ-secretase modulation/inhibition 

 Similar to β-secretase, γ-secretase also has many other substrates besides APP, including the Notch 

receptor and other neuronal substrates. Notch, involving in cell differentiation, is necessary for growth and 

development. The side effects of γ-secretase inhibition which is associated with Notch (gastrointestinal and 

haematological toxicity, skin cancer, and changes in hair colour) have been hindering the development of γ-

secretase inhibitors [30]. 

Several γ-secretase inhibitors linked with AD, like semagacestat (LY-450139), PF-3084014, avagacestat 

(BMS-708163), begacestat (GSI-953), and NIC5-15 have reached clinical trial. Semagacestat is the first γ-

secretase inhibitor to have been taken into Phase 3 clinical trials. However, the trials were suspended 

because of no efficacy on cognition or function and increased risk of infections and skin cancer [31]. A 

Phase 1 clinical trial with healthy subjects showed that PF-3084014 with high selectivity for APP had good 

activity exhibiting a dose-dependent decrease in plasma Aβ concentrations, though its effects on 

cerebrospinal fluid (CSF) were low [32].  

Avagacestat, begacestat and NIC5-15 are Notch-sparing γ-secretase inhibitors, which can be considered 

to have the effect of decreasing CSF Aβ concentration without arousing Notch-related toxicity. However, 

most patients ceased the Phase 2 trials with avagacestat because of gastrointestinal and dermatological 

side effects such as diarrhea, nausea, vomiting, rash, and itching skin, and even nonmelanoma skin cancers 

[33]. Begacestat has been tested in a Phase 1 trial with the consequence of reducing Aβ concentrations in 

the plasma (with delayed rebound) [34], without significant reduction of CSF Aβ40. NIC5-15 is a small and 

single monosaccharide exited in soy and other plants and fruits. It has been tested in AD patients in a 

finished Phase 2 trial to assess its safety and efficacy, and the preliminary results have shown that this 

compound is safe and well tolerated [35].The other Phase 2 trial was initiated in 2012, and no study results 

have been reported [36]. 

With selective inhibition of APP proteolysis and no Notch-based adverse effects, γ-secretase modulators 

have been given much attention, which can shift the γ-secretase cleavage point to obtain nontoxic, shorter 

Aβ isoforms. Several non-steroidal anti-inflammatory drugs (NSAIDs) were reported as Aβ42-lowering γ-

secretase modulators, including sulindacsulfide, indomethacin, and ibuprofen. They can bind to APP to 
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reduce the generation of Aβ40 and Aβ42, and enhance the production of Aβ38 [37]. As a promising 

candidate, tarenflurbil, the R enantiomer of fluriprofen, failed in Phase 3 trial for AD patients. 

Disappointingly, AD patients treated with this compound showed progressive deterioration in cognitive 

functions and daily activities. This negative result might be ascribed to the low γ-secretase modulator 

potency and poor CNS penetration [38]. And another compound called CHF-5074 showed anti-

inflammatory benefit and improvement of executive function in Phase 2 trial, with adverse events of mild 

diarrhoea, dizziness and backache [39]. Not unexpectedly, another Phase 2 trial with CHF-5074 was 

withdrawn from clinicaltrials.gov prior to enrolment [40]. 

2.1.1.1.3 α-secretase activation 

Since α-secretase competes for cleaving APP with β-secretase, enhancement of α-secretase activity can 

upregulate non-amyloidogenic pathway, which may decrease Aβ generation and have therapeutic 

potential. A Phase 2a trial with etazolate (EHT-0202) has elaborated that this drug is safe for AD patients 

and well tolerated, which offer a good support for further studies of this compound [41]. Bryostatin-1 is 

another compound which has entered Phase 2 trials to evaluate its safety, tolerability and potential 

effectiveness, for it showed encouraging capacities of inhibiting Aβ40 and Aβ42, and improving behavioural 

assessment in AD mouse model [42]. However, the process of this compound in one Phase 2 trial is 

uncovered [43], and one was terminated [44], and another is not open yet for participant recruitment [45]. 

It remains to be seen if this compound shows positive indications. Another compound, Exebryl-1, also 

showed positive results with substantial reduction of Aβ formation and aggregation in AD transgenic mice, 

it has been regarded as another promising candidate to cure AD [46]. Accordingly, clinical evaluation is 

expected to take place in China and US.  

2.1.1.2 Promotion of Aβ Clearance 

2.1.1.2.1 Immunotherapy 

Active (vaccination) and passive (monoclonal antibodies) immunizations have been focused on to 

remove soluble and aggregated Aβ for their promising data from in vitro researches and animal studies.  

One of the premier active immunization trials was conducted using human Aβ42 (AN-1792) and a T-

helper adjuvant (QS-21) in combination. However, the Phase 2 study was terminated because of severe side 

effect, meningoencephalitis, and low probability of predetermined antibody response [47].  

The development of new vaccines without the amino acid parts that stimulating T cells has been 

considered to avoid neuroinflammation and toxicity. As CAD-106 has shown a good safety profile and 

acceptable antibody response in a Phase 1 trial [48], it is now being tested in Phase 2 trials. ACC-001 and V-

950 are conjugate of multiple short Aβ fragments, which can cause an immune response based on the B-

cell epitope that is included in the N-terminal Aβ fragment [13]. V950 was tested in a Phase 1 trial as an 

aluminium-containing adjuvant [49], which was completed in 2012. ACC-001 was being tested in multiple 

Phase 2 trials, with or without QS-21. However, ACC-001 has been discontinued from development since 

May 9, 2013 [50]. A Phase 1/2 trial of ACI-24 began in the year of 2009, to explore the safety, efficacy, and 

immunogenicity of this liposome vaccine, which showed positive consequence in AD transgenic mice [51]. 

Another compound UB311 was undergone a Phase 1 study in Taiwan to address the safety, tolerability and 

immunogenicity issues with favourable results obtained, including positive antibody responses and 

elevated neuropsychological outcomes without any serious side effects [52]. The other Phase 1 trial held by 

the same group to monitor long-term efficacy and immunogenicity of the same vaccine was completed in 

the year of 2011 but no result has reported [53]. A Phase 2 trial of UB311 was reported being initiated by 
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United Biochemical, Inc. recently [54]. 

Some severe side effects induced by vaccination and passive immunotherapy have been considered an 

alternative immunotherapeutic strategy, which are based on monoclonal antibodies or polyclonal 

immunoglobulins to promote the clearance of Aβ. However, revascularization would be a potential issue for 

long term treatment of passive immunization, for these therapies could lead to cerebral microhemorrhages 

related to vascular amyloid deposits [55]. Nevertheless, some monoclonal antibodies have already been 

tested in AD patients, like solanezumab (LY-2062430), bapineuzumab (AAB-001), and gantenerumab (RG-

1450), ponezumab (PF-04360365), GSK-933776, MABT-5102A and immunoglobulins (IVIg) [13].  

Serious adverse effect, vasogenicedema, occurred in the Phase 2 trial of bapineuzumab, with no 

significant improvements of cognition and daily activities [56]. Non-significant efficacy and cognitive 

enhancement were found in APOE ε4 non-carriers, so two Phase 3 trials of this humanized monoclonal 

antibody were initiated using APOE ε4 carriers and non-carriers respectively in mild-to-moderate AD 

patients. Unfortunately, the consequences were disillusionary and bapineuzumab did not improve clinical 

outcomes in AD patients [57].  

The results of Phase 1 and 2 trials showed that solanezumab might have pharmacological function in AD 

[58, 59], and two Phase 3 trials were held to further explore the efficacy of this humanized monoclonal 

antibody. However, the disappointing results showed that it failed to provide improvement of cognition 

and functional ability [60].  

As a fully human anti-Aβ antibody, gantenerumab could reduce small plaques by recruiting microglia, 

and prevents new plaque formation [61]. A Phase 3 trial of gantenerumab in 1,000 mild AD patients was 

initiated in the year of 2014 [62].  

Ponezumab is a humanized IgG2δA monoclonal antibody which can bind to Aβ40. Phase 1 trial 

manifested its good tolerability in patients with mild-to-moderate AD [63], but two Phase 2 trials showed 

no effect on the primary endpoints of change in brain or cerebrospinal fluid (CSF) Aβ burden [64].  

The safety and tolerability, as well as pharmacokinetics and pharmacodynamics of GSK-933776 were 

investigated by two Phase 1 trials with positive results [65, 66]. Further clinical study is expected to take 

place in due course. 

Natural anti-amyloid antibodies have been identified in human intravenous IVIg, which were isolated 

from pooled plasma of healthy blood donors. A phase 1 trial has been carried out with eight patients 

treated with IVIg, and been completed with seven patients. The exciting results showed that IVIg prevented 

the decline of cognitive function in all seven patients and even improved cognition in six [67]. A phase 3 

clinical study with more than 360 AD patients was started in 2009. The results from this clinical trial may 

provide conclusive evidence as to whether IVIg can be used as a treatment option for AD [67]. 

2.1.1.2.2 Aβ-degrading enzymes 

Recent studies have showed that the decreased clearance of Aβ peptide played a more important role 

than its increased production in sporadic AD [68, 69], and the way to upgrade or activate Aβ-degrading 

enzymes would be another potential approach to conquer AD. Several proteinases, such as, neprilysin 

(NEP) [70, 71], angiotensin-converting enzyme (ACE) [1], plasmin [1], insulin degrading enzyme (IDE) [1], 

and endothelin converting enzyme (ECE) 1 and 2 [1], were shown to be able to degrade Aβ peptides in vitro 

or in animal models. 

2.1.1.3 Suppression of Aβ Aggregation 
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The Aβ-induced neurotoxicity has been shown on a number of occasions. Potentially it may be possible 

to elicit a therapeutic effect by inhibiting the Aβ peptide aggregation. As the only aggregation inhibitor 

entering Phase 3 trial, tramiprosate (3APS) showed negative clinical efficacy, which resulted in the 

discontinuation of clinical trial of this drug [72]. Though showing positive results in Phase 2 trials, the 

development of clioquinol (PBT1) was suspended by its manufacturer [73]. Another compound with the 

same production line, PBT2, failed to achieve its targets in Phase 2 trials, and failed to show any benefits 

[74, 75].  Primary clinical efficacy outcomes of a Phase 2 trial of another compound, ELND005 (scyllo-

inositol), were not significant [76]. 

2.1.1.4 Raising Brain Resistance to Aβ 

For increasing brain resistance to Aβ, one target is the group IV phospholipase A2 (GIVA-PLA2), which is 

involved in neurovirulence of Aβ. Studies showed genetic reduction or ablation of GIVA-PLA2 inhibits Aβ-

induced cognitive deficit in animal models [77]. However specific drugs to inhibit GIVA-PLA2 remain to be 

confirmed. The other target is tau protein level since it may involve the mediation of Aβ-dependent 

neuronal dysfunction. It has been showed that genetic reduction or ablation of tau suppresses Aβ-induced 

cognitive deficit, but does not affect the plaque burden or Aβ oligomer levels in animal models [78]. 

2.1.2 Tau-targeting Strategies 

Tau protein is a cytoplasmatic microtubule-associated protein that is more frequently found in neurons 

than non-neuronal cells [79]. The main function of tau is stabilizing axonal microtubules through interacting 

with tubulin during its polymerization [80]. Abnormally hyperphosphorylated tau develops the paired 

helical filaments (PHF), which has severe toxicity impairing axonal transport gravely. Tau hypothesis is the 

main competitor of the Aβ hypothesis in AD pathologies [81], but it is also interacts with Aβ cascade. The 

strategies concentrated on tau protein mainly based on its phosphorylation, aggregation and misfolding. 

2.1.2.1 Prevention of Tau Phosphorylation 

The phosphorylation of tau protein, which mainly mediated by microtubule-associated regulatory kinase 

(MARK), cyclin-dependent kinase-5 (CDK5), and glycogen synthase kinase 3β (GSK-3β), increases 

dramatically in AD patients [82, 83], showing that the inhibitors of tau kinases could have the ability of anti-

AD. Valproate (VPA) showed its inhibitory effects on tau hyperphosphorylation in both AD transgenic mice 

and SH-SY5Y cell model, which might be realized through both regulating GSK3β and CDK5 signalling 

pathways [84]. As the first drug aiming at tau hyperphosphorylation has entered Phase 3 trial, valproate 

showed disappointingly negative results for no improvements on cognitive and functional performance of 

AD patients [85, 86]. The most studied compound having capacity of suppressing GSK3β is lithium [87], but 

it did not show its ability of improving working memory in aged 3xTg-AD mice [88], so the most efficacious 

treatment might be the combination of lithium and other anti-Aβ interventions. Unfortunately, the clinical 

consequence of a Phase 2 trial showed us the negative side of this drug, which manifested no effect on 

GSK-3 activity and no improvement in global cognitive performance [89]. Besides inhibiting the action of 

MAPK, protein phosphatase PP-2A could also increase tau dephosphorylation. The inhibitors of CDK5 seem 

to impair the development of pathology in tau transgenic mice [90]. The M1 muscarinic agonist AF267B 

(NGX267) can inhibit GSK-3β [1]. Also, minocycline could inhibit tau aggregation, which associated with the 

suppression of Aβ-induced neuronal death and cognitive impairment in animal models [91]. 

2.1.2.2 Prevention of Tau Aggregation 

Though it is an ordinarily soluble protein, tau forms insoluble, filamentous accumulation in the course of 

NFTs formation. Inhibitors of tau aggregation independent of phosphorylation have been found and tested 
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in cell cultures [92], including N-phenylamines, phenothiazines, thiazolyl-hydrazides, anthraquinones, 

thiacarbocyanine dyes, polyphenols, aminothienopyridazines, rhodanines, quinoxalines and so on [93]. 

2.1.2.3 Prevention of Tau Misfolding  

Besides tau aggregation, the misfolding of hyperphosphorylated tau is conducive to the pathology of AD. 

It has been suggested that the misfolding of tau and the development of NFTs might be prevented by 

molecular chaperones [94]. Moreover, heat shock proteins could activate chaperones to contribute to 

prevent misfolding of tau [95]. 

2.1.2.4 Anti-phospho Tau Antibodies 

It would be possible to prevent the aggregation of hyperphosphorylated tau in order to limit its 

neurotoxic effect. Sigurdsson and his colleagues suggested that anti-phospho tau antibodies could inhibit 

brain aggregated tau and suppress progression of tangle-related behavioural phenotype in mouse models 

[96]. 

2.1.2.5 Compensation for Tau Function 

Since hyperphosphorylated tau lose the physiological cellular function of binding and stabilizing 

microtubules, possessing the function of stabilizing microtubules, BMS-241027 may compensate for the 

loss of normal tau, and then suppress neurodegeneration and succeeding cognitive decline [97]. BMS-

241027 showed its functions of reversing behavioral and cognitive deficiencies and restraining neuron loss 

in mouse models [98, 99]. A Phase 1 trial to evaluate the tolerability and pharmacology of BMS-241027 was 

completed in 2013, but no consequences have been demonstrated [100]. 

2.2 Symptomatic Therapies: Approved Drugs for Treatment in Alzheimer’s Disease 

Until now, though there are no available drugs which can cure AD, some drugs have the ability to 

improve symptoms, or slow down their progression in some patients. Current drugs for treating AD have 

been categorized into two types: one is inhibitors of the acetylcholinesterase (AChEIs), and the other one is 

N-methyl-D-aspartate (NMDA) receptor antagonists, which target glutamatergic and cholinergic 

neurotransmission to improve the symptoms [13], though their neuroprotective activity nowadays is still 

controversial. 

As AChEIs can increase the levels of acetylcholine, a key neurotransmitter involved in memory, they are 

now utilized as long-term symptomatic treatments for AD patients [101]. AD damages or destroys neurons 

which produce and use acetylcholine (ACh), then reducing the amount available to carry messages. An 

AChEI slows the breakdown of ACh by blocking the activity of AChE. By maintaining ACh levels, the drug 

may help compensate for the loss of functioning neurons. It has also been shown that AChEIs intervene 

with APP cleavage and decrease Aβ-induced toxicity through some mechanisms, including interference of 

the Aβ production, alteration of the Aβ levels, and formation of the soluble form of APP [101]. AChEIs can 

also modulate the expression of AChE isoforms; increase the expression of nicotinic receptors, via which 

nicotine can show its protective effect by suppress Aβ toxicity and Aβ [102]. 

Although modest, AChEIs still exhibit a significant effect on the cognitive functions of AD patients, and 

also show a positive effect on behavior and mood [103]. In general, AChEIs are well tolerated, but the 

possibility of adverse effects still exists. Different AChEIs may have different safety profiles [104]. It is 

believed that the benefits of the usage of AChEIs outweigh their risks and costs. AChEIs now are considered 

as primary therapy for the patients with mild to moderate AD [12]. 

Four different AChEIs drugs have been approved by U.S. FDA to treat AD symptoms, which are 
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Donepezil, Rivastigmine, Galantamine and Tacrine. Donepezil is approved to treat all stages of AD 

[101,105,106]; Rivastigmine and Galantamine are approved to treat mild to moderate stages [101]. 

Although Tacrine is the first AChEI which was approved by the FDA in 1993, some side effects including 

hepatotoxic effects [107] lead to its rare usage. 

The fifth Alzheimer's drug, Memantine, is an NMDA receptor antagonist, which has the capability of 

suppressing Aβ toxicity and microglia-associated inflammation; preventing hyperphosphorylation of tau; 

increasing the release of neurotrophic factors from astroglia [108-110]. 

Memantine works via decreasing glutamate excitotoxicity. Glutamate itself is a vital neurotransmitter 

which involved in learning and memory in the brain [111]. NMDA receptors permit calcium to enter the cell 

when combining with glutamate, which is imperative for cell signaling, and then for learning and memory 

[112]. However, excess glutamate can be released from impaired neurons in AD, resulting in chronic 

overexposure to calcium, which can in turn accelerate neuron impairment [113]. Memantine can partially 

block the NMDA receptors, and then prevent this destructive chain of events [108, 109]. 

3. Physical Methods to Treat AD 

3.1 Clinical Studies of Deep Brain Stimulation 

Although DBS has been approved to treat some progressive neurodegenerative illness, such as 

Parkinson disease (PD), the quantity of researches concentrating on the potential therapeutic effect of 

clinical DBS on the dementia has been still quite limited till now. In brief, the DBS technique involves 

stereotactically guided implantation of one or more electrodes into targeted brain region, and the electric 

pulses which are generated by a pacemaker implanted in infraclavicular area will be sent through wires and 

then electrode into brain to influence neural activities [114,115] (see Figure 2). 

 
Figure 2.Diagrammatic sketch of deep brain stimulation. DBS is a fairly minimally invasive neurological 

procedure which involves the implantation of a brain pacemaker sending mild electrical impulses to targeted 
encephalic regions to treat certain affective and movement disorders 

The first clinical DBS treatment that approved by the Food and Drug Administration in 1997 was for 



ADMET & DMPK 3(3) (2015) 216-234 Chemical and Physical Approaches for the treatment of AD 

doi: 10.5599/admet.3.3.194 225 

essential tremor, later for Parkinson’s disease in 2002, then for dystonia in 2003, and obsessive-compulsive 

disorder (OCD) in 2009 [116]. DBS can also be used in research studies of major depression [117,118] and 

other affective disorders [119], as well as in treatment of chronic pain [120,121], though none of these 

newer indications have been approved by FDA till now, which may probably due to high complication rates 

and side effects. 

So far, only two feasibility studies focusing on fornix DBS [122, 123] with published consequences and 

one case study [124] and one Phase 1 trial [125] of nucleus basalis of Meynert (NBM) DBS have been 

undertaken to evaluate if this method could improve the cognitive functions in PD or AD patients. 

3.1.1 Fornix Stimulation 

Fornix, a C-shaped bundle of fibers (axons) in brain, is a key element of the memory circuitry. It carries 

signals from the hippocampus to the anterior thalamic nuclei [126, 127]. The main characters of AD are the 

damages of neurons and neural circuits which relate to cognitive functions. Fornix DBS could have the 

potential to modulate the neurophysiological activities, which may offer good clinical outcomes. In one 

study, this treatment was applied to a patient with morbid obesity. It has been shown that 

hypothalamic/fornix DBS modulated limbic activity of that patient and improved his memory [128]. Then a 

Phase 1 trial with 6 mild AD patients was investigated by Laxton and his colleagues [122]. Electrodes were 

located 2 mm anterior and parallel to the vertical portion of the fornix bilaterally. The neural activities in 

entorhinal cortex and hippocampus, which was part of the memory circuit, were enhanced by fornix DBS. 

The damaged glucose utilization in the temporal lobe and parietal lobe was sustained and reversed 

strikingly after the clinical DBS. Moreover, the improvements of cognitive functions and/or the reduction in 

the rate of cognitive decline in some patients were clearly demonstrated. Minor side effects in some 

patients were observed, encompassing minor heat production, sweating, increases in blood pressure and 

heart rate. 

A feasibility study with nine patients was conducted by Fontaine and his colleagues to explore the effect 

and safety of DBS in AD patients who got mild cognitive deficit [123]. However, only one patient agreed to 

accept the surgery, and accomplished the study. The patient received stimulation bilaterally for 12 months, 

and the electrode target was the same as Laxton’s study. The memory scores were stabilized comparing to 

control conditions, and a subjective view of memory improvement was delivered by the only patient 

herself, without significant 225ehavioural improvement or mood enhancement, however. Furthermore, the 

glucose metabolism in medial temporal lobes slightly increased. Unfortunately these results are not enough 

to demonstrate the feasibility of the technique due to the great limitation of the extremely small numbers 

of the patients. 

Another combination of Phase 1 and 2 trial of fornix DBS is now ongoing with about 50 mild probable AD 

patients to evaluate the acute and long-term safety of this system [129]. 

3.1.2 Nucleus Basalis of Meynert (NBM) Stimulation 

It has been shown that NBM lesions can result in neurodegenerative changes in hippocampal mossy 

fibers and dentate gyrus [130,131], as well as the NADPH-diaphorase enhancement in the dorsal CA1-CA3 

of the hippocampus [132]. Characterized by the intrinsic organization, anatomy, and cholinergic 

innervation, NBM is thought to be an auspicious target structure for clinical DBS in dementia. There is 

plentiful experimental evidence showing that the NBM projects cholinergic innervation to the whole cortex 

[133-136], complemented by GABAergic projections and glutaminergic projections from basal forebrain 

[124,137].  
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In the case study of Freund and his colleagues, NBM DBS was applied to a patient who got severe 

Parkinson-dementia syndrome (PDD) to investigate the potential of this new DBS strategy in modifying the 

cognitive functions [124]. The only patient who received this surgery is a 71-year-old man with PDD. The 

target areas were bilateral NBM and subthalamic nucleus (STN). The STN DBS led to the only improvement 

of motor symptoms, while the NBM DBS resulted in significant improvement cognitive functions, including 

the attention, alertness, concentration, spontaneity, and drive. Therefore the patient’s executive and social 

functions had been markedly improved. The enhancements in 226ehavioural and cognitive performance 

might be connected with the effects of irritating residual cholinergic projections and neuronal bodies in 

NBM. 

A clinical study with six mild-to-moderate AD patients was conducted by Kuhn and his colleagues 

through applying bilateral low-frequency NBM DBS [125]. The whole trial encompassed a 4-week 

randomized sham-controlled stimulation period and a subsequent 11-month continued open stimulation 

phase. The consequences were assessed by cognitive subscale of the AD Assessment Scale and other 

psychological tests. Electroencephalogram (EEG) and positron emission tomography (PET) were also applied 

to access the changes before and psychological test after the surgery. Nearly no adverse effect showed the 

expected inner restlessness that one patient declared. Although the patients’ average quality of life didn’t 

change, it could also be considered as a safe procedure obviously without significant stimulation-induced 

adverse effects, since we have to take all limitations of a pilot study into consideration. 

3.2 Animal Researches Related with Deep Brain Stimulation 

There are several relevant animal studies concentrating on DBS-induced changes on behavior, memory, 

cognition, and/or neurogenesis. 10 brain regions have been explored in different animal models to 

investigate their functions in memory enhancement, which are fornix, NBM, hippocampus enthorinal 

cortex (EC), midline thalamic nuclei (MTN), anterior thalamic nucleus (AN), perforant path of hippocampus, 

dorsal striatum (DS), anterior caudate nucleus, central thalamus (CT), and lateral hypothalamus (LH). 

3.2.1 Fornix and Nucleus Basalis of Meynert (NBM) 

Fornix DBS could antagonize the memory impairing effects resulting from scopolamine injection in rats 

[138]. The important favorable role of NBM DBS on memory acquisition was investigated in rats [139], in 

which investigators considered DBS could increase ACh release from NBM neurons that in return helpfully 

influenced neural plasticity mechanisms. One study suggested that pertaining NBM electrical stimulation 

facilitates the memory acquisition [140], which supported the fact that NBM could play a part in the early 

stages of memory formation. Another study also manifested the positive consequences of NBM DBS which 

were assistance of maintain neuronal plasticity and protective effect on the cortex [141]. 

3.2.2 Hippocampus Enthorinal Cortex (EC) 

Application of acute high-frequency DBS in hippocampus EC of mice could lead to a transiently 

promoted proliferation in the dentate gyrus (DG) [142], and these DBS-induced neurons merged with 

hippocampal circuits once they were mature. 

3.2.3 Midline Thalamic Nuclei (MTN) 

MTN DBS was found to increase short-term memory in the CA1 of hippocampus in transgenic mice [143] 

with the results of enhancing object recognition memory during behavioral studies and promoting synaptic 

plasticity in CA1 of hippocampal slices. 

3.2.4 Anterior Nucleus (AN) of the Thalamus 
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The role of AN DBS in memory might depend on current intensity [144]. High current treatment 

improved hippocampal activity, while relatively high current disrupted memory acquisition. Interestingly, 

the results of the other study of the same research group showed that the positive role of AN DBS on 

memory and neurogenesis seemed to be dependent on long-term plastic changes, leading to memory 

enhancement when the training was conducted at longer intervals [144]. Another study also demonstrated 

that AN DBS in rats had the ability to improve the hippocampal neurogenesis and reverse experimentally 

inhibited neurogenesis [145]. 

3.2.5 Perforant Path of Hippocampus 

The perforant path is the connection which originates from the hippocampus EC, and projects into all 

areas of the hippocampus. It triggers θ-phase resetting and the release of ACh, the necessary condition of 

long-term potentiation (LTP) [14]. One study investigated whether perforant path DBS intervened with the 

circuits related to encoding and retrieving the information of the received stimuli in the working memory 

task [146]. The result could be explained through this way: θ-phase resetting might synchronize stimuli with 

the neural circuits in hippocampus to ensure the favorable conditions to facilitate the encoding of the 

received information into memory. 

3.2.6 Other Brain Regions 

There are other four brain regions related to dementia where DBS could play a role, which are dorsal 

stritum, anterior caudate nucleus, central thalamus and lateral hypothalamus. Dorsal stritum has been 

shown to relate to procedural memory [147]. Anterior caudate nucleus is in charge of implementing 

selective adjustments to the ‘associative weights’ between sensory cues and motor responses during the 

learning period [148]. DBS in central thalamus could lead to a complicated situation in arousal, behavior, 

and cognition [149-151]. With regard to the lateral hypothalamus, the post-training ICSS (the intracranial 

self-stimulation) could enhance the hippocampus-dependent memories via improving molecular and 

cellular mechanisms associated with synaptic plasticity, neurogenesis, and neuroprotection [152-155]. 

4. Conclusions 

Researches on AD therapy have had some success in the field of symptomatic treatments, but there 

have also been many failures in the development of disease-modifying drugs. In spite of the frustrating 

research progress, more and more researchers and clinicians are dedicating all their energy to fighting with 

this complicated disease, and still more and more clinical and experimental studies are now underway. It 

would be beneficial to explore different approaches to narrow the gap between successful preclinical 

investigations and unsuccessful clinical studies via the rationalization of the disease progression 

mechanisms.  

Chemical approaches we have discussed here are divided into two categories, one is disease-modifying 

therapeutic approaches, and the other is symptomatic treatments, in which the former is focused on the Aβ 

cascade and hyperphosphorylated tau protein, and the latter is concentrated on cholinesterase and AMDA 

receptor. Many clinical studies of disease-modifying drugs failed, and still many are now being kept 

ongoing, but the symptomatic therapies have received some successes. It is difficult for us to estimate the 

when the successful treatment of AD will be available, but it is easy for us to tell that the consequences 

from clinical researches are not in accordance with optimistic preclinical studies. The pessimistic outcomes 

of most clinical studies may be partly due to diverse errors, which can be categorized into the choice of 

patients, the choice of drugs, the outcome measurements, trial protocols, and optimization of resources 

[13]. Clearly, the problem is largely due to our limited knowledge to the pathogenesis of AD. As AD is a 
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complex multifactorial disorder [156], the details of its pathogenesis are not yet fully understood to support 

the development of viable drug targets and therapeutic agents. How to solve this problem? On one hand, 

we need to do further research to explore the real pathogenesis of AD, not only limited to Aβ cascade and 

hyperphosphorylated tau; on the other hand, the strategies of one drug directing at one disease hypothesis 

to develop AD therapies need to be revised, for a single pathogenic pathway for AD is not possible to be 

identified [13]. 

Physical approach using DBS seems to be a feasible and safe treatment for patients with dementia, in 

consideration of the general low complication rate in about 100,000 PD patients treated with DBS all over 

the world [157,158]. Currently, the fornix is the most frequently chosen targeting area for treating 

dementia, including AD and PDD, according to the extremely small number of cases. The potential of the 

NBM for DBS treatment in dementia is auspicious, which may be due to its characteristics in the anatomy, 

connectivity of the cholinergic nucleus, and intrinsic organization. Other brain structures we have already 

mentioned are still lack of human data. The situation in human brain is much more complicated and 

intricate. The recruitment of patients in clinical evaluation in DBS study on AD was not easy. Clearly there is 

an important role in the preclinical animal research of DBS for AD, which is extremely limited at present, 

though. With this data, it may be possible to move toward the rationalization of the mechanisms leading to 

the disease progression. It must be emphasized that continuing preclinical animal experiments and clinical 

studies are utmost important to demonstrate the promising efficacy of DBS in future treatment of AD. 

Apparently, DBS is being used in the general population now. Yet, the strategies to find satisfactory 

pharmacotherapeutics breakthrough are quite limited. Therefore, DBS may be a good option for some AD 

patients if it is proved to be a valid treatment. As more clinical data emerge, it will be possible to properly 

evaluate the applications of DBS in the treatment of AD and other dementia. 
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