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Deep brain stimulation (DBS) is a neurosurgical technique that regulates neuron activity by using internal pulse generators to electrodes in specific target areas of the brain. As a blind treatment, DBS is widely used in the field of mental and neurological diseases, although its mechanism of action is still unclear. In the past 10 years, DBS has shown a certain positive effect in animal models and patients with Alzheimer's disease (AD), but there are also different results that may be related to the stimulation parameters of DBS. Based on this, determining the optimal stimulation parameters for DBS in AD and understanding its mechanism of action are essential to promote the clinical application of DBS in AD. This review aims to explore the therapeutic effect of DBS in AD, and to analyze its stimulation parameters and potential mechanism of action. The keywords “Deep brain stimulation” and “Alzheimer's Disease” were used for systematic searches in the literature databases of Web of Science and PubMed (from 1900 to September 29, 2020). All human clinical studies and animal studies were reported in English, including individual case studies and long-term follow-up studies, were included. These studies described the therapeutic effects of DBS in AD. The results included 16 human clinical studies and 14 animal studies, of which 28 studies clearly demonstrated the positive effect of DBS in AD. We analyzed the current stimulation parameters of DBS in AD from stimulation target, stimulation frequency, stimulation start time, stimulation duration, unilateral/bilateral treatment and current intensity, etc., and we also discussed its potential mechanism of action from multiple aspects, including regulating related neural networks, promoting nerve oscillation, reducing β-amyloid and tau levels, reducing neuroinflammation, regulating the cholinergic system, inducing the synthesis of nerve growth factor.
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INTRODUCTION

Alzheimer's disease (AD) is the most common type of dementia in the elderly. Its clinical manifestations are progressive cognitive decline and memory loss (Querfurth and LaFerla, 2010; Patterson, 2018). The prevalence and incidence of AD are increasing rapidly, and it is one of the major health crises facing the aging society of the 21st century (Alzheimer's Association, 2020). Clinically, only a small number of AD patients benefit from the temporary treatment effect of AD drugs. There are currently no viable medications to slow or reverse the progression of AD (Ihl et al., 2011; Arai et al., 2016, 2018; Cummings et al., 2020). The severity of AD and the limitations of drug therapy have spurred the development of research on non-drug therapies (Cummings et al., 2014; Aldehri et al., 2018). A series of physical therapy methods, including electrical stimulation and magnetic stimulation, are gradually being applied in the field of neurological diseases (Li et al., 2015; Temel and Jahanshahi, 2015; Zhou et al., 2018; Holczer et al., 2020).

Aldini first reported the use of electrical stimulation technology to improve the mood of melancholy patients in 1804, thus opening up a new field of electrical stimulation for the clinical treatment of mental illness (Aldini, 1804; Parent, 2004). Deep brain stimulation (DBS) is an invasive neuromodulation technique that involves brain stimulation and is one of the few neurosurgery methods that allows blinded research. The DBS device is mainly composed of stimulating electrodes in the brain, subcutaneous leads and pulse generators, and it directly changes brain activity in a controlled manner by using internal pulse generators to deliver electrical pulses to stimulation electrodes in specific target areas of the brain (Kringelbach et al., 2007; Lozano and Lipsman, 2013; Chen and Ponce, 2019). DBS is used for mental disorders, such as obsessive-compulsive disorder, epilepsy and depression (Zhou et al., 2018; Vazquez-Bourgon et al., 2019; Onate-Cadena et al., 2020), and for a variety of neurodegenerative diseases, such as idiopathic tremor, Parkinson's disease, and dystonia (Miocinovic et al., 2013; Chen and Ponce, 2019; Lee et al., 2019; McKinnon et al., 2019). Human clinical trials of DBS for AD began in 1984. Turnbull applied DBS to the left nucleus basalis of Meynert (NBM) in patients with a 4-years AD course but found no improvement in memory or cognition (Turnbull et al., 1985). Since then, research on treatment with DBS in AD has been vacant for more than two decades.

Research on the use of DBS in AD was restarted by a case study that used DBS to treat obese patients. The memory of a morbidly obese patient was enhanced after chronic hypothalamic/fornix DBS treatment. This enhancement may have occurred because DBS regulates marginal activity. That is, electrical activity in the medial temporal lobe is activated during DBS stimulation (Hamani et al., 2008). In the past 10 years, preliminary studies of DBS in AD have shown some positive effects of this treatment, including slowing cognitive decline and hippocampal atrophy and increasing cerebral glucose metabolism and brain connectivity in AD patients (Laxton et al., 2010; Sankar et al., 2015; Lozano et al., 2016; Aldehri et al., 2018), but there are also some controversial negative effects, such as AD patients <65 years of age have not shown good curative effects, and some patients have postoperative side effects (Lozano et al., 2016; McMullen et al., 2016; Leoutsakos et al., 2018). These discrepant results cannot be ignored. Differences in methodology, such as DBS parameters (stimulation target, frequency, stimulation start time, duration, unilateral/bilateral treatment, and stimulation current intensity), study design and sample size may explain these differences. The exact mechanism of action of DBS in AD is unknown. At present, there is little direct research on the mechanism of action of DBS in AD, and various hypotheses (changing the electrical activity of neurons, promoting neurogenesis and neurotransmitter release, etc.) have been proposed to explain its potential mechanism of action (Hescham et al., 2013a; Laxton and Lozano, 2013; Kuhn et al., 2015a; Aldehri et al., 2018; Jakobs et al., 2019; Yu et al., 2019).

There is increasing interest in exploring DBS as a treatment method for intervention in AD. A decision analysis model of DBS in AD patients shows that DBS is more effective and more cost-effective than standard treatment in the clinical treatment of AD (Mirsaeedi-Farahani et al., 2015). To effectively promote the application of DBS in the field of AD treatment, in this review, we systematically searched the literature published in the field of DBS in AD, and explored the effect of DBS stimulation parameters on the treatment effect for AD and the potential mechanism of action of DBS in the treatment of AD.



METHODS


Literature Search and Selection Criteria

In the literature databases of Web of Science and PubMed (from 1900 to September 29, 2020), human clinical studies and animal studies on DBS in AD were systematically searched using the following terms, individually and combined in multiple search strategies: “Deep brain stimulation,” “DBS,” “Alzheimer's disease,” and “AD.” Literature inclusion criteria: the main purpose was to study the therapeutic effects of DBS in AD, including human clinical research and animal research; the language of the article was English only; individual case studies and long-term follow-up studies were not excluded; and duplicate studies were excluded.



Data Abstraction

The selected articles were classified according to human clinical research and animal research to extract relevant data. The following data were extracted from human clinical studies: (1) study design; (2) basic information on the participants, including number, sex, average age, average Alzheimer's disease assessment scale-cognitive section (ADAS-Cog), average Mini-Mental State Examination (MMSE), and additional medications; (3) DBS data, including the DBS protocol and brain target; (4) follow-up; (5) main results, including the main outcome measures (average ADAS-Cog and average MMSE) and conclusion; and (6) adverse events. Various cognitive outcome measures have been used in human clinical studies, and some studies have evaluated multiple indicators. In this review, we chose the average ADAS-Cog and average MMSE as the main outcome measures. For studies that did not report averages and SDs, data were calculated from specific figures in the literature. The following data were extracted from animal studies: (1) basic information on the animals, including number, sex, age, animal type, grouping; (2) DBS data, including DBS protocol and brain target; (3) behavioral methods; (4) follow-up; and (5) main conclusion.




RESULTS


Search Results

This review included 30 studies on the treatment of DBS in AD. As shown in Figure 1, research on DBS in AD treatment was lacking for ~25 years after 1984 when DBS was applied in AD treatment. The time on the abscissa was the publication time of the article. It was not until 2010 that there was another paper on DBS in AD. During the 10-years period from 2010 to 2020, DBS in AD papers were published every year.
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FIGURE 1. The cumulative growth of studies of DBS in AD.




Human Clinical Studies
 
DBS Implementation

DBS is implemented in the human body and its components are surgically implanted. As mentioned earlier (Laxton et al., 2010; Mao et al., 2018), after local anesthesia is applied, the stereotaxic frame is installed on the patient's head. The position of the DBS target is ascertained by imaging. Subsequently, a drill is used to make bilateral holes in the skull, and the stimulation electrodes are implanted three-dimensionally. After the electrodes are placed, the internal pulse generator is implanted into the subclavian or subcutaneous area of the chest or abdomen under general anesthesia. The lead is implanted subcutaneously and connected to the stimulation electrodes and internal pulse generator through the head, neck, and chest. The positioning of the electrodes must be verified again by imaging after the operation.



Therapeutic Effects

Table 1 lists the detailed characteristics of 16 human clinical studies of DBS in AD patients. Turnbull et al. started the field of DBS in the treatment for AD in 1984 (Turnbull et al., 1985). A study by Laxton et al. (2010) showed that after DBS treatment, the memory of AD patients improved, the rate of cognitive decline decreased, and cerebral glucose metabolism increased (Laxton et al., 2010; Smith et al., 2012). Subsequently, human clinical studies of DBS in AD continued. Fontaine et al. reported that a patient with AD showed stable memory and increased metabolism in the medial temporal lobe after 1 year of DBS (Fontaine et al., 2013). Other studies have also shown that the nutritional status of AD patients remains stable, and the rate of hippocampal atrophy slows down after 1 year of DBS (Noreik et al., 2015; Sankar et al., 2015). Kuhn et al. applied DBS to 6 AD patients, and 1 year later, the ADAS-Cog scores of four participants increased or remained stable, but the scores of two participants deteriorated (Kuhn et al., 2015a). Kuhn et al. also performed DBS on two other AD patients who were 5 years younger. One AD patient had a stable ADAS-Cog score and an increase in MMSE score after 28 months. Another case showed overall improvement in the first year of treatment, but the ADAS-Cog score increased by seven points after 26 months (Kuhn et al., 2015b). The long-term follow-up results of all eight patients at 24 months showed that the ADAS-cog of young patients with mild AD remained relatively stable during the 24-months follow-up period, while the ADAS-cog of AD patients with high baseline increased (Hardenacke et al., 2016). In the two youngest patients among the eight, the repetitive inhibition of sensory gating improved (Durschmid et al., 2020). Therefore, they believed that DBS performed in the early and young ages of AD may have a beneficial effect on the progression of the disease and cognitive function. Baldermann et al. also showed that AD patients with less atrophy can benefit from DBS (Baldermann et al., 2018). However, the study by Lozano et al. showed different results. Lozano et al. observed an increase in cerebral glucose metabolism in 21 AD patients after 1 year of DBS, considered DBS to be safe, and proposed that DBS may benefit AD patients aged 65 years and older, while those under 65 years old may show a worsening condition (Lozano et al., 2016). Leoutsakos et al. conducted a second-year follow-up of 42 participants in the study, confirming that DBS benefits older patients with AD (Leoutsakos et al., 2018). Furthermore, McMullen et al. reported that an AD patient implanted with bilateral fornix DBS experienced asymptomatic bilateral cerebral encephalomalacia (McMullen et al., 2016). Among the current existing studies, only two studies have shown no therapeutic effect of DBS in AD (Turnbull et al., 1985; McMullen et al., 2016), and there were a few AD patients with poor performance in other studies (Lozano et al., 2016; Leoutsakos et al., 2018; Mao et al., 2018). The small sample size (case report) (Turnbull et al., 1985; McMullen et al., 2016), side effects of DBS surgery (Ponce et al., 2016), and improper use of quetiapine by patients (Lozano et al., 2016; Leoutsakos et al., 2018; Mao et al., 2018) may account for these differences, but we cannot rule out the possibility that it is due to other methodological differences. However, among most AD patients receiving DBS, DBS is a promising intervention for AD.


Table 1. The human clinical study of DBS in AD.
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Animal Studies
 
DBS Implementation

For DBS in AD animal models, the stimulating electrodes are implanted, and the stimulator is connected externally. A single study implanted the stimulators subcutaneously on the backs of mice (Huang et al., 2019). Each mouse is anesthetized and fixed on a stereotaxic device; the scalp is removed, exposing the skull. An electric drill is used gently drill small holes at the target points on the skull. Then, the stimulating electrode is implanted at the target position and fixed to the skull with adhesive material. In some studies, a small number of screws are implanted in the skull to fix the electrodes (Hescham et al., 2013b; Chen et al., 2014; Zhang et al., 2015; Tsai et al., 2020). X-ray imaging or tissue staining is used to ensure that the electrode is implanted in the target position (Lee et al., 2016; Mann et al., 2018; Huang et al., 2019).



Therapeutic Effects

In addition to human clinical research on DBS in AD, animal research on DBS in AD is also being carried out simultaneously. Table 2 lists the detailed characteristics of 14 animal studies of DBS in AD animal models. Compared with human clinical studies, the behavioral, physiological and biochemical changes of AD model mice established by transgenic AD model or drug injection after DBS are mostly positive in the animal studies. This review later used these animal studies, combined with human clinical studies, to explore the effects of DBS stimulation parameters on the efficacy of AD treatment and the potential mechanism of action of DBS in AD.


Table 2. The animal study of DBS in AD.
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Adverse Events

DBS is an invasive brain stimulation technique that carries the risk of major surgery (Doshi, 2011). The main surgical complications include bleeding, infection, and hardware failure (Ponce et al., 2016; Barrett, 2017). The adverse events related to DBS that occur in AD are manifested in human clinical studies which are rarely found in animal studies. Table 3 lists the adverse events of the human clinical study of DBS in AD. At higher voltage intensity, AD patients felt inner restlessness, warmth, flushing, sweating, increased heart rate and blood pressure, and other adverse reactions. However, after reducing the voltage intensity, AD patients had almost no adverse effects (Laxton et al., 2010; Kuhn et al., 2015a). Other minor adverse reactions, including headache, diarrhea, vomiting, and paresthesias, were almost transient and had no sequelae (Laxton et al., 2010; Kuhn et al., 2015a; Leoutsakos et al., 2018; Scharre et al., 2018). Serious adverse events, including internal pulse generato infections, skin infections, inaccurate device location, hematoma, syncope, epilepsy, etc., could almost be resolved (Ponce et al., 2016). Leoutsakos et al. conducted the largest-scale study on the safety of DBS in AD patients, which involved 42 patients with AD (Lozano et al., 2016; Ponce et al., 2016; Leoutsakos et al., 2018). Within 90 days after receiving DBS surgery, 26 patients experienced 64 non-serious adverse events related to DBS surgery, of which 5 patients experienced 7 serious adverse events. For these 64 non-serious adverse events, 57 occurred within 30 days after surgery. In the second year after receiving DBS surgery, 24 patients reported 86 non-serious adverse events, and eight patients reported 15 serious adverse events. Two statistical results showed that the shorter the time after the completion of the operation is, the greater the possibility of reported adverse events in AD patients. The occurrence of adverse events gradually decreased over time, and there seemed to be no long-term complications. The safety of adverse events was as expected. However, the case report by McMullen et al. showed that DBS has brought long-term adverse effects (McMullen et al., 2016). This might be related to both the physical state of the patients and the experience of the surgeon. Although this was only a case study, researchers should pay attention to it. In general, AD patients tolerate DBS well under the appropriate DBS parameters, which proves that DBS is a relatively safe technique for AD patients.


Table 3. Adverse events of the human clinical study of DBS in AD.
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DBS PARAMETERS


Stimulation Targets

To date, the stimulation targets for DBS in the treatment of AD patients in human clinical studies have involved the fornix, NBM, and ventral capsule/ventral striatum (VC/VS) (Table 1). Relevant animal research also involved multiple stimulation targets, including the intralaminar thalamic nucleus (ILN), midline thalamic nuclei (MTN), mammillothalamic tract (MT), anterior nucleus of thalamus (ANT), entorhinal cortex (EC), and CA1 (Table 2). The selection of these stimulation targets for DBS is mainly based on the neural network of the brain. Among them, VC/VS is related to the frontal lobe neural network (Price and Drevets, 2010); ILN and MTN are important components forming cortico-thalamo-cortical pathways (Saalmann, 2014); NBM participates in the base forebrain cholinergic circuit; and the fornix, MT, ANT, EC, and CA1 (hippocampus) are nodes in the Papez circuit (Yu et al., 2019). Figure 2 shows a schematic representation of these targets in the brain. AD is also considered to be a disease of the neural circuit, as neurons and neural circuits associated with cognitive function are damaged, and the Papez circuit is degraded (Lv et al., 2018). The Papez circuit is the main pathway of the limbic system and plays a vital role in the formation and storage of memory. Understanding the effects of these stimulation targets can help to select the best DBS stimulation target for AD.
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FIGURE 2. The schematic diagram of the stimulation targets for DBS in AD.



VC/VS

DBS regulates the frontal lobe network of the brain that is involved in cognition and behavior. The ventral striatum, nucleus accumbens, and anterior limb of the internal capsule sit at the base of the frontal lobes. White matter fibers of the frontal lobe and the ventral capsule connect the dorsomedial and orbital prefrontal cortices to the ventral striatum (Price and Drevets, 2010). These neural networks have shown degeneration in AD (Lehericy et al., 1989). VC/VS DBS can affect related behavioral disorders in patients with mental disorders such as obsessive-compulsive disorder and depression (Greenberg et al., 2010; Dougherty et al., 2015). In a non-random phase I experiment, Scharre et al. first used the VC/VS of the frontal lobe network as the stimulation target for DBS in AD patients (Scharre et al., 2018). Fluorodeoxyglucose-positron emission tomography metabolism increased, and clinical dementia rating–sum of boxes (CDR-SB) performance decreased in AD patients receiving DBS. By targeting the VC/VS, DBS may adjust the frontal lobe network and affect the executive function of AD patients. This is the first report to show improved behavioral and executive defects without tracking memory targets in the treatment of AD by DBS. It provides new target options for DBS treatment in AD. This study also shows that chronic DBS with the VC/VS as a target is well-tolerated.



ILN

The rostral part of the ILN is connected to the medial prefrontal cortex (mPFC) and is considered to be a key component of cognitive function (Mair and Hembrook, 2008; Saalmann, 2014). Although the function of the ILN in cognitive function has been proven, the effect of ILN DBS on AD-related cognitive dysfunction has not been extensively studied. Only one related study has shown that unilateral ILN DBS treatment can improve spatial learning and memory deficits in AD rat models injected with β-amyloid (Aβ), reduce the expression of postsynaptic density protein 95 (PSD-95) in the mPFC and hippocampus, and maintain dendritic spine density (Tsai et al., 2020).



MTN

The MTN connects to the medial prefrontal cortex, medial temporal lobe and hippocampus. The midline structure of thalamus is involved in memory related functions (Saalmann, 2014). An study of high-frequency MTN DBS showed that the time that TgCRND8 mice explored new objects in the object recognition task was significantly longer than that of wild type mice, and the expression of FosB protein in the hippocampus was significantly upregulated (Arrieta-Cruz et al., 2010). There is currently no other research on MTN DBS in AD.



NBM

Acetylcholine (ACh) is essential for cognitive function and memory processing, and it is mainly derived from cholinergic neurons in the NBM (Carlsen et al., 1985). This region is mainly located below the anterior commissure and globus pallidus and on the anterior lateral part of the hypothalamus (Hedreen et al., 1984). The NBM sends a wide range of cholinergic nerve projections that dominate the cortex and hippocampus, and it represents an important cholinergic pathway in functional networks that subserve cognition and memory (Gratwicke et al., 2013). NBM damage can lead to a decrease in cholinergic transmission and degenerative changes in mossy fibers and the dentate gyrus of the hippocampus (Bartus et al., 1982; Amenta et al., 1991). The first evidence neural network dysfunction in AD is the loss of NBM cholinergic neurons in the brain, which is evident on postmortem examination (Whitehouse et al., 1981). Turnbull et al. reported for the first time the impact of NBM DBS on AD patients, although the report found no evidence of clinical improvement (Turnbull et al., 1985). Since then, chronic NBM DBS has shown good efficacy in AD. NBM DBS performed in early AD may have beneficial effects on AD progression and cognitive function (Kuhn et al., 2015b; Hardenacke et al., 2016). AD patients receiving NBM DBS showed a substantially stabilized nutritional status within 1 year (Noreik et al., 2015). NBM DBS can also improve the spatial learning and memory of AD model mice; regulate the gamma-aminobutyric acid (GABA), glutamate system, and cholinergic systems; reduce the abundance of amyloid protein; and exert neuroprotective effects (Lee et al., 2016; Huang et al., 2019; Koulousakis et al., 2020).



Fornix

As part of the Papez circuit, the fornix is the main inflow and outflow pathway of the hippocampus and middle temporal lobe. The fornix is an arcuate fiber bundle from the hippocampus to the mammillary body. This tract provides a direct source of input from the hippocampal structure to the anterior nucleus of the thalamus and can effectively encode and integrate memory information (Browning et al., 2010; Lovblad et al., 2014). When the fornix of humans and animals is damaged, it can cause severe memory impairment (Tsivilis et al., 2008; Browning et al., 2010). Atrophy of the fornix can be accompanied by a transition from mild cognitive impairment to AD (Copenhaver et al., 2006). Hamani et al. reported for the first time that fornix stimulation can improve memory, although only one patient in their study received DBS to treat obesity (Hamani et al., 2008). Since then, DBS in the fornix has gradually been applied to AD. Chronic fornix DBS can stabilize or slow memory decline and increase hippocampal volume and cerebral metabolism in some patients with AD (Laxton et al., 2010; Smith et al., 2012; Fontaine et al., 2013; Sankar et al., 2015; Lozano et al., 2016) and improve spatial learning memory and recognition memory and reduce amyloidosis, the inflammatory response, the loss of neurons and the local changes in brain volume in AD model mice (Hescham et al., 2013b; Zhang et al., 2015; Gallino et al., 2019; Leplus et al., 2019). Therefore, the fornix is a good target choice for the treatment of DBS in human clinical research and animal research on AD (Senova et al., 2020).



MT

In the Papez circuit, information related to memory is transmitted to the mammillary body through the fornix, and then to the ANT through the MT. Although the MT participates in the Papez circuit, MT DBS did not cause memory changes in patients with refractory epilepsy (Duprez et al., 2005). No beneficial memory effect of MT DBS was found in SD rats injected scopolamine (Hescham et al., 2015). Therefore, it is worth exploring whether DBS in the MT has a positive effect.



ANT

The ANT is part of the Papez circuit, receiving information from the mammillary body via the MT and projecting it to the cingulate gyrus. The functional interaction between the ANT and hippocampus is crucial for spatial memory and conditional learning (Dumont et al., 2010). In AD model rats, ANT DBS improves impaired spatial memory (Chen et al., 2014). This is consistent with the research by Zhang et al., even though ANT DBS did not improve the recognition memory of AD model rats (Zhang et al., 2015). ANT DBS appears to be a potential treatment for AD cognitive dysfunction. However, Hescham et al. did not seem to find any beneficial memory effects of ANT DBS in SD rats injected scopolamine (Hescham et al., 2015). In addition, at high current densities, ANT DBS disrupts the acquisition of contextual fear conditions in healthy rats and impairs the performance of rats in spatially alternating tasks. In this case, ANT DBS caused a functional depolarization block near the stimulation electrode, which greatly reduced the spontaneous discharge of the local neuron population. Extracellular recordings showed that under high current ANT DBS, the discharge rate of DG cells was reduced and hippocampal activity was suppressed (Hamani et al., 2010). The differences in the results of various animal studies may have multiple causes, and further research is needed to explore the impact of ANT DBS in AD.



EC

The EC is located in the anterior part of the parahippocampal gyrus and is a key area for information transmission to and from the hippocampus, forming a three-synapse circuit with the hippocampus. At the same time, EC is the first area affected in AD and is closely related to memory formation (Braak and Braak, 1991; Khan et al., 2014). EC DBS can enhance the spatial memory of wild-type mice, and promote the rapid proliferation of neurons in the dentate gyrus (DG) (Stone et al., 2011). Acute EC DBS can improve memory deficits induced by scopolamine, and increase the expression of c-Fos in the CA3 region (Hescham et al., 2015). Research by Zhang et al. showed that chronic EC DBS contributes to spatial memory and recognition memory deficits induced by Aβ40 (Zhang et al., 2015), which is consistent with research on AD transgenic mice (Xia et al., 2017; Mann et al., 2018). In addition, chronic EC DBS can significantly reduce Aβ and tau in the hippocampus of AD transgenic mouse models, as well as reduce total tau and phosphorylated tau in the cortical region (Mann et al., 2018). In another study, it was been demonstrated that EC DBS can increase synaptic activity by increasing synaptophysin levels, and promote low sedimentation clearance of tau through the lysosomal pathway, thereby exerting a beneficial effect on AD (Akwa et al., 2018).



CA1

The hippocampus is a brain area that is closely related to learning and memory functions, and is almost the central structure of memory-related circuits in the brain. The first region of the hippocampal circuit is the CA1, which mainly projects to the EC and subiculum and is very important for spatial memory (Igarashi et al., 2014). Acute CA1 DBS can improve memory deficits induced by scopolamine, and the beneficial effect of CA1 DBS is accompanied by increased expression of Fos in the cingulate gyrus (Hescham et al., 2015). No other studies related to DBS in AD have targeted the CA1 area to date.

Overall, the fornix, NBM, and EC are the preferred targets for DBS treatment in AD, even if there are other alternative targets. Currently, there are only two comparative studies of different stimulation targets for DBS in AD. Hescham et al. compared the effects of DBS in the ANT, CA1, MT, and EC in AD rat models induced by scopolamine (Hescham et al., 2015). CA1 DBS and EC DBS could improve memory deficits caused by scopolamine, and no beneficial memory effect was observed in the ANT or MT. A study had even shown that DBS in the hippocampus and entorhinal regions can impair memory (Jacobs et al., 2016). Zhang et al. investigated the effects of DBS in the ANT, EC, and fornix on the cognitive behavior of AD rat models (Zhang et al., 2015). DBS of these three targets can benefit the spatial memory of AD model rats. EC DBS and fornix DBS also improved the recognition and memory of AD model rats, but this effect was not observed in ANT DBS. In the Papez circuit, the EC and the fornix are directly connected to the hippocampus, while the ANT is connected to the fornix and the nipple body and indirectly connected to the hippocampus. This difference in neural connectivity may explain why the EC and fornix show more significant spatial and recognition memory improvements than the ANT. The comparison of different targets of DBS in AD still needs more research.




Stimulation Frequency

To date, the application of DBS in AD has been carried out under fixed stimulation parameters with a single frequency setting of 20, 100, or 130 Hz. The selection of frequency parameters in AD is based on the application of DBS in other diseases. The stimulation frequency of DBS, it can be divided into high frequency electrical stimulation (HFS, 25~1,000 Hz) and low frequency electrical stimulation (LFS, 0.1~25 Hz) (Schiller and Bankirer, 2007). HFS is commonly used in the treatment of mental illness. For patients with Parkinson's disease, high-frequency stimulation is beneficial for dyskinesias, and low-frequency stimulation may improve some axial movement symptoms (Baizabal-Carvallo and Alonso-Juarez, 2016). However, stimulation at a frequency that is too high can cause functional lesions (Jakobs et al., 2019). Therefore, it is critical to optimize the stimulation frequency of DBS to minimize the side effects of electrical stimulation caused by the stimulation frequency. Huang et al. implemented four DBS frequencies of 10, 50, 100, and 130 Hz in the NBM of Aβ precursor protein/Presenilin1 (APP/PS1) mice and tested their spatial memory using the Morris water maze (MWM) (Huang et al., 2019). It was found that 10 Hz DBS had no effect. The latency during the learning period was significantly reduced by DBS at frequencies at 50, 100, and 130 Hz, and the number of passes and occupation time of the target quadrant and platform area in the exploration task increased significantly. Higher frequency (100 Hz, 130 Hz) stimulation was better than lower frequency (10 Hz, 50 Hz) stimulation, and a shorter latency, a larger number of times and a longer occupation time were observed at 100 Hz. Therefore, the optimal DBS frequency remains unclear. Some studies have shown that the efficacy of DBS in AD is not affected by frequency, as 10 Hz and 100 Hz show the same effect (Hescham et al., 2013b).



Stimulation Start Time

The stimulation start time of DBS in AD is also closely related to the effect of treatment. The time from pathological appearance to clinical symptoms of AD may be as long as 20 years or more (Bateman et al., 2012; Villemagne et al., 2013; Selkoe and Hardy, 2016). It is one of the new interests in the treatment of AD to take measures to intervene the development of AD before clinical symptoms appear, and to delay or even prevent brain lesions (Alzheimer's Association, 2018; Fan and Wang, 2020). Several studies have shown that DBS intervention in the early stages of AD produces better results. Huang et al. administered NBM DBS to APP/PS1 mice at 4, 6, 9, and 12 months of age and performed MWM tests at the end of 13 months of age (Huang et al., 2019). APP/PS1 mice at 4–6 months of age are in the early stages of AD. The results showed that the escape latency of AD mice receiving DBS at 4 and 6 months of age was significantly reduced, and the occupation time of the target quadrant and the number of passes through the platform area increased significantly. DBS at 4 months of age produced the best results. However, DBS had little effect at 9 and 12 months of age. EC DBS was performed in TgCRND8 mice at 6 weeks and 6 months of age, but a reduction in amyloid plaque was found only in mice at 6 weeks. In clinical studies, Hardenacke et al. evaluated the effects of DBS on 8 AD patients and proposed that NBM DBS in the early stage of the disease or at a younger age may have a beneficial effect on disease progression (Hardenacke et al., 2016). NBM DBS can increase blood flow by more than 50% in the cerebral cortex and nerve growth factor (NGF) expression in the parietal cortex by ~68% in healthy rats at 4–6 months of age, but in aged rats at 29–31 months of age, blood flow increased by only ~25%, with no significant change in NGF in the parietal cortex (Hotta et al., 2009). This again proves that providing DBS at a younger age has a more favorable impact. Unfortunately, in a phase II clinical study, it was suggested that fornix DBS may benefit patients with AD who are ≥65 years of age, and that patients under 65 years of age may show worsening condition (Lozano et al., 2016). This has an effect that is opposite to the impact of NBM DBS in interventions for young AD patients (Hardenacke et al., 2016). The reason for this difference may be that young patients are not in the early stages of AD, or fornix DBS alone may not be suitable for the early treatment of AD, or among other possible reasons.



Stimulation Duration

After DBS, AD patients' disease progression slowed significantly. This may be related to the stimulation duration of DBS, and the persistence of the effect is unclear. Animal research has shown that both acute and chronic DBS can cause long-term remodeling of the mouse brain. One hour of fornix DBS improved spatial memory deficits and caused local volume differences in various regions of the brain in AD mice. These changes can last at least 45 days, suggesting that the role of DBS in AD is more than immediate (Gallino et al., 2019). The improvement of spatial memory and recognition memory caused by DBS for 24 h in the AD rat model induced by Aβ42 can last for at least 4 weeks (Zhang et al., 2015). Chronic DBS (7 h/d) was performed on Toronto triple-transgenic (3 × Tg) AD model mice for 25 d, and the beneficial effects of DBS on recognition and memory in AD mice lasted at least 1 month. The after effects of DBS suggest that chronic DBS can also cause long-term changes in brain function (Mann et al., 2018). Huang et al. performed four durations of DBS (7, 14, 21, and 28 days for 1 h/days) in APP/PS1 mice at 4 months of age and performed the MWM and Aβ detection 30 d after the end of DBS (Huang et al., 2019). However, 7 d of DBS had almost no impact. DBS for 14, 21, and 28 days all improved the spatial memory of APP/PS1 mice and significantly reduced the soluble Aβ40 and Aβ42 levels in the hippocampus and cortex. DBS achieved the best results after 21 consecutive days of stimulation. This shows that the therapeutic effect of DBS is not directly proportional to the duration of treatment.



Unilateral/Bilateral Treatment

Of the human clinical studies and animal studies of DBS in AD, only 5 studies used unilateral DBS (Turnbull et al., 1985; Lee et al., 2016; Huang et al., 2019; Koulousakis et al., 2020; Tsai et al., 2020). Although researchers believe that bilateral DBS seems safe for AD, there have still been a small number of adverse events (Ponce et al., 2016; Leoutsakos et al., 2018). Preliminary experiments by Huang et al. showed that bilateral DBS led to more severe complications and higher mortality (Huang et al., 2019). In fact, unilateral DBS can also improve the symptoms associated with AD and shows good neuroprotective effects and reversible side effects (Lee et al., 2016; Huang et al., 2019; Tsai et al., 2020). To improve the safety of DBS for AD, whether to switch to unilateral DBS in the future is worth exploring.



Current Intensity

The efficacy of DBS in AD is affected by current density. Decreasing DBS current intensities of 200, 100, and 50 μA were applied to rats receiving scopolamine to study the effects of higher, medium, and lower current densities. At low currents, there was no significant difference in the time ratio of discrimination between the displaced and familiar objects in rats receiving DBS compared with the control rats. However, the spatial memory of rats was substantially improved under DBS at 100 and 200 μA. Therefore, it was found that a lower current intensity had no effect on DBS in AD (Hescham et al., 2013b). However, there is no other study on the effect of DBS stimulation current intensity on AD.




POTENTIAL MECHANISMS OF ACTION

The mechanism of DBS in AD is unknown. This article will explore the potential mechanism of DBS in AD from several perspectives.


Regulation Related Neural Networks

Due to related molecular and structural abnormalities, the memory network of patients with AD changes (Sperling et al., 2010). There is evidence that the Papez circuit and the default mode network of AD patients are impaired and that the inherent connectivity in the default network is disrupted during resting states and cognitive tasks (Raichle et al., 2001; Greicius et al., 2004; Sperling et al., 2009). DBS has been shown to play a role in the regulation of neural networks in diseases. In patients with epilepsy, fornix DBS shows an electrical effect in the upstream hippocampus (Lozano and Lipsman, 2013; Miller et al., 2015). Hamani et al. used fornix DBS in obese patients, and electroencephalogram (EEG) showed that electrical activity in the hippocampus and parahippocampus was activated during stimulation (Hamani et al., 2008). Based on this, the Hamani team further used fornix DBS in AD, and the results showed that the neural network of the default pattern network and memory circuits in AD patients' brains were activated, including the entorhinal and hippocampal regions, and the connectivity between neural networks in the brain was also increased (Laxton et al., 2010). Functional connectivity analyses revealed that cerebral glucose metabolism in AD patients increased in a frontal-temporal-parietal-striatal-thalamic network and a frontal-temporal-parietal-occipital network after fornix DBS (Smith et al., 2012). The beneficial effects of NBM DBS in AD patients are significantly correlated with the fronto-parieto-temporal pattern of cortical thickness (Baldermann et al., 2018). Figure 3 shows the modulated brain structure of AD patients after DBS in the current study. Therefore, DBS may establish upstream and downstream effects in related neural network circuits by targeting key nodes of the neural network in the AD brain, increasing connectivity between networks, and thereby improving AD symptoms.
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FIGURE 3. The modulated brain structure of AD patients after DBS in the current study. (A) Modulated brain areas of AD patients after DBS of different targets. (B) Modulated brain networks of AD patients after DBS. NBM, nucleus basalis of Meynert; VC/VS, ventral capsule/ventral striatum.




Promotion of Nerve Oscillation

Neuronal oscillations are essential for information processing and communication between different brain structures. DBS has the potential to reset the unstable mode of neuron oscillations in AD, especially θ oscillations in the hippocampus (Hardenacke et al., 2013; Senova et al., 2018). With an approximately sinusoidal (4–10 Hz) EEG activity, θ oscillations can be recorded in edge circuits, are related to various cognitive processes, and play an important role in learning and memory (Buzsaki, 2002; Laxton et al., 2010). Various drugs that destroy cognitive functions reduce or eliminate hippocampal θ oscillations (McNaughton et al., 2007; Scott et al., 2012). The disruption of θ activity leads to impaired spatial and recognition memory, and the restoration of θ rhythm improves the learning ability of rats (Howlett et al., 2004; Hasselmo, 2006; Villette et al., 2010). Suthana et al. found that DBS caused the hippocampal θ rhythm to reset, optimally encode input information, and improve memory function in animal models (Suthana et al., 2012). In addition, electrical stimulation of perforated pathways in rodents can trigger θ phase reset, which creates favorable conditions for long-term memory enhancement (McCartney et al., 2004). Abnormalities in θ rhythm have been shown in AD patients and mouse models of AD (Klimesch, 1999; Scott et al., 2012). Based on these studies, we hypothesized that DBS may improve AD symptoms through neural oscillations that cause θ reset.



Reduction of Aβ Levels

Aβ oligomers are one of the main neuropathological signs of AD. Aβ oligomers are highly neurotoxic, which may cause loss of synapses and neuronal damage (Hardy and Higgins, 1992; Perl, 2010), and affect circuit connectivity and network activities (Canter et al., 2016). Over the past decades, genetic, biochemical, and pathological evidence has revealed the importance of Aβ as a neuropathological marker of AD (Sperling et al., 2011; Barage and Sonawane, 2015). Acute DBS significantly reduced Aβ plaques in the hippocampus and cortex of 6-week-old TgCRND8 mice (Xia et al., 2017). Chronic DBS can also reduce Aβ and APP levels in 3xTg mice. The main source of Aβ production is the hydrolysis of APP. APP is hydrolyzed by β-secretase and γ-secretase to generate Aβ amyloid production pathways and non-amyloid production pathways are cleaved by α-secretase and γ-secretase (Barage and Sonawane, 2015; Chen et al., 2017; Kowalski and Mulak, 2019). Arrieta-Cruz et al. showed that high-frequency DBS can increase α-secretase activity in the hippocampus of TgCRND8 AD mice by a factor of two, which significantly increases synaptic plasticity in the CA1 region but does not change β-secretase activity (Arrieta-Cruz et al., 2010). In addition, Aβ can be cleared by internalization into glial cells (Kim et al., 2018), and DBS can regulate glial cell activity (Vedam-Mai et al., 2016; Xia et al., 2017). Therefore, DBS can reduce Aβ levels and improve the pathological state of AD, possibly by reducing Aβ production or increasing Aβ clearance.



Reduction of Tau Levels

Neurofibrillary tangles containing aggregates of hyperphosphorylated tau protein are also one of the neuropathological signs of AD. Tau with an abnormally high degree of phosphorylation forms toxic paired helical filaments, severely impairs synaptic function and causes cell death (Mohandas et al., 2009; Joel et al., 2015). Fornix DBS has no significant effect on hippocampal tau or phosphorylated tau in Wistar rats. However, EC DBS can reduce the total tau and Ser416-phosphorylated tau in the cortex and hippocampus of 3 × Tg AD mice and increase neurogenesis in the dentate gyrus (Mann et al., 2018). A study by Akwa et al. also showed that EC DBS can reduce tau phosphorylation and accumulation of tau oligomers in the CA1 region of 3xTg AD mice, and increase tau autophagy-lysosomal degradation and synaptic protein expression (Akwa et al., 2018). Therefore, DBS may affect the degradation or clearance of tau in AD to reduce tau levels. However, the specific details are not yet clear.



Reduction of Neuroinflammation

It has been recognized that neuroinflammation plays an important role in the development and progression of AD (Von Bernhardi, 2007; Le Page et al., 2017). The development of AD is closely related to the complex cascade that leads to the death of neurons. Normally functioning glial cells can express Aβ-related degradation enzymes or bind related proteins to promote the degradation and clearance of Aβ (Mulder et al., 2012; Yali et al., 2014; Kim et al., 2018). With the development of AD, glial cell malfunction can release excessive inflammatory factors and neurotoxic factors to produce neurotoxic effects, promote the cascade of Aβ and inflammation, and aggravate neuronal death and the progression of AD (Bagyinszky et al., 2017). In AD, astrocytes and microglia, the two main groups of cells driving neuroinflammation, exhibit high levels of abnormal activation (Cohen et al., 2013; Lopategui Cabezas et al., 2014). Chronic fornix DBS can reduce the degree of astrocytic and microglial reactivity and the extent of neuron loss in the cortex and hippocampus (Leplus et al., 2019). DBS activates astrocytes and microglia in the early stage after implantation; the degree of glial reactivity later decreases (Song et al., 2013). Whether DBS promotes the degradation and clearance of Aβ by activating additional protective glial cells, thereby reducing neurotoxicity and cascade reactions and ultimately downregulating glial cell levels and reducing neuroinflammation, is worth exploring.



Regulation the Cholinergic System

Degeneration of the cholinergic circuit is a pathological manifestation of AD. AD patients and animal models have obvious cholinergic dysfunction involving abnormal ACh production and degradation, including choline acetyltransferase (ChAT) and acetylcholinesterase (AChE), respectively (Davies and Maloney, 1976; Perry et al., 1977; Schliebs and Arendt, 2011). Acetylcholinesterase inhibitors (donepezil, rivastigmine, galantamine) are approved by the U.S. Food and Drug Administration for the treatment of AD patients (Unzeta et al., 2016; Kaushik et al., 2018; Alzheimer's Association, 2020). High levels of ACh contribute to hippocampal θ oscillation and enhance memory (Verdier and Dykes, 2001; Micheau and Marighetto, 2011). Supplementation of exogenous ChAT can improve memory and cognitive dysfunction in AD model mice (Fu et al., 2004; Zhu et al., 2020). Studies have shown that DBS improves scopolamine-induced learning and memory deficits in rats (Hescham et al., 2013b, 2015). Scopolamine is a muscarinic acetylcholine receptor antagonist. In APP/PS1 mice, DBS reduced the level of AChE in the hippocampus and cortex while increasing the level of ChAT, which implies an increase in ACh (Huang et al., 2019). In rats with amygdala injury, DBS treatment can effectively compensate for amygdala injury and reduce the activity of AChE (Kadar et al., 2014). Therefore, DBS can regulate the cholinergic system, which may be one of the mechanisms by which DBS improves AD. However, a large-scale study on long-term use of donepezil hydrochloride in patients with AD showed that the donepezil hydrochloride cannot help AD patients after the first 6 months. Acetylcholinesterase inhibitors are not long-term effective in the treatment of AD (Arai et al., 2016, 2018). This prompts us to consider whether DBS improves AD directly or indirectly by regulating the cholinergic system, whether this regulatory improvement is long-term effective, and how long this improvement will last. At present, there is no relevant research to solve these problems. There are still many questions to be explored about the regulation of DBS on the cholinergic system in AD.



Induction of NGF Synthesis

DBS may exert neuroprotective effects by inducing NGF synthesis in AD (Mashayekhi and Salehin, 2006; Hardenacke et al., 2013). NGF is the most typical neurotrophic peptide involved in regulating the survival and differentiation of neurons (Lindsay and Harmar, 1989; Sofroniew et al., 2001). NGF levels and metabolic pathways are clearly imbalanced in AD (Cuello et al., 2010). The decrease in NGF supply at the age-related basal forebrain cholinergic neuron cell level is similar to that observed in AD (Salehi et al., 2004). NGF gene therapy caused classic trophic responses in the brains of AD patients, including neuronal hypertrophy, axonal sprouting and activation of cell signaling (Tuszynski et al., 2015). The supply of NGF can provide long-term cholinergic nutritional support, thereby slowing or preventing cognitive decline in AD patients (Hardenacke et al., 2013). Studies have shown that unilateral NBM DBS can result in significantly higher NGF levels in healthy rats than observed before stimulation. Mecamylamine, the nicotinic blocker, can completely eliminate the secretion of NGF, which suggests that the projection of the basal forebrain may be the reason for the increase of NGF (Hotta et al., 2009). In AD disease, the ability of DBS to induce the release of NGF may be a pathway closely related to its mechanism, which also seems to be related to the cholinergic system of the basal forebrain.



Other Potential Mechanisms

The mechanism of DBS in AD may also involve a variety of other factors. In addition to the mechanisms described above, DBS may also improve AD symptoms by regulating other neurotransmitter systems. GABA and glutamic acid are closely involved in memory function (Sivilotti and Nistri, 1991). In AD rat models, glutamate acid decarboxylase 65 and 67 and glutamate transporter levels changed after NBM DBS. This suggests that NBM DBS may regulate changes in the GABA and glutamate systems and improve memory in AD rat models (Lee et al., 2016). It is also possible that DBS can enhance synaptic plasticity, promote neuron formation, and improve memory by regulating brain-derived nerve factors, including brain-derived neurotrophic factor and vascular endothelial growth factor (Gondard et al., 2015). It has been reported that DBS can increase hippocampal neurogenesis in AD (Mann et al., 2018; McKinnon et al., 2019). The newly born neurons have normal morphology and function and can promote the normalization of functional circuits (Lledo et al., 2006). DBS may improve AD symptoms by promoting neuron regeneration. Figure 4 shows the protein changes and potential protective mechanisms in AD animal models after DBS of different targets in the current study. The impact of DBS on AD animal models involves multiple potential protective mechanisms including signaling pathways, oxidative stress, cell apoptosis, the GABA and glutamate systems and neuronal function. More research is still needed to explore these possibilities.
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FIGURE 4. The protein changes and potential protective mechanisms in AD animal models after DBS in the current study. Aβ, β-amyloid; AchE, acetylcholine esterase; ANT, anterior nucleus of thalamus; APP, amyloid precursor protein; ChAT, choline acetyltransferase; EC, entorhinal cortex; DG, dentate gyrus; GABA, gamma-aminobutyric acid; GAD 65 and 67, glutamate acid decarboxylase 65 and 67; GFAP, glial fibrillary acidic protein; GSH-Px, glutathione peroxidase; ILN, intralaminar thalamic nucleus; MDA, methane dicarboxylic aldehyde; mPFC, medial prefrontal cortex; MT, mammillothalamic tract; MTN, midline thalamic nuclei; NBM, nucleus basalis of Meynert; PSD-95: postsynaptic density protein 95; SOD, superoxide dismutase; VC/VS, ventral capsule/ventral striatum.





DISCUSSION

This article reviews the published literature on DBS in AD. In patients and animal models with AD, DBS has shown some efficacy.

To provide the best parameter as a reference for the application of DBS in AD, this review summarizes and analyzes the different treatment parameters from current human clinical studies and animal studies of DBS in AD. Concerning stimulation targets, the NBM, fornix, and EC are the preferred targets for DBS treatment. This may be related to their structures and roles in the brain. They are involved in different circuit systems, including the base forebrain cholinergic system, the Papez circuit, and the trisynaptic circuit (Lv et al., 2018; Yu et al., 2019). There is currently no human clinical study of the EC as a target of stimulation in AD, and only animal studies support the EC as a target of DBS. The first area where neuropathy occurs in the AD brain is the EC, which then spreads to other cortexes and the hippocampus (Braak and Braak, 1991). The EC plays a very important role in information transmission. Whether EC DBS has a better effect than NBM and fornix DBS in AD is worthy of further investigation in animals and humans. In addition, EC DBS has been reported to improve spatial memory in patients with epilepsy by resetting the θ rhythm on EEG (Suthana et al., 2012).

Other DBS parameters that are commonly used in AD patient studies include stimulation frequency (130/20 Hz), stimulation duration (long-term), bilateral stimulation, pulse width (90–150 μs), and stimulation voltage (3.0–3.5 V) (Table 1); in AD animals the investigated parameters are stimulation frequency (130/100 Hz), stimulation duration (30 min-1 h, 3–42 days), bilateral stimulation, pulse width (60–100 μs), and stimulation current (100 μA) (Table 2). Based on the characteristics of human and animal tissues, although these DBS parameters used in AD animals cannot be directly applied for DBS in AD patients, they can provide more supporting evidence for the study of DBS in AD patients. Unilateral DBS should be popular in the treatment of DBS. After all, unilateral DBS is very likely to cause less surgical injury. Based on the long early incubation period of AD and the irreversible characteristics of neurodegenerative diseases (Selkoe and Hardy, 2016), using DBS to intervene in the early stages of AD to delay the AD process seems to be an excellent approach to treat AD (Huang et al., 2019). A number of studies have shown that NBM DBS and EC DBS have more beneficial effects in early AD (Hardenacke et al., 2016; Xia et al., 2017; Huang et al., 2019). However, in one clinical study, fornix DBS may have caused worse outcomes for AD patients at a younger age (Lozano et al., 2016). This may be related to multiple differences among different studies. In general, the preferred of DBS parameters for AD tend to be unilateral, early stage, and chronic treatment, with the NBS/fornix/EC as targets, and the pulse width, stimulation frequency, and stimulation voltage/current intensity can be individually designed in the future.

The improvement in AD caused by DBS is a multifactorial phenomenon, involving neural networks, θ oscillations, and changes in the microenvironment in the body (Laxton et al., 2010; Smith et al., 2012; Baldermann et al., 2018; Huang et al., 2019; Leplus et al., 2019). DBS is a neural regulation technology that directly changes brain activity in a controlled manner and corrects abnormal electrical circuits in the brain (Yu et al., 2019). In AD, during stimulation, DBS may have upstream and downstream effects on related neural network circuits by stimulating targets, activating or promoting electrical activity in the brain, and resetting θ oscillation. However, it is unclear what different upstream and downstream effects DBS has on different targets in AD. Most animal research focuses on the behavioral and biological effects in AD animals after DBS. The biological effects of DBS on AD animal models involve multiple potential protective mechanisms (Figure 4), and there may be interconnections among these fields. For example, DBS may regulate the microenvironment of AD animal models by promoting ACh release, inducing NGF synthesis, and reducing Aβ and tau levels (Hescham et al., 2013a; Xia et al., 2017; Huang et al., 2019). At present, these changes are only superficial phenomena, and the mechanism underlying them has not been explored. In the future, experimental methods such as electrophysiological recording, in vivo and in vitro optogenetics, and patch clamp technology may be used to further study the mechanism of DBS in AD.

DBS has broad application prospects for the treatment of AD. However, research in this area is still in its infancy. The stimulation parameters and mechanism of DBS in AD need to be further explored. There are still limitations to applying DBS in AD. To date, most of the published studies have been performed with small sample sizes, especially human clinical studies. Some patients with AD in human clinical studies also used acetylcholinesterase medication when receiving DBS (Table 1), which may have confounding effects on the results. Compared with other electrical stimulation techniques, DBS is an invasive technique with multiple risks, including the risks of major surgery, such as bleeding, infection and other side effects (Doshi, 2011; Ponce et al., 2016; Barrett, 2017). Creating a personalized DBS treatment plan for each AD patient is a way to reduce the risk of DBS. In addition, sex is considered to be a factor related to the sex risk for AD. AD has a higher prevalence in women (Mielke et al., 2014). Most experiments in animal research are dominated by male animals. Fornix DBS can significantly improve the performance of male mice in the water maze without affecting the performance of females (Gallino et al., 2019). Human clinical studies have not considered the sex of patients with AD. Therefore, whether DBS can eventually become an effective approach for AD is still not clear. More animal studies and human clinical studies on the application of DBS in AD are needed.



CONCLUSION

Most current research shows that DBS is a promising intervention for the treatment of AD. However, future studies of DBS therapy for AD should consider additional aspects, including individual differences, based on the diversity of DBS parameters. The stimulation parameters need to be standardized, and the after effect and mechanism of action need to be further explored.



AUTHOR CONTRIBUTIONS

YL and XWu were involved in study design. YL, YS, XT, and XWa contributed in literature search and review. YL and YS drafted the manuscript. XT and XZ helped with discussion and analysis. YL, YS, and WL prepared pictures and tables. YL, XWu, BS, and WH reviewed the final version making the necessary changes. All authors read and approved the final manuscript.



FUNDING

This work was supported by the National Natural Science Foundation of China (31872751, 31771069, and 31971287).



REFERENCES

 Akwa, Y., Gondard, E., Mann, A., Capetillo-Zarate, E., Alberdi, E., Matute, C., et al. (2018). Synaptic activity protects against AD and FTD-like pathology via autophagic-lysosomal degradation. Mol. Psychiatry. 23, 1530–1540. doi: 10.1038/mp.2017.142


 Aldehri, M., Temel, Y., Alnaami, I., Jahanshahi, A., and Hescham, S. (2018). Deep brain stimulation for Alzheimer's disease: an update. Surg. Neurol. Int. 9:58. doi: 10.4103/sni.sni_342_17


 Aldini, G. (1804). Essai théorique et expérimental sur le galvanisme, avec une série d'expériences faites devant des commissaires de l'Institut national de France, et en divers amphithéâtres anatomiques de Londres. Paris: De l'Imprimerie de Fournier fils.


 Alzheimer's Association (2018). 2018 Alzheimer's disease facts and figures. Alzhmers Demen. 14, 367–429. doi: 10.1016/j.jalz.2018.02.001


 Alzheimer's Association (2020). 2020 Alzheimer's disease facts and figures. Alzheimers. Dement. 16, 391–460. doi: 10.1002/alz.12068

 Amenta, F., Bronzetti, E., Caporali, M. G., Ciriaco, E., Germana, G. P., Niglio, T., et al. (1991). Nucleus basalis magnocellularis lesions impair mossy fiber system in rat hippocampus: a quantitative histochemical and ultrastructural study. Arch. Gerontol. Geriatr. 12, 49–58. doi: 10.1016/0167-4943(91)90007-d

 Arai, H., Hashimoto, N., Sumitomo, K., Takase, T., and Ishii, M. (2018). Disease state changes and safety of long-term donepezil hydrochloride administration in patients with Alzheimer's disease: Japan-Great Outcome of Long-term trial with Donepezil (J-GOLD). Psychogeriatrics 18, 402–411. doi: 10.1111/psyg.12340

 Arai, H., Sumitomo, K., Sakata, Y., Daidoji, K., Takase, T., and Toyoda, T. (2016). Disease state changes and safety of long-term donepezil hydrochloride administration in patients with Alzheimer's disease: interim results from the long-term, large-scale J-GOLD study in Japan. Psychogeriatrics 16, 107–115. doi: 10.1111/psyg.12130

 Arrieta-Cruz, I., Pavlides, C., and Pasinetti, G. M. (2010). Deep brain stimulation in midline thalamic region facilitates synaptic transmission and short-term memory in a mouse model of Alzheimer's disease. Transl. Neurosci. 1, 188–194. doi: 10.2478/v10134-010-0023-x

 Bagyinszky, E., Giau, V. V., Shim, K., Suk, K., An, S. S. A., and Kim, S. (2017). Role of inflammatory molecules in the Alzheimer's disease progression and diagnosis. J. Neurol. Sci. 376, 242–254. doi: 10.1016/j.jns.2017.03.031

 Baizabal-Carvallo, J. F., and Alonso-Juarez, M. (2016). Low-frequency deep brain stimulation for movement disorders. Parkinsonism Relat. Disord. 31, 14–22. doi: 10.1016/j.parkreldis.2016.07.018

 Baldermann, J. C., Hardenacke, K., Hu, X., Koster, P., Horn, A., Freund, H. J., et al. (2018). Neuroanatomical characteristics associated with response to deep brain stimulation of the nucleus basalis of meynert for alzheimer's disease. Neuromodulation 21, 184–190. doi: 10.1111/ner.12626

 Barage, S. H., and Sonawane, K. D. (2015). Amyloid cascade hypothesis: Pathogenesis and therapeutic strategies in Alzheimer's disease. Neuropeptides. 52, 1–18. doi: 10.1016/j.npep.2015.06.008

 Barrett, K. (2017). Psychiatric neurosurgery in the 21st century: overview and the growth of deep brain stimulation. B J Psych Bull. 41, 281–286. doi: 10.1192/pb.bp.116.055772

 Bartus, R. T., Dean, R. L. III., Beer, B., and Lippa, A. S. (1982). The cholinergic hypothesis of geriatric memory dysfunction. Science 217, 408–414. doi: 10.1126/science.7046051

 Bateman, R. J., Xiong, C., Benzinger, T. L., Fagan, A. M., Goate, A., Fox, N. C., et al. (2012). Clinical and biomarker changes in dominantly inherited Alzheimer's disease. N. Engl. J. Med. 367, 795–804. doi: 10.1056/NEJMoa1202753

 Braak, H., and Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 82, 239–259. doi: 10.1007/bf00308809

 Browning, P. G., Gaffan, D., Croxson, P. L., and Baxter, M. G. (2010). Severe scene learning impairment, but intact recognition memory, after cholinergic depletion of inferotemporal cortex followed by fornix transection. Cereb. Cortex. 20, 282–293. doi: 10.1093/cercor/bhp097

 Buzsaki, G. (2002). Theta oscillations in the hippocampus. Neuron 33, 325–340. doi: 10.1016/s0896-6273(02)00586-x

 Canter, R. G., Penney, J., and Tsai, L. H. (2016). The road to restoring neural circuits for the treatment of Alzheimer's disease. Nature 539, 187–196. doi: 10.1038/nature20412

 Carlsen, J., Zaborszky, L., and Heimer, L. (1985). Cholinergic projections from the basal forebrain to the basolateral amygdaloid complex: a combined retrograde fluorescent and immunohistochemical study. J. Comp. Neurol. 234, 155–167. doi: 10.1002/cne.902340203

 Chen, G. F., Xu, T. H., Yan, Y., Zhou, Y. R., Jiang, Y., Melcher, K., et al. (2017). Amyloid beta: structure, biology and structure-based therapeutic development. Acta Pharmacol. Sin. 38, 1205–1235. doi: 10.1038/aps.2017.28

 Chen, N., Dong, S., Yan, T., Yan, N., Ma, Y., and Yu, C. (2014). High-frequency stimulation of anterior nucleus thalamus improves impaired cognitive function induced by intra-hippocampal injection of Abeta1-40 in rats. Chin. Med. J. 127, 125–129. doi: 10.3760/cma.j.issn.0366-6999.20131025

 Chen, T., and Ponce, F. A. (2019). “Future directions in deep brain stimulation,” in The Practical Application of Neuropsychology in the Neurosurgical Practice, ed C. M. Pearson, E. Ecklund-Johnson and S. D. Gale (London; San Diego, CA; Cambridge, MA; Oxford: Academic Press), 229–253. doi: 10.1016/B978-0-12-809961-2.00012-6

 Cohen, R. M., Rezai-Zadeh, K., Weitz, T. M., Rentsendorj, A., Gate, D., Spivak, I., et al. (2013). A transgenic Alzheimer rat with plaques, tau pathology, behavioral impairment, oligomeric abeta, and frank neuronal loss. J. Neurosci. 33, 6245–6256. doi: 10.1523/JNEUROSCI.3672-12.2013

 Copenhaver, B. R., Rabin, L. A., Saykin, A. J., Roth, R. M., Wishart, H. A., Flashman, L. A., et al. (2006). The fornix and mammillary bodies in older adults with Alzheimer's disease, mild cognitive impairment, and cognitive complaints: a volumetric MRI study. Psychiatry Res. 147, 93–103. doi: 10.1016/j.pscychresns.2006.01.015

 Cuello, A. C., Bruno, M. A., Allard, S., Leon, W., and Iulita, M. F. (2010). Cholinergic involvement in Alzheimer's disease. A link with NGF maturation and degradation. J. Mol. Neurosci. 40, 230–235. doi: 10.1007/s12031-009-9238-z

 Cummings, J., Lee, G., Ritter, A., Sabbagh, M., and Zhong, K. (2020). Alzheimer's disease drug development pipeline: 2020. Alzheimers Dement (N Y). 6:e12050. doi: 10.1002/trc2.12050

 Cummings, J. L., Morstorf, T., and Zhong, K. (2014). Alzheimer's disease drug-development pipeline: few candidates, frequent failures. Alzheimers. Res. Ther. 6:37. doi: 10.1186/alzrt269

 Davies, P., and Maloney, A. J. (1976). Selective loss of central cholinergic neurons in Alzheimer's disease. Lancet 2:1403. doi: 10.1016/s0140-6736(76)91936-x

 Doshi, P. K. (2011). Long-term surgical and hardware-related complications of deep brain stimulation. Stereot. Funct. Neurosurg. 89, 89–95. doi: 10.1159/000323372

 Dougherty, D. D., Rezai, A. R., Carpenter, L. L., Howland, R. H., Bhati, M. T., O'Reardon, J. P., et al. (2015). A randomized sham-controlled trial of deep brain stimulation of the ventral capsule/ventral striatum for chronic treatment-resistant depression. Biol. Psychiatry. 78, 240–248. doi: 10.1016/j.biopsych.2014.11.023

 Dumont, J. R., Petrides, M., and Sziklas, V. (2010). Fornix and retrosplenial contribution to a hippocampo-thalamic circuit underlying conditional learning. Behav. Brain Res. 209, 13–20. doi: 10.1016/j.bbr.2009.12.040

 Duprez, T. P., Serieh, B. A., and Raftopoulos, C. (2005). Absence of memory dysfunction after bilateral mammillary body and mammillothalamic tract electrode implantation: preliminary experience in three patients. AJNR Am. J. Neuroradiol. 26, 195–197; author reply 197-198.

 Durschmid, S., Reichert, C., Kuhn, J., Freund, H. J., Hinrichs, H., and Heinze, H. J. (2020). Deep brain stimulation of the nucleus basalis of Meynert attenuates early EEG components associated with defective sensory gating in patients with Alzheimer disease - a two-case study. Eur. J. Neurosci. 51, 1201–1209. doi: 10.1111/ejn.13749

 Fan, D. Y., and Wang, Y. J. (2020). Early intervention in Alzheimer's disease: How early is early enough? Neurosci. Bull. 36, 195–197. doi: 10.1007/s12264-019-00429-x

 Fontaine, D., Deudon, A., Lemaire, J. J., Razzouk, M., Viau, P., Darcourt, J., et al. (2013). Symptomatic treatment of memory decline in Alzheimer's disease by deep brain stimulation: a feasibility study. J. Alzheimers. Dis. 34, 315–323. doi: 10.3233/JAD-121579

 Fu, A. L., Li, Q., Dong, Z. H., Huang, S. J., Wang, Y. X., and Sun, M. J. (2004). Alternative therapy of Alzheimer's disease via supplementation with choline acetyltransferase. Neurosci. Lett. 368, 258–262. doi: 10.1016/j.neulet.2004.05.116

 Gallino, D., Devenyi, G. A., Germann, J., Guma, E., Anastassiadis, C., and Chakravarty, M. M. (2019). Longitudinal assessment of the neuroanatomical consequences of deep brain stimulation: application of fornical DBS in an Alzheimer's mouse model. Brain Res. 1715, 213–223. doi: 10.1016/j.brainres.2019.03.030

 Gondard, E., Chau, H. N., Mann, A., Tierney, T. S., Hamani, C., Kalia, S. K., et al. (2015). Rapid modulation of protein expression in the rat hippocampus following deep brain stimulation of the fornix. Brain Stimul. 8, 1058–1064. doi: 10.1016/j.brs.2015.07.044

 Gratwicke, J., Kahan, J., Zrinzo, L., Hariz, M., Limousin, P., Foltynie, T., et al. (2013). The nucleus basalis of Meynert: a new target for deep brain stimulation in dementia? Neurosci. Biobehav. Rev. 37, 2676–2688. doi: 10.1016/j.neubiorev.2013.09.003

 Greenberg, B. D., Gabriels, L. A., Malone, D. A. Jr., Rezai, A. R., Friehs, G. M., Okun, M. S., et al. (2010). Deep brain stimulation of the ventral internal capsule/ventral striatum for obsessive-compulsive disorder: worldwide experience. Mol. Psychiatry. 15, 64–79. doi: 10.1038/mp.2008.55

 Greicius, M. D., Srivastava, G., Reiss, A. L., and Menon, V. (2004). Default-mode network activity distinguishes Alzheimer's disease from healthy aging: evidence from functional MRI. Proc. Natl. Acad. Sci. U.S.A. 101, 4637–4642. doi: 10.1073/pnas.0308627101

 Hamani, C., Dubiela, F. P., Soares, J. C. K., Shin, D., Bittencourt, S., Covolan, L., et al. (2010). Anterior thalamus deep brain stimulation at high current impairs memory in rats. Exp. Neurol. 225, 154–162. doi: 10.1016/j.expneurol.2010.06.007

 Hamani, C., McAndrews, M. P., Cohn, M., Oh, M., Zumsteg, D., Shapiro, C. M., et al. (2008). Memory enhancement induced by hypothalamic/fornix deep brain stimulation. Ann. Neurol. 63, 119–123. doi: 10.1002/ana.21295

 Hardenacke, K., Hashemiyoon, R., Visser-Vandewalle, V., Zapf, A., Freund, H. J., Sturm, V., et al. (2016). Deep brain stimulation of the nucleus basalis of Meynert in Alzheimer's dementia: potential predictors of cognitive change and results of a long-term follow-up in eight patients. Brain Stimul. 9, 799–800. doi: 10.1016/j.brs.2016.05.013

 Hardenacke, K., Kuhn, J., Lenartz, D., Maarouf, M., Mai, J. K., Bartsch, C., et al. (2013). Stimulate or degenerate: deep brain stimulation of the nucleus basalis Meynert in Alzheimer dementia. World Neurosurg. 80, S27 e35–43. doi: 10.1016/j.wneu.2012.12.005

 Hardy, J. A., and Higgins, G. A. (1992). Alzheimer's disease: the amyloid cascade hypothesis. Science 256, 184–185. doi: 10.1126/science.1566067

 Hasselmo, M. E. (2006). The role of acetylcholine in learning and memory. Curr. Opin. Neurobiol. 16, 710–715. doi: 10.1016/j.conb.2006.09.002

 Hedreen, J. C., Struble, R. G., Whitehouse, P. J., and Price, D. L. (1984). Topography of the magnocellular basal forebrain system in human brain. J. Neuropathol. Exp. Neurol. 43, 1–21. doi: 10.1097/00005072-198401000-00001

 Hescham, S., Jahanshahi, A., Meriaux, C., Lim, L. W., Blokland, A., and Temel, Y. (2015). Behavioral effects of deep brain stimulation of different areas of the Papez circuit on memory- and anxiety-related functions. Behav. Brain Res. 292, 353–360. doi: 10.1016/j.bbr.2015.06.032

 Hescham, S., Lim, L. W., Jahanshahi, A., Blokland, A., and Temel, Y. (2013a). Deep brain stimulation in dementia-related disorders. Neurosci. Biobehav. Rev. 37, 2666–2675. doi: 10.1016/j.neubiorev.2013.09.002

 Hescham, S., Lim, L. W., Jahanshahi, A., Steinbusch, H. W., Prickaerts, J., Blokland, A., et al. (2013b). Deep brain stimulation of the forniceal area enhances memory functions in experimental dementia: the role of stimulation parameters. Brain Stimul. 6, 72–77. doi: 10.1016/j.brs.2012.01.008

 Holczer, A., Nemeth, V. L., Vekony, T., Vecsei, L., Klivenyi, P., and Must, A. (2020). Non-invasive brain stimulation in alzheimer's disease and mild cognitive impairment-a state-of-the-art review on methodological characteristics and stimulation parameters. Front. Hum. Neurosci. 14:179. doi: 10.3389/fnhum.2020.00179

 Hotta, H., Kagitani, F., Kondo, M., and Uchida, S. (2009). Basal forebrain stimulation induces NGF secretion in ipsilateral parietal cortex via nicotinic receptor activation in adult, but not aged rats. Neurosci. Res. 63, 122–128. doi: 10.1016/j.neures.2008.11.004

 Howlett, D. R., Richardson, J. C., Austin, A., Parsons, A. A., Bate, S. T., Davies, D. C., et al. (2004). Cognitive correlates of Abeta deposition in male and female mice bearing amyloid precursor protein and presenilin-1 mutant transgenes. Brain Res. 1017, 130–136. doi: 10.1016/j.brainres.2004.05.029

 Huang, C., Chu, H., Ma, Y., Zhou, Z., Dai, C., Huang, X., et al. (2019). The neuroprotective effect of deep brain stimulation at nucleus basalis of Meynert in transgenic mice with Alzheimer's disease. Brain Stimul. 12, 161–174. doi: 10.1016/j.brs.2018.08.015

 Igarashi, K. M., Ito, H. T., Moser, E. I., and Moser, M. B. (2014). Functional diversity along the transverse axis of hippocampal area CA1. FEBS Lett. 588, 2470–2476. doi: 10.1016/j.febslet.2014.06.004

 Ihl, R., Frolich, L., Winblad, B., Schneider, L., Burns, A., Moller, H. J., et al. (2011). World Federation of Societies of Biological Psychiatry (WFSBP) guidelines for the biological treatment of Alzheimer's disease and other dementias. World J. Biol. Psychiatry 12, 2–32. doi: 10.3109/15622975.2010.538083

 Jacobs, J., Miller, J., Lee, S. A., Coffey, T., Watrous, A. J., Sperling, M. R., et al. (2016). Direct electrical stimulation of the human entorhinal region and hippocampus impairs memory. Neuron 92, 983–990. doi: 10.1016/j.neuron.2016.10.062

 Jakobs, M., Lee, D. J., and Lozano, A. M. (2019). Modifying the progression of Alzheimer's and Parkinson's disease with deep brain stimulation. Neuropharmacology 171:107860. doi: 10.1016/j.neuropharm.2019.107860

 Joel, R., Jeffrey, C., John, H., Kory, S., and Robert, D. (2015). Neurobiology of Alzheimer's disease: integrated molecular, physiological, anatomical, biomarker, and cognitive dimensions. Curr. Alzheimer Res. 12, 712–722. doi: 10.2174/1567205012666150701103107

 Kadar, E., Ramoneda, M., Aldavert-Vera, L., Huguet, G., Morgado-Bernal, I., and Segura-Torres, P. (2014). Rewarding brain stimulation reverses the disruptive effect of amygdala damage on emotional learning. Behav. Brain Res. 274, 43–52. doi: 10.1016/j.bbr.2014.07.050

 Kaushik, V., Smith, S. T., Mikobi, E., and Raji, M. A. (2018). Acetylcholinesterase inhibitors: beneficial effects on comorbidities in patients with Alzheimer's disease. Am. J. Alzheimers. Dis. Other Demen. 33, 73–85. doi: 10.1177/1533317517734352

 Khan, U. A., Liu, L., Provenzano, F. A., Berman, D. E., Profaci, C. P., Sloan, R., et al. (2014). Molecular drivers and cortical spread of lateral entorhinal cortex dysfunction in preclinical Alzheimer's disease. Nat. Neurosci. 17, 304–311. doi: 10.1038/nn.3606

 Kim, Y. S., Jung, H. M., and Yoon, B. E. (2018). Exploring glia to better understand Alzheimer's disease. Anim Cells Syst (Seoul). 22, 213–218. doi: 10.1080/19768354.2018.1508498

 Klimesch, W. (1999). EEG alpha and theta oscillations reflect cognitive and memory performance: a review and analysis. Brain Res. Brain Res. Rev. 29, 169–195. doi: 10.1016/s0165-0173(98)00056-3

 Koulousakis, P., van den Hove, D., Visser-Vandewalle, V., and Sesia, T. (2020). Cognitive improvements after intermittent deep brain stimulation of the nucleus basalis of meynert in a transgenic rat model for Alzheimer's disease: a preliminary approach. J. Alzheimers. Dis. 73, 461–466. doi: 10.3233/JAD-190919

 Kowalski, K., and Mulak, A. (2019). Brain-Gut-Microbiota Axis in Alzheimer's Disease. J. Neurogastroenterol. Motil. 25, 48–60. doi: 10.5056/jnm18087

 Kringelbach, M. L., Jenkinson, N., Owen, S. L., and Aziz, T. Z. (2007). Translational principles of deep brain stimulation. Nat. Rev. Neurosci. 8, 623–635. doi: 10.1038/nrn2196

 Kuhn, J., Hardenacke, K., Lenartz, D., Gruendler, T., Ullsperger, M., Bartsch, C., et al. (2015a). Deep brain stimulation of the nucleus basalis of Meynert in Alzheimer's dementia. Mol. Psychiatry. 20, 353–360. doi: 10.1038/mp.2014.32

 Kuhn, J., Hardenacke, K., Shubina, E., Lenartz, D., Visser-Vandewalle, V., Zilles, K., et al. (2015b). Deep brain stimulation of the nucleus basalis of Meynert in early stage of Alzheimer's dementia. Brain Stimul. 8, 838–839. doi: 10.1016/j.brs.2015.04.002

 Laxton, A. W., and Lozano, A. M. (2013). Deep brain stimulation for the treatment of Alzheimer disease and dementias. World Neurosurg. 80, S28 e21–28. doi: 10.1016/j.wneu.2012.06.028

 Laxton, A. W., Tang-Wai, D. F., McAndrews, M. P., Zumsteg, D., Wennberg, R., Keren, R., et al. (2010). A phase I trial of deep brain stimulation of memory circuits in Alzheimer's disease. Ann. Neurol. 68, 521–534. doi: 10.1002/ana.22089

 Le Page, A., Dupuis, G., Frost, E. H., Larbi, A., Pawelec, G., Witkowski, J. M., et al. (2017). Role of the peripheral innate immune system in the development of Alzheimer's disease. Exp. Gerontol. 107, 59–66. doi: 10.1016/j.exger.2017.12.019

 Lee, D. J., Lozano, C. S., Dallapiazza, R. F., and Lozano, A. M. (2019). Current and future directions of deep brain stimulation for neurological and psychiatric disorders. J. Neurosurg. 131, 333–342. doi: 10.3171/2019.4.JNS181761

 Lee, J. E., Jeong, D. U., Lee, J., Chang, W. S., and Chang, J. W. (2016). The effect of nucleus basalis magnocellularis deep brain stimulation on memory function in a rat model of dementia. BMC Neurol. 16:6. doi: 10.1186/s12883-016-0529-z

 Lehericy, S., Hirsch, E. C., Cervera, P., Hersh, L. B., Hauw, J. J., Ruberg, M., et al. (1989). Selective loss of cholinergic neurons in the ventral striatum of patients with Alzheimer disease. Proc. Natl. Acad. Sci. U.S.A. 86, 8580–8584. doi: 10.1073/pnas.86.21.8580

 Leoutsakos, J. S., Yan, H., Anderson, W. S., Asaad, W. F., Baltuch, G., Burke, A., et al. (2018). Deep brain stimulation targeting the fornix for mild Alzheimer dementia (the ADvance trial): a two year follow-up including results of delayed activation. J. Alzheimers. Dis. 64, 597–606. doi: 10.3233/JAD-180121

 Leplus, A., Lauritzen, I., Melon, C., Kerkerian-Le Goff, L., Fontaine, D., and Checler, F. (2019). Chronic fornix deep brain stimulation in a transgenic Alzheimer's rat model reduces amyloid burden, inflammation, and neuronal loss. Brain Struct. Funct. 224, 363–372. doi: 10.1007/s00429-018-1779-x

 Li, J., Zhou, W., Wu, X., and Tam, K. (2015). Chemical and physical approaches for the treatment of Alzheimer's disease. Admet Dmpk. :1943. doi: 10.5599/admet.3.3.194

 Lindsay, R. M., and Harmar, A. J. (1989). Nerve growth factor regulates expression of neuropeptide genes in adult sensory neurons. Nature 337, 362–364. doi: 10.1038/337362a0

 Lledo, P. M., Alonso, M., and Grubb, M. S. (2006). Adult neurogenesis and functional plasticity in neuronal circuits. Nat. Rev. Neurosci. 7, 179–193. doi: 10.1038/nrn1867

 Lopategui Cabezas, I., Herrera Batista, A., and Pentón Rol, G. (2014). The role of glial cells in Alzheimer disease: potential therapeutic implications. Neurología. 29, 305–309. doi: 10.1016/j.nrleng.2012.10.009

 Lovblad, K. O., Schaller, K., and Vargas, M. I. (2014). The fornix and limbic system. Semin. Ultrasound CT MR. 35, 459–473. doi: 10.1053/j.sult.2014.06.005

 Lozano, A. M., Fosdick, L., Chakravarty, M. M., Leoutsakos, J. M., Munro, C., Oh, E., et al. (2016). A phase II study of fornix deep brain stimulation in mild Alzheimer's disease. J. Alzheimers. Dis. 54, 777–787. doi: 10.3233/JAD-160017

 Lozano, A. M., and Lipsman, N. (2013). Probing and regulating dysfunctional circuits using deep brain stimulation. Neuron 77, 406–424. doi: 10.1016/j.neuron.2013.01.020

 Lv, Q., Du, A., Wei, W., Li, Y., Liu, G., and Wang, X. P. (2018). Deep brain stimulation: A potential treatment for dementia in Alzheimer's disease (AD) and Parkinson's disease dementia (PDD). Front. Neurosci. 12:360. doi: 10.3389/fnins.2018.00360

 Mair, R. G., and Hembrook, J. R. (2008). Memory enhancement with event-related stimulation of the rostral intralaminar thalamic nuclei. J. Neurosci. 28, 14293–14300. doi: 10.1523/JNEUROSCI.3301-08.2008

 Mann, A., Gondard, E., Tampellini, D., Milsted, J. A. T., Marillac, D., Hamani, C., et al. (2018). Chronic deep brain stimulation in an Alzheimer's disease mouse model enhances memory and reduces pathological hallmarks. Brain Stimul. 11, 435–444. doi: 10.1016/j.brs.2017.11.012

 Mao, Z. Q., Wang, X., Xu, X., Cui, Z. Q., Pan, L. S., Ning, X. J., et al. (2018). Partial improvement in performance of patients with severe Alzheimer's disease at an early stage of fornix deep brain stimulation. Neural Regeneration Res. 13, 2164–2172. doi: 10.4103/1673-5374.241468

 Mashayekhi, F., and Salehin, Z. (2006). Cerebrospinal fluid nerve growth factor levels in patients with Alzheimer's disease. Ann. Saudi Med. 26, 278–282. doi: 10.5144/0256-4947.2006.278

 McCartney, H., Johnson, A. D., Weil, Z. M., and Givens, B. (2004). Theta reset produces optimal conditions for long-term potentiation. Hippocampus 14, 684–687. doi: 10.1002/hipo.20019

 McKinnon, C., Gros, P., Lee, D. J., Hamani, C., Lozano, A. M., Kalia, L. V., et al. (2019). Deep brain stimulation: potential for neuroprotection. Ann Clin Transl Neurol. 6, 174–185. doi: 10.1002/acn3.682

 McMullen, D. P., Rosenberg, P., Cheng, J., Smith, G. S., Lyketsos, C., and Anderson, W. S. (2016). Bilateral cortical encephalomalacia in a patient implanted with bilateral deep brain stimulation for Alzheimer's disease: a case report. Alzheimer Dis. Assoc. Disord. 30, 70–72. doi: 10.1097/WAD.0000000000000095

 McNaughton, N., Kocsis, B., and Hajos, M. (2007). Elicited hippocampal theta rhythm: a screen for anxiolytic and procognitive drugs through changes in hippocampal function? Behav. Pharmacol. 18, 329–346. doi: 10.1097/FBP.0b013e3282ee82e3

 Micheau, J., and Marighetto, A. (2011). Acetylcholine and memory: a long, complex and chaotic but still living relationship. Behav. Brain Res. 221, 424–429. doi: 10.1016/j.bbr.2010.11.052

 Mielke, M. M., Vemuri, P., and Rocca, W. A. (2014). Clinical epidemiology of Alzheimer's disease: assessing sex and gender differences. Clin. Epidemiol. 6, 37–48. doi: 10.2147/CLEP.S37929

 Miller, J. P., Sweet, J. A., Bailey, C. M., Munyon, C. N., Luders, H. O., and Fastenau, P. S. (2015). Visual-spatial memory may be enhanced with theta burst deep brain stimulation of the fornix: a preliminary investigation with four cases. Brain 138, 1833–1842. doi: 10.1093/brain/awv095

 Miocinovic, S., Somayajula, S., Chitnis, S., and Vitek, J. L. (2013). History, applications, and mechanisms of deep brain stimulation. JAMA Neurol. 70, 163–171. doi: 10.1001/2013.jamaneurol.45

 Mirsaeedi-Farahani, K., Halpern, C. H., Baltuch, G. H., Wolk, D. A., and Stein, S. C. (2015). Deep brain stimulation for Alzheimer disease: a decision and cost-effectiveness analysis. J. Neurol. 262, 1191–1197. doi: 10.1007/s00415-015-7688-5

 Mohandas, E., Rajmohan, V., and Raghunath, B. (2009). Neurobiology of Alzheimer's disease. Indian J. Psychiatry. 51, 55–61. doi: 10.4103/0019-5545.44908

 Mulder, S. D., Veerhuis, R., Blankenstein, M. A., and Nielsen, H. M. (2012). The effect of amyloid associated proteins on the expression of genes involved in amyloid-β clearance by adult human astrocytes. Exp. Neurol. 233, 373–379. doi: 10.1016/j.expneurol.2011.11.001

 Noreik, M., Kuhn, J., Hardenacke, K., Lenartz, D., Bauer, A., Buhrle, C. P., et al. (2015). Changes in nutritional status after deep brain stimulation of the nucleus basalis of meynert in alzheimer's disease–results of a phase i study. J. Nutr. Health Aging. 19, 812–818. doi: 10.1007/s12603-015-0595-8

 Onate-Cadena, N., Cisneros-Otero, M., Ruiz-Chow, A. A., Arellano-Reynoso, A., Kobayashi-Romero, L. F., and Perez-Esparza, R. (2020). Deep-brain stimulation in treatment-resistant obsessive-compulsive disorder: clinical and molecular neuroimaging correlation. Rev. Colomb. Psiquiatr. 49, 62–65. doi: 10.1016/j.rcp.2018.05.002

 Parent, A. (2004). Giovanni Aldini: from animal electricityto human brain stimulation. The Can. J. Neurol. Sci. 31, 576–584. doi: 10.1017/S0317167100003851

 Patterson, C. (2018). World Alzheimer Report 2018. Available online at: https://www.alz.co.uk/research/world-report-2018

 Perl, D. P. (2010). Neuropathology of Alzheimer's disease. Mt. Sinai J. Med. 77, 32–42. doi: 10.1002/msj.20157

 Perry, E. K., Perry, R. H., Blessed, G., and Tomlinson, B. E. (1977). Necropsy evidence of central cholinergic deficits in senile dementia. Lancet 1:189. doi: 10.1016/s0140-6736(77)91780-9

 Ponce, F. A., Asaad, W. F., Foote, K. D., Anderson, W. S., Rees Cosgrove, G., Baltuch, G. H., et al. (2016). Bilateral deep brain stimulation of the fornix for Alzheimer's disease: surgical safety in the ADvance trial. J. Neurosurg. 125, 75–84. doi: 10.3171/2015.6.JNS15716

 Price, J. L., and Drevets, W. C. (2010). Neurocircuitry of mood disorders. Neuropsychopharmacology 35, 192–216. doi: 10.1038/npp.2009.104

 Querfurth, H. W., and LaFerla, F. M. (2010). Alzheimer's disease. N. Engl. J. Med. 362, 329–344. doi: 10.1056/NEJMra0909142

 Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A., and Shulman, G. L. (2001). A default mode of brain function. Proc. Natl. Acad. Sci. U.S.A. 98, 676–682. doi: 10.1073/pnas.98.2.676

 Saalmann, Y. B. (2014). Intralaminar and medial thalamic influence on cortical synchrony, information transmission and cognition. Front. Syst. Neurosci. 8:83. doi: 10.3389/fnsys.2014.00083

 Salehi, A., Delcroix, J. D., and Swaab, D. F. (2004). Alzheimer's disease and NGF signaling. J Neural Transm (Vienna). 111, 323–345. doi: 10.1007/s00702-003-0091-x

 Sankar, T., Chakravarty, M. M., Bescos, A., Lara, M., Obuchi, T., Laxton, A. W., et al. (2015). Deep brain stimulation influences brain structure in Alzheimer's disease. Brain Stimul. 8, 645–654. doi: 10.1016/j.brs.2014.11.020

 Scharre, D. W., Weichart, E., Nielson, D., Zhang, J., Agrawal, P., Sederberg, P. B., et al. (2018). Deep brain stimulation of frontal lobe networks to treat Alzheimer's disease. J. Alzheimers. Dis. 62, 621–633. doi: 10.3233/JAD-170082

 Schiller, Y., and Bankirer, Y. (2007). Cellular mechanisms underlying antiepileptic effects of low- and high-frequency electrical stimulation in acute epilepsy in neocortical brain slices in vitro. J. Neurophysiol. 97, 1887–1902. doi: 10.1152/jn.00514.2006

 Schliebs, R., and Arendt, T. (2011). The cholinergic system in aging and neuronal degeneration. Behav. Brain Res. 221, 555–563. doi: 10.1016/j.bbr.2010.11.058

 Scott, L., Feng, J., Kiss, T., Needle, E., Atchison, K., Kawabe, T. T., et al. (2012). Age-dependent disruption in hippocampal theta oscillation in amyloid-beta overproducing transgenic mice. Neurobiol. Aging. 33, 1481 e1413–1423. doi: 10.1016/j.neurobiolaging.2011.12.010

 Selkoe, D. J., and Hardy, J. (2016). The amyloid hypothesis of Alzheimer's disease at 25 years. EMBO Mol. Med. 8, 595–608. doi: 10.15252/emmm.201606210

 Senova, S., Chaillet, A., and Lozano, A. M. (2018). Fornical Closed-Loop Stimulation for Alzheimer's Disease. Trends Neurosci. 41, 418–428. doi: 10.1016/j.tins.2018.03.015

 Senova, S., Fomenko, A., Gondard, E., and Lozano, A. M. (2020). Anatomy and function of the fornix in the context of its potential as a therapeutic target. J. Neurol. Neurosurg. Psychiatr. doi: 10.1136/jnnp-2019-322375

 Sivilotti, L., and Nistri, A. (1991). GABA receptor mechanisms in the central nervous system. Prog. Neurobiol. 36, 35–92. doi: 10.1016/0301-0082(91)90036-z

 Smith, G. S., Laxton, A. W., Tang-Wai, D. F., McAndrews, M. P., Diaconescu, A. O., Workman, C. I., et al. (2012). Increased cerebral metabolism after 1 year of deep brain stimulation in Alzheimer disease. Arch. Neurol. 69, 1141–1148. doi: 10.1001/archneurol.2012.590

 Sofroniew, M. V., Howe, C. L., and Mobley, W. C. (2001). Nerve growth factor signaling, neuroprotection, and neural repair. Annu. Rev. Neurosci. 24, 1217–1281. doi: 10.1146/annurev.neuro.24.1.1217

 Song, S., Song, S., Cao, C., Lin, X., Li, K., Sava, V., et al. (2013). Hippocampal neurogenesis and the brain repair response to brief stereotaxic insertion of a microneedle. Stem Cells Int. 2013:205878. doi: 10.1155/2013/205878

 Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan, A. M., et al. (2011). Toward defining the preclinical stages of Alzheimer's disease: recommendations from the National Institute on Aging-Alzheimer's Association workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers. Dement. 7, 280–292. doi: 10.1016/j.jalz.2011.03.003

 Sperling, R. A., Dickerson, B. C., Pihlajamaki, M., Vannini, P., LaViolette, P. S., Vitolo, O. V., et al. (2010). Functional alterations in memory networks in early Alzheimer's disease. Neuromolecular Med. 12, 27–43. doi: 10.1007/s12017-009-8109-7

 Sperling, R. A., Laviolette, P. S., O'Keefe, K., O'Brien, J., Rentz, D. M., Pihlajamaki, M., et al. (2009). Amyloid deposition is associated with impaired default network function in older persons without dementia. Neuron 63, 178–188. doi: 10.1016/j.neuron.2009.07.003

 Stone, S. S., Teixeira, C. M., Devito, L. M., Zaslavsky, K., Josselyn, S. A., Lozano, A. M., et al. (2011). Stimulation of entorhinal cortex promotes adult neurogenesis and facilitates spatial memory. J. Neurosci. 31, 13469–13484. doi: 10.1523/JNEUROSCI.3100-11.2011

 Suthana, N., Haneef, Z., Stern, J., Mukamel, R., Behnke, E., Knowlton, B., et al. (2012). Memory enhancement and deep-brain stimulation of the entorhinal area. N. Engl. J. Med. 366, 502–510. doi: 10.1056/NEJMoa1107212

 Temel, Y., and Jahanshahi, A. (2015). Treating brain disorders with neuromodulation. Science 347, 1418–1419. doi: 10.1126/science.aaa9610

 Tsai, S. T., Chen, S. Y., Lin, S. Z., and Tseng, G. F. (2020). Rostral intralaminar thalamic deep brain stimulation ameliorates memory deficits and dendritic regression in beta-amyloid-infused rats. Brain Struct. Funct. 225, 751–761. doi: 10.1007/s00429-020-02033-6

 Tsivilis, D., Vann, S. D., Denby, C., Roberts, N., Mayes, A. R., Montaldi, D., et al. (2008). A disproportionate role for the fornix and mammillary bodies in recall versus recognition memory. Nat. Neurosci. 11, 834–842. doi: 10.1038/nn.2149

 Turnbull, I. M., McGeer, P. L., Beattie, L, Calne, D., and Pate, B. (1985). Stimulation of the basal nucleus of Meynert in senile dementia of Alzheimer's type. A preliminary report. Appl. Neurophysiol. 48, 216–221. doi: 10.1159/000101130

 Tuszynski, M. H., Yang, J. H., Barba, D., U, H.S., Bakay, R. A., Pay, M. M., et al. (2015). Nerve growth factor gene therapy: activation of neuronal responses in Alzheimer disease. JAMA Neurol. 72, 1139–1147. doi: 10.1001/jamaneurol.2015.1807

 Unzeta, M., Esteban, G., Bolea, I., Fogel, W. A., Ramsay, R. R., Youdim, M. B., et al. (2016). Multi-target directed donepezil-like ligands for Alzheimer's disease. Front. Neurosci. 10:205. doi: 10.3389/fnins.2016.00205

 Vazquez-Bourgon, J., Martino, J., Sierra Pena, M., Infante Ceberio, J., Martinez Martinez, M. A., Ocon, R., et al. (2019). Deep brain stimulation and treatment-resistant obsessive-compulsive disorder: a systematic review. Rev. Psiquiatr. Salud Ment. 12, 37–51. doi: 10.1016/j.rpsm.2017.05.005

 Vedam-Mai, V., Baradaran-Shoraka, M., Reynolds, B. A., and Okun, M. S. (2016). Tissue response to deep brain stimulation and microlesion: a comparative study. Neuromodulation 19, 451–458. doi: 10.1111/ner.12406

 Verdier, D., and Dykes, R. W. (2001). Long-term cholinergic enhancement of evoked potentials in rat hindlimb somatosensory cortex displays characteristics of long-term potentiation. Exp. Brain Res. 137, 71–82. doi: 10.1007/s002210000646

 Villemagne, V. L., Burnham, S., Bourgeat, P., Brown, B., Ellis, K. A., Salvado, O., et al. (2013). Amyloid β deposition, neurodegeneration, and cognitive decline in sporadic Alzheimer's disease: a prospective cohort study. Lancet Neurol. 12, 357–367. doi: 10.1016/S1474-4422(13)70044-9

 Villette, V., Poindessous-Jazat, F., Simon, A., Lena, C., Roullot, E., Bellessort, B., et al. (2010). Decreased rhythmic GABAergic septal activity and memory-associated theta oscillations after hippocampal amyloid-beta pathology in the rat. J. Neurosci. 30, 10991–11003. doi: 10.1523/JNEUROSCI.6284-09.2010

 Von Bernhardi, R. (2007). Glial cell dysregulation: a new perspective on Alzheimer disease. Neurotox. Res. 12, 215–232. doi: 10.1007/BF03033906

 Whitehouse, P. J., Price, D. L., Clark, A. W., Coyle, J. T., and DeLong, M. R. (1981). Alzheimer disease: evidence for selective loss of cholinergic neurons in the nucleus basalis. Ann Neurol. 10, 122–126. doi: 10.1002/ana.410100203

 Xia, F., Yiu, A., Stone, S. S. D., Oh, S., Lozano, A. M., Josselyn, S. A., et al. (2017). Entorhinal cortical deep brain stimulation rescues memory deficits in both young and old mice genetically engineered to model Alzheimer's disease. Neuropsychopharmacology 42, 2493–2503. doi: 10.1038/npp.2017.100

 Yali, L., Deshu, C., Ran, C., Xinyu, Z., Tao, W., Jianmiao, L., et al. (2014). Mechanisms of U87 Astrocytoma cell uptake and trafficking of monomeric versus protofibril Alzheimer's disease amyloid-β proteins. PLoS ONE. 9:e99939. doi: 10.1371/journal.pone.0099939

 Yu, D., Yan, H., Zhou, J., Yang, X., Lu, Y., and Han, Y. (2019). A circuit view of deep brain stimulation in Alzheimer's disease and the possible mechanisms. Mol. Neurodegener. 14, 33. doi: 10.1186/s13024-019-0334-4

 Zhang, C., Hu, W. H., Wu, D. L., Zhang, K., and Zhang, J. G. (2015). Behavioral effects of deep brain stimulation of the anterior nucleus of thalamus, entorhinal cortex and fornix in a rat model of Alzheimer's disease. Chin. Med. J. 128, 1190–1195. doi: 10.4103/0366-6999.156114

 Zhou, C., Zhang, H., Qin, Y., Tian, T., Xu, B., Chen, J., et al. (2018). A systematic review and meta-analysis of deep brain stimulation in treatment-resistant depression. Prog. Neuropsychopharmacol. Biol. Psychiatry 82, 224–232. doi: 10.1016/j.pnpbp.2017.11.012

 Zhu, Z., Zhang, L., Cui, Y., Li, M., Ren, R., Li, G., et al. (2020). Functional compensation and mechanism of choline acetyltransferase in the treatment of cognitive deficits in aged dementia mice. Neuroscience 442, 41–53. doi: 10.1016/j.neuroscience.2020.05.016

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Luo, Sun, Tian, Zheng, Wang, Li, Wu, Shu and Hou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fnagi-13-619543-t001.jpg
Study (first  Study
author, year) design

N
Tumbulletal. - 1
(1985)
Laxtonetal. - 6
(2010)
Smithetal. - 5
(2012)
Fontaine etal. - 1
(2013)
Kuhn et al. double 6
(2015a) blind,

crossover
design

Kuhnetal.  Double 2
(2015b) blind

Noreiketal.  Proof-of- 6
(2015) concept

Sankar etal.  Controlled 31
(2015)

Lozano etal. Randomizedd2

(2016) double
biind,
controlled,
multi-
center

Hardenacke - 8

etal. (2016)

McMullen Double- L
otal. (2016)  biind,

randomized
Baldermann - 10
etal. (2018)
Scharre etal. - 3
(2018)

Leoutsakos ~ Double 42
etal (2018)  bind,

controlled
Meoetal. - 5
(2018)
Durschmid - 2
etal. (2020)

Sex

Average

(male/female) age (y)

42

4an

on

2/4

2/4

DBS: 4/2
Control:
16/9

DBS,1/21
(265, 15);
Sham, 12/21
(265, 15)

5/5

DBS,11/21
(=68, 15);
Sham, 12/21
(265, 15)

213

74

60.7+55

62.6+4.2

Ial

69577

64 £2.12

69275

DBS: 60.7 +
6.1; Sham,
639+ 4.4

DBS, 68.5 +
7.7; sham,
67.8+8.1

48

66.9+ 4.3

634531

59£1.79

62 £0.71

Baseline

Average
ADAS-
Cog

192472

3m before
DBS,
12.25; 7d
before
DBS, 9.

20260

10+0.71

DBS, 19.1
+6.4;
Sham,
18.7 £7.0
DBS, 28.6
+39;
sham, 27.1
+38

93+65

30.33
3.66

Average
MMSE

223+ 4.1

222+5.1

3m before
DBS, 23;
7d before
DBS, 29.

203 £25

224212

DBS, 22.3
+45;
Sham,
236+18

183+338

2267 +
072

244115

DBS protocol

Medication
(add-on-therapy)

B 3V, 50Hz, 210ms, on
for 155 and offfor
12min, 9m

Cholinesterase 3.0~3.5V, 130Hz, 90

inhibitors (east 6m)  ps,12m

cholinesterase 3.0~3.5V, 130Hz, 90
inhibitors (least 6m)  ps,12m

ke 2.5V, 130Hz, 210ms,
12m

Acetyicholinesterase  Randormized

medication sham-controlled: —0,
-8, -+case, 20Hz, 90
s and 2.5V, on for 2w
and offfor 2w;
followed by continuous
individualized
stimulation: 2.0-4.5V,
10-20Hz and 90-150
s

- Continuous
individualized
stimulation: 20 Hz

- 2.0-4.5V, 10-20Hz and
90-150 pus, 2w ON,
2w OFF or vice versa,
followed by continuous
stimulation

acetylcholinesterase 3.0V, 130Hz, 90 ps,

medication (least 6m) 12m

cholinesterase 3.0~3.5V, 130Hz, 90
inhibitor (east2m) s, 12m

- 2.0-4.2V,5-20Hz,
60-150 s

- continuous stimulation
for at least 18 m.

Cholinesterase Sham, DBS in the
inhibitor east 2m)  second year.

Cholinesterase 130Hz, 0ms, 1-5V
inhibitor,

Chinese medication.

(least 6 m)

E 1V, 20Hz

Brain
target

L-NBM

B-fornix

B-fornix

B-fornix

B-NBM

B-NBM

B-NBM

B-fornix

B-fornix

B-NBM

B-fornix

B-NBM

VCNS

B-fornix

B-fornix

B-NBM

Follow up

Followed
DBS

1m, 6m,
12m

1m, 12m

3m, 6m,
12m

6w, 12w,
26w, 52w

12m, 26m

1 year

1 year

1m,6m,
om, 12m

12m, 18m,
24m

3m

6m, 12m

27m, 24m,
21m

3m, 6m,
om, 12m,
18m, 24m

16m,3m

Main results

Main outcome measures Conclusion

Average
ADAS-Cog

1m, 216+
9.2;12m,
239+ 137

3m, 9.41;
6m, 10;
12m, 9.01

6w, 190 £

12m, 7.6+
0.35;24m,
135+ 1.77

DBS: 23.33
+£12.3;
Sham, 23.8
+106
1m, DBS,
28077,
sham, 28.9
+£7.4;
Difference
of DBS and
sham: <65,
12m, 103
+86.1; 265,
9m, 45+
20,12m,
41£26.

22

6m, 109+
8.1;12m,
116+ 11.2

DB, first
year, 7.83 +
1.86, the
second
year, 5.60 +
1.85; sham,
first year,
833+
1.82, the
second
year, 6.16 +
1.97.

Average
MMSE

3m, 25;
6m, 26;
12m, 24

6w, 193 =
4.0; 12w,

188+3.1;
26w, 19.2

), £5.3; 52w,

187 +£6.7

12m, 26
1.41;24m,
22+0.71

increased
by 3 points
(min =9,
max 19)

DBS: 21.5
+6.2;
Sham, 19.7
+48

6m, 179+
5.8;12m,
20.1+£66

3£1.33

There was no
significant clinically
offoct.

DBS drove neural
activity in the memory
circuit, activated the
brain's default mode
network and could
improve the cognitive
abilty of some patients
‘with mild AD.

DBS increased cerebral
glucose metabolism of
patients with mild,
probable AD in 2
orthogonal networks.
During 1 year of DBS,
the memory scores of
an AD patient remained
stable, and its
metabolism increased
in the mesial temporal
lobes.

ADAS-cog scores
worsened by an
average of three points.
after 1 year of
stimulation, and the
mean MMSE score
remained almost

stable. Bilateral
low-frequency DBS of
the NBM in AD patients
is technically feasible
and tolerable.

NBM DBS performed
may have a favorable
impact on disease
progression at the early
stage of AD.

AD patients treated
with NBM DBS
demonstrated a mainly
stable nutritional status
within 1 year.

The mean hippocampal
atrophy of AD patients
after DBS became
slower.

DBS may have a
positive effect on AD
patients =65 years old,
but may have an
adverse effect on
patients under 65 years
old.

NBM DBS performed
may have a favorable
impact on disease
progression at the early
stage of AD.

A patient with AD who
experienced fornix DBS
developed bilateral
encephalomalacia.

AD patients with less
advanced atrophy may
profit from NBM DBS.
DBS of the VC/VS was
well-tolerated and the
extent of CDR-SB
decline in AD patients
with VG/VS DBS was
reduced.

Fornix DBS was safe
and may be beneficial
for AD patients 265
years of age.

Fornix DBS could
improve partial
improvement in
performance of
patients with severe
AD, including cognitive
performance, mental
state and social
performance.

NBM DBS has a
positive impact on
sensory gating into
memory.

AD, Alzheimer’s Disease; ADAS-Cog, Alzheimer’s disease assessment scale-cognitive section; B, bilateral; CDR-SB, clinical dementia rating-sum of boxes; DBS, deep brain stimulation; L, left; m, mouth; min, minute; MMSE, mini-mental
ight: VC/VS, ventral capsule/ventral striatum; w, week; y, year.

state examination; N, number; NBM, nucleus basalis of Meynert; Sham, sham stimulation;






OPS/images/fnagi-13-619543-t002.jpg
Study (first
author, year)

Arrieta-Cruz
etal. (2010)

Hescham
etal. (2013b)

Chen et al.
(2014)

Zhang et al.
(2015)

Hescham
etal. (2015)

Leeetal.
(2016)

Xia etal.
(2017)

Akwa et al
(2018)

Mann et al

(2018)

Leplus et al
(2019)

Huang et al.
(2019)

Gallino et al.
(2019)

Koulousakis
etal. (2020)

Teai et al,
(2020)

16-20

21

32

8

25

20

38

22

192

37

Sex
(male/female)

male

21/0

32/0

48/0

25/0

49/49

20/0

38/0

192/0

AD-DBS,
9/8;
Sham-DBS,
8/9; AD,
8/8.

37/0

Age

8w

6w

6w,
ém

18m

4m,
em,
9m,
12m

18m

Animal

TgCRND8, WT
(B6C3F1)

An injection of
scopolamine to
SD rats

An injection of
AB1_s2 and AB_so
to SD rats

An injection of
ABi_s 10 SD rats

Aninjection of
scopolamine to
SDrats

An injection of 192
1gG-saporin to SD
rats

TGCRNDS, WT
(C57BL/BNTac)

3xTg, WT
(C57BL/6/129SV)

3xTg, WT
(1298V/C57BL6)

TgF344-AD, WT
F344

APP/PS1
(HuAPP69SSwe,
PSEN1-dE9), WT
(C578U6)

3xTg

TgF344-AD

Aninjection of
ABi_s2 and ABy_ao
Wistar rats

Group

WT, AD-DBS

AD (n=11),
AD-DBS (n = 10)

SD-PBS (n = 8), AD
(n=8), AD-ANT (0
=8),AD-DBS (0 =
8)

ANTDBS (1= 8),
ECDBS (1=8),
fornix DBS (n
ANT-sham (n
EC-sham (1=8),
fornix-sham (n = 8)

Sham (n = 11), CA1
DBS (0 = 10), MT
DBS (1 = 13), ANT
DBS (0 = 14), EC
DBS (0= 15)

SD(1=6),AD (1=
7),AD-NS (= 7),
AD-DBS (1 =5)

WENS (0 = 50),
AD-NS (0 = 19),
AD-DBS (0 = 29)

WENS (0 =5),
WT-DBS (0 =5),
AD-NS (1 =5),
AD-DBS (0 = 5)

AD-Cont (n = 11),
AD-NS (0 = 10),
AD-DBS (0 = 12)

WT (0 = 6), WI-DBS
(1=6),AD (=4),
AD-DBS (0= 6)

Frequencies:
control, sham,
10Hz, 50Hz,

100 Hz, 180Hz;
Starting times:
control, sham, 4m,
6m, 9m, 12m;
Durations: control,
sham, 7, 14, 21,28
days; APP/PST:
control, sham, DBS;
WT: control, DBS;
The optimized
parameters of DBS:
control, sham, DBS,
0126,
DBS+U0126,
LY294002,
DBS+LY294002
AD-DBS (0 = 17),
Sham-DBS (0 = 17),
AD (n=16)

AD-DBS

Cont (0 =8), AD (n
= 12), AD-sham (1
=8),AD-DBS (1=
9

DBS protocol

Eight trains of HFS;
each train of 25 Hz,
1s duration, 300
WA, 10s inter-train
interval, 3 d

50 pA, 100 A, 200
1A, 10Hz, 100Hz,
100 s, 2 min/time

130Hz, 60 s, 1.5V

500 pA, 130Hz, 90
s, 24h

50 A, 100 pA, 200
RA, 10Hz, 100Hz,
100 s, 24h

120Hz, 90 ps, 1V, 1
hd, 7d

130Hz, QO ps, 1h,
square wave

50 pA, 130Hz, 90
1, 7 h/d, weekends
off, 25 d

50 uA, 130Hz, 90
1S, 7 /d, weekends
off, 25d

130Hz, 80 s, 100
WA, unipolar, 42 d

10Hz, 50Hz,
100Hz,130Hz,
biphasic stimulus
pulse wave, 7, 14,
21,28 days

100 A, 100Hz,
100 ps, 1h

200 pA, 100 s,
60 Hz for intermittent
DBS (duty cycle:
20s ON and 40s
OFF. 20Hz, 120 s
for continuous DBS.

0.5mA, 60 s,
100Hz, 30 min

Brain target Behavior
methods

BMIN, [AP: —1.1,  NOR

ML: 0.3, DV:

25-33]

Bfornix, [AP ~1.88,  NLR, OF

ML1.3,0V8.2)

BANT, [AP: =20,  MWM

ML+ 1.8, DV:

-47)

BANT, [AP: —16,  MWM,

ML:15,DV: =52 NOR, OF

B-EC, [A

ML: 5.4, DV: —8.2);

B-fornix, [AP: 1.9,

ML: 1.3,DV: -8.2)

B-CAT,[AP: -36,  NLR,OF,
E2M

B-ANT, [AP: —1.6,

ML: 15, DV: —5.2);

B-EC, [AP: 6.

ML: 4, DV: 8],

RNBM, [AP: ~132,  MWM

ML: +2.8,DV: ~7.4]

B-EC, [AP: —4.0, Contextual

ML: 3,25, DV: fear

—5.1] testing;
Tone fear
testing;
MWM
MWM,
NLR, NOR

Bfornix, [AP: 0.6, -

ML: £ 0.75, DV:

-538)

L-NBM, [AP: ~0.7;  MWM

ML: 1.75; DV: 4.0]

Bfornix, [AP: 0; ML:  MWM

0.75; DV: 3.0]

X OF, NOR,

ML +2.88; MBM

DV: 7.4].

Intermittent,

unilaterally or

bilaterally;

continuous, bilateraly.

RAILN, [AP: ~2.8, MWM

ML: 1.25, DV: ~5.5]

Follow up

After DBS

After DBS

After DBS

4w after
DBS.

After DBS

After DBS

1,8, and
6w for
behavior
experiments
after DBS.

Smfor
MM,
8.5mfor
NPR and
NOR; 7m
for
euthanize.

After DBS

After DBS
or 30 d after
DBS or
mice at
18m

MWM
weekly and
structural
MRIin 3 d
before and
3 dafter
DBS witha
6w
follow-up.
Before and
after DBS.

After DBS

Main conclusion

DBS could enhance short-term
memory in the A1 region of
hippocampus in TgORNDS mice.

Fornix DBS reversed the memory
of rats received scopolamine and
it was ot sensitive to stimulation
frequency, but rather to current
levels,

Bllateral ANT HFS could improve
the performance of AD rats in
MWM.

EC and fornix DBS could
enhance
hippocampus-independent
recogrition memory, and
faciltated
hippocampus-dependent spatial
fmemory more prominently than
ANT DBS.

CA1, EC, and fornix DBS could
able to restore spatial
memory-related functions and
CA1 DBS increased neural
activity in the anterior cingulate
gyrus.

NBM DBS improved spatial
memory performance of SD rats
injected 192 IgG-saporin in the
MWM.

EC DBS rescued subsequent
deficits in context fear memory,
reversed spatial learing defiits
in Tg mice, and reduced plaque
load in young mice. But EC DBS
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memory and AD specific
pathological markers of AD mice.
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months of age for 21 days at
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3'-kinase (PIBK)/AKt pathway
and inhibiting ERK1/2 pathway.

Acute DBS could improve
learning and long-term memory
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AP, B-amyloid; AD, Alzheimer's Disease; ADAS-Cog, Alzheimer's disease assessment scale-cognitive section; ANT, anterior nucleus of thalemus; APP/PST, amyloid-p precursor protein/presenilin; B, bileteral; EC, entorhinal cortex;
EZM, elevated zero maze; Cont, control: DBS, deep brain stimulation; DG, dentate gyrus; HFS, high frequency stimulation; ILN, intralaminer thalamic nucleus; L, left; m, mouth; MBM, modified bames maze; min, Minute; mPFC, medial
prefrontel cortex; MT, mammillothalemic tract; MTN, midline thalemic nuclei; MW, morris water maze; N, number; NBM, nucleus basalis of Meynert; NOR, novel object recognition; NLR, novel location recognition; NS, non-stimulation;

OF, open field test; SD, sprague dawley; Sham, sham stimulation; 3xTg, toronto triple transgenic; R, right; w, week; y, year; WT, wild type.
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Adverse events

Did not cause epilepsy or any other untoward reactions in a personal case.

When the voltage intensity of DBS was between 6 and 8V, AD patients would experience adverse reactions, such as
warmth, flushing, sweating, increased heart rate and blood pressure. When the stimulation intensity was reduced by 50%,
there was almost no adverse effect.

Not involved.

An AD patient had no complications after DBS 1 year and was fully tolerant to stimulation, except a discrete increase of
initabilty.

The DBS device was malfunctioning; an AD patient felt inner restlessness at a stimulation intensity >5 V. There were no
ofher adverse events.

Both patients were well-tolerated by DBS. There were no adverse events.

Not involved.

Not involved.

Three patients had 4 adverse events, including 1 interal pulse generato infection, 1 DBS positioning error, and 2
postoperative nausea (1 patient). No neurosurgical and cognitive adverse reactions.
Not involved.

At8 months after surgery, the case patient was anxious and complained that “left side of brain is asleep,” and cystic
encephalomalacia appeared in the frontal lobe; at 1 year after surgery, minimal encephalomalacia appeared on the bilateral
lead.

Not involved.

Short-term side effects were resolved without sequela, incuding hot flashes, increased heart rate/palpitations, flushing,
paresthesias, muscle twitching, non-specific discomfor, fatigue, and neuropsychiatric symptoms, mild pain at implantable
pulse generator site, headache at incision site, transient visual neglect following surgery, diarrhea, vomiting, rash, rhinitis,
arthralgia, fall, hematoma, and depression.

Twenty-four patients experienced non-serious adverse events, common ones including neurological (including falls,
headache, and muscle spasms), genitourinary (including urinary tract infections, urgency, and incontinence), and pumonary
(including upper respiratory infections and dyspnea). Seven patients had syncope and/or falls; two patients had altered
mental status; two patients were involved in seizures or possible seizure; one patient was involved in agitation in a delayed;
three patients were involved in a skin infection, suspected aortic valve endocarditis, and rigicity.

No serious neurological adverse events occurred.
Not involved.

AD, Alzheimer’s Disease; DBS, deep brain stimulation.
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