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Abstract. Memory and cognitive impairment as sequelae of neurodegeneration in Alzheimer’s disease and age-related
dementia are major health issues with increasing social and economic burden. Deep brain stimulation (DBS) has emerged
as a potential treatment to slow or halt progression of the disease state. The selection of stimulation target is critical, and
structures that have been targeted for memory and cognitive enhancement include the Papez circuit, structures projecting to the
frontal lobe such as the ventral internal capsule, and the cholinergic forebrain. Recent human clinical and animal model results
imply that DBS of the nucleus basalis of Meynert can induce a therapeutic modulation of neuronal activity. Benefits include
enhanced activity across the cortical mantle, and potential for amelioration of neuropathological mechanisms associated with
Alzheimer’s disease. The choice of stimulation parameters is also critical. High-frequency, continuous stimulation is used
for movement disorders as a way of inhibiting their output; however, no overexcitation has been hypothesized in Alzheimer’s
disease and lower stimulation frequency or intermittent patterns of stimulation (periods of stimulation interleaved with periods
of no stimulation) are likely to be more effective for stimulation of the cholinergic forebrain. Efficacy and long-term tolerance
in human patients remain open questions, though the cumulative experience gained by DBS for movement disorders provides
assurance for the safety of the procedure.
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INTRODUCTION

In recent years, functional neuromodulation has
offered an immense therapeutic opportunity through
deep brain stimulation (DBS) for varied neurological
and psychiatric disorders. DBS offers the potential to
stimulate or suppress the function of specific spatial
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regions close to the activated lead. Electrode leads
are implanted in the target neuronal structure deep
within the brain, electrical pulses are applied to mod-
ulate neural responses near the lead, and corollary
discharges alter neuronal activity to alter aberrant
neural function. DBS has become an accepted form
of minimally invasive procedure in restorative neu-
rosurgery for Parkinson’s disease [1–3]. It has also
found application for other movement disorders
including essential tremors [4–6], dystonias [7–9],
and Gilles de la Tourette syndrome [10–12], though
its success rate has been more limited. More
recently, DBS has been explored as a treatment for
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neuropsychological conditions including obsessive
compulsive disorder (OCD) [13–16] and treatment-
resistant depression [17–19]. The memory and
cognitive deficits associated with cognitive dysfunc-
tion as sequela of neurogenerative disorders like
dementia and Alzheimer’s disease (AD) represent
the newest frontier for DBS [20–23]. In this article,
we first review mechanisms of DBS action that pro-
vide the foundation for understanding the therapeutic
potential of the procedure in cognitive disorders. We
then examine the relevant pathology of AD that could
benefit from stimulation. We discuss the brain struc-
tures that have been targeted for stimulation and
emphasize the potential of cholinergic forebrain stim-
ulation. We conclude the article with the current
challenges and unanswered questions that will have
to be addressed for making DBS a standard-of-care
strategy for the amelioration of memory and cognitive
decline in neurodegenerative disorders.

MECHANISMS OF DBS ACTION

In conventional DBS for movement disorders,
high frequency electrical stimulation (100–130 Hz,
approximating the peak firing rate that neurons only
reach for brief periods of times) is applied to the lead
continuously in a predefined cyclic pattern, typically
targeting the globus pallidus or subthalamic nucleus
[24, 25]. The biophysical mechanisms of DBS are
the subject of some debate, but stimulation param-
eters used for Parkinson’s disease appear overall to
suppress the effect of the implanted area by over-
stimulating efferent targets [26]. Experimental and
modelling data propose that axonic and somatic activ-
ity of electrically stimulated neurons are decoupled
[3, 27]. Cathodic stimuli depolarize the cell mem-
brane in a region proximal to the electrode with
a surround hyperpolarization [28], whereas anodic
stimulation induces a paradoxical effect whereby the
somatic activity is inhibited and the synaptic output
is enhanced [27, 29]. Locally near the stimulation
lead, a depolarization block or repetitive activation
of local inhibitory neurons, which can follow high
stimulation rates, leads to a lack of somatic activa-
tion, whereas efferent axons maintain activation. The
ameliorative effect on movement disorders requires
stimulating at a higher frequency that the normal rates
in the implanted nuclei. Typically, that means stimu-
lating at rates over 100 Hz to produce a desired effect.
The overall result is a reduced impact of the implanted
region on its target areas.

Both monopolar and bipolar configurations can be
used to stimulate nervous tissue [30, 31]. Monopo-
lar electrical stimulation is achieved using a single
stimulating electrode inserted into the neural tissue,
and provides a counter electrode, or ground, located
at a distance from the stimulating electrode [32]. In
bipolar stimulation, two stimulating electrodes are
present in a proximity to each other in the target tis-
sue, and one electrode acts as a source, and the other
as a sink [33]. The bipolar configuration results in
less current spread than the monopolar stimulation
(Fig. 1A), thereby making it preferable for small,
selective target structures, particularly when spread
of current outside the target structure is counterpro-
ductive, as is the case of basal ganglia nuclei with
opposing functional properties in close proximity to
each other [34, 35]. On the other hand, the threshold
required for bipolar activation is higher, making it
less power efficient, which can be an issue in clinical
applications that wish to maximize battery life of the
implantable pulse generator and frequent recharging
is cumbersome. However, both monopolar and bipo-
lar stimulation are relatively spatially selective for the
activated leads [36].

Fig. 1. A) Schematic illustration of monopolar (left) and bipo-
lar stimulation (right). Arrows represent current flow from the
stimulating electrode. B) Schematic illustration of monophasic
and biphasic stimulation. Current amplitude is represented as a
function of time.
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In most DBS applications, rectangular monopha-
sic or biphasic voltage pulses are used to evoke
the desired physiological effects (Fig. 1B). During
a monophasic stimulation, either anodic or cathodic
pulses are delivered to the neural tissue [37]. Most
clinical stimulation devices can deliver monophasic
pulses that induce current flow in only one direction.
These devices use passive charge recovery to main-
tain the voltammetric necessity of zero net charge
per pulse because otherwise sustained unidirectional
current flow will either plate (deposit metal from
the electrode) or gas (release molecular oxygen and
hydrogen as a result of electrolysis) at the lead in
the brain, both of which are undesirable [38]. In
contrast, biphasic stimulation induces pulses of both
anodic and cathodic phases, typically symmetrical
rectangular pulses (Fig. 1B), in which the initial stim-
ulation pulse is cathodic followed by anodic pulse
leading to reversal of electrochemical processes dur-
ing the stimulation phase with zero net charge in
each pulse-pair. The duty cycle of stimulation is
defined as the ratio of time that stimulation is applied
or not. The duty cycle is a function of the dura-
tion of the pulse and frequency of stimulation and
can vary for either monophasic or biphasic stimu-
lation. Continuous modes of stimulation will have
higher duty cycles compared to intermittent stimula-
tion, when pulses are applied over a defined period
of time followed by a gap in stimulation. In a con-
ventional DBS paradigm, charge balanced biphasic
stimulation is used consisting of cathodal stimula-
tion phase followed by anodic reversal phase [39,
40]. In addition, nonrectangular pulses like Gaussian,
triangular, and exponential decay waveforms have
been experimentally tested, providing an alternative
for maximizing axonal activation, while minimizing
the energy required [41–43]. However, use of these
optimized waveforms does not guarantee a significant
difference in the clinical outcomes [41].

DBS is not cell-type specific, as electrical stimul-
ation induces extracellular depolarization of all
excitable structures in the target spatial region
irrespective of biochemical composition and
morphology, including fibers of passage, and hence
lacks cell-type specificity, but it is spatially selective
around the electrode lead. The activating function,
or ability to elicit an all-or-none action potential
response, drops off sharply at approximately 2 mm
from the electrode lead for a typical current of
3 mA. The square root of the current scales with the
radius of the activating function [36, 44, 45]. The
spatial specificity of these fields is quite difficult

to match with non-invasive stimulation [46]. To
a first approximation, each DBS pulse elicits an
all-or-none response in each excitable electrical
element (soma, axon, dendrite) within range of the
activating function and capable of following the
stimulation pulse rate. DBS can be thought of as
repetitively exciting the small spatially confined
efferent elements to achieve effects [47].

Closed loop DBS, often referred to as feedback
driven, provides an alternative for intracranial neu-
rostimulation. Leads from one of the microelectrodes
are connected to a programmer and are used as a
sensor in detecting the real time electrophysiological
fluctuations and changes in the single unit [48, 49],
multi-unit [50], local field [51–53], or global field
potentials [54] that occur during the onset of abnor-
mal pattern of neural activity owing to pathological
changes associated with the disease state. Stimulation
parameters are adjusted dynamically in response to
the ongoing changes in the neural activity by inbuilt
algorithms and electrical stimulation is applied in a
dose dependent manner in response to ongoing patho-
logical neural activity reducing the adverse effects
of intense stimulation. In practice, closed loop stim-
ulation is currently approved for treating epilepsy,
and there is an active debate about the import of the
feedback driven.

Other future directions in DBS are, at present, aspi-
rational. Artificial neural networks trained on input
and output electrophysiological data can adapt to
neural fluctuations based on learning and offer an
ideal platform for developing stimulation predictors
based on mathematical representation of stimula-
tion evoked electrophysiological changes [55–57].
Artificial neural networks can learn nonlinear rela-
tionships [58] between sets of input and output data
enabling the network to adapt to the inverse rela-
tionship between stimulation parameters and target
neural response in the context of brain dynamic envi-
ronment [59]. This can be achieved by a closed loop
controller in determining parameters of stimulation to
optimal therapeutic neural response, in real time [60].
As a proof of concept, a closed loop DBS controller
relied on feedback extracted by fitting stimulation
induced dopamine response to stimulation parame-
ters in anesthetized rodents [61]. Machine learning
techniques can be used to predict the stimulation
parameters [62] as a transfer function, enabling the
closed loop DBS controller to determine stimulation
parameters to induce optimal therapeutic stimulation,
which can be optimized for subject-specific therapeu-
tic stimulation [63]. In a fuzzy-logic control system,
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time-varying spectral properties of the field potential
are used as input by the digital signal processor [63].
Closed loop optogenetics DBS pre-clinical frame-
work provides an opportunity for adding cell-type
specific neuromodulation and circuit characteriza-
tion [64]. Such future DBS application will provide
a means to use activation of small specific spatial
ensembles in the brain that cannot be activated with
similar specificity otherwise, and to use this acti-
vation to counteract patterns of activity that are of
neuropathological or psychiatric consequence.

DEMENTIA, ALZHEIMER’S DISEASE,
AND THE CHOLINERGIC SYSTEM

Dementia is a worldwide health problem prese-
nting with acquired loss of cognition in multiple
cognitive and behavioral domains with progres-
sive impairment of memory, executive functions
including reasoning, judgement, and impulse control
[65–67]. Progressive irreversible forms of dementia
are typically of mixed etiology, including repeated
ischemic insults as a result of stroke and vascular
disorders, and an admixture of neurodegenerative
pathologies including Lewy body disease, frontotem-
poral dementia, Huntington’s disease, and AD [68].
AD is a form of dementia presenting with cogni-
tive deterioration and psychopathological symptoms
and personality changes with molecular hallmarks
of its presentation involving neurofibrillary tangles
and amyloid plaques [69–72]. These pathological fac-
tors increase in parallel with the slow progression of
the disease’s severity. Cholinesterase inhibitor drugs
(donepezil, galantamine, rivastigmine) are the most
commonly used frontline medications, which reduce
the rate of breakdown of acetylcholine and prolong

its action, with cognitive loss improvement peaking
3–6 months after therapy begins [73].

The cholinergic system is phylogenetically one
of the oldest neuromodulator systems found in both
vertebrates and invertebrates [74]. In the neocor-
tex, the cholinergic system is implicated in cellular
and synaptic functions owing to network dynamics
during behavioral transition like sensory and cog-
nitive behavior, wakefulness, sleep, detection and
distraction to attention, memory, and recall [75–77].
Cholinergic neurons undergo moderate degenerative
changes during aging, resulting in cholinergic hypo-
function related to deterioration of memory with
aging [78, 79].

One of the most prevalent age-related neurode-
generative diseases is the cholinergic degeneration
associated with AD, with a complex polygenic aber-
rant interaction of several molecular cascade mech-
anisms along with cardiovascular and lifestyle risk
factors, characterized by progressive deterioration
of memory and cognitive functions [80]. Therapeu-
tic interventions have been tailored to modify, delay,
and impede the progression of clinical manifesta-
tion of the disease state. The cholinergic hypothesis
has translated the concept of the disease from its
descriptive pathology to a mechanism of synaptic
dysfunction, through detection of depleted presynap-
tic cholinergic markers in the cerebral cortex [81–84]
and cell loss in the nucleus basalis complex [85].
Cholinergic and GABAergic axons originating from
distinct subdivisions of the nucleus basalis (Fig. 2A)
innervate exclusively all parts of the cerebral cor-
tex, hippocampus, entorhinal cortex, amygdala, and
the limbic structures [86, 87]. This innervation is
most intense within the limbic system, moderate
in association cortices, and least in the primary

Fig. 2. A) Location of the nucleus basalis of Meynert (dotted ellipse) in the human brain. B) Targeted DBS for memory and cognitive
enhancement. Schematic representation of bilateral deep brain stimulation of the nucleus basalis of Meynert. C) Target areas likely to
undergo enhancement of activity after nucleus basalis stimulation include the prefrontal, parietal, and temporal association cortexes (shaded
ellipses).
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sensory areas. Depletion of cholinergic inputs in
AD exhibits relatively uniform patterns of distribu-
tion. The hippocampus and the entorhinal cortex are
the most severely affected areas and are correlated
with memory loss; the temporal lobe is moder-
ately affected, and sensory motor areas are the least
affected [88]. Depletion of cholinergic inputs in lab-
oratory animals impairs a broad array of functions
like working memory, context-place memory, and
sensory cortex plasticity [89–93]. Deterioration of
dementia in AD also shows positive correlation with
the degree of cholinergic depletion, reduction in
choline acetyltransferase activity, and acetylcholine
synthesis [94–99]. Therapeutic validation of choli-
nomimetics [100] and cholinesterase inhibitors [101,
102] has also been provided in enhancing mem-
ory functions. Postmortem examination has shown
cholinergic denervation is associated with formation
of neurofibrillary tangles in the nucleus basalis of
Meynert [103, 104].

AD is likely caused by the interaction of amyloid-
� (A�) oligomers with other biological factors.
Familial AD is caused by mutations that lead to
increased A� creation and/or neurofibrillary tangle
deposition [105–110], while senile AD is related to
impaired A� clearance [111]. Soluble A� oligomer-
izes [112, 113], and soluble oligomers bind multiple
biological targets with high efficacy including nora-
drenergic, nicotinic cholinergic, and glutamatergic
targets [114]. Human biomarker studies have related
the decreased cerebrospinal fluid A�42 or decreased
ratio A�42 to A�40 to dementia progression [113,
115–117], ostensibly because the soluble A�42
oligomers cluster and adhere to biological targets.
The high affinity binding of soluble A�42 to nico-
tinic receptor targets [118] provides a plausible
link between the cholinergic forebrain systems and
the beta amyloid neuropathology. Tau pathology
typically coexists with amyloid pathology and is
exacerbated in apolipoprotein E type 4 allele carri-
ers, who also experience greater amyloid pathologies
[119]. It is thus hypothesized that A� drives tau
pathology in most patients [120].

TARGETED NEURAL STRUCTURES FOR
MEMORY AND COGNITIVE
ENHANCEMENT

Structures that have been identified as targets of
DBS for memory and cognitive enhancement include
structures that make up the Papez circuit, brain areas

projecting to the front lobe, and the cholinergic fore-
brain. We will examine these separately. The fornix,
an important structure in the Papez circuit plays a
critical role in episodic memory and is implicated
in the cognitive and memory decline in AD. It was
hypothesized therefore that fornix stimulation could
improve memory function. The first use of DBS
offered as a potential therapeutic regime was reported
in a 50-year-old male patient with chronic resistant
obesity implanted bilaterally with DBS electrodes in
the hypothalamus. Stimulation of the hypothalamus
resulted in an evoked recall of memory [121] through
the ventral contacts of the stimulating electrode (3–5
V, 130 Hz, 0.6 ms pulse width) owing to the proximity
of hypothalamus to the fornix. It was hypothesized
that stimulation-induced corollary discharge to the
fornix from the hypothalamus was responsible for
such memory recall. It is well known that electrical
stimulation of a wide range of brain regions, mainly in
the temporal lobe, evoke memory experiences [122].
Nonetheless, the fornix results provided an insight
for an elective procedure in 6 patients to investigate
the efficacy of DBS of the fornix in mild form of AD
[123]. After one year of stimulation, cognitive per-
formance, evaluated with the Alzheimer’s Disease
Assessment Scale cognitive subscale (ADAS-cog)
showed mild deterioration by 4.7 points relative to
baseline. Positron emission tomography (PET) scans
revealed increased brain metabolism in a frontal-
temporal-parietal-striatal-thalamic network and a
frontal-temporal-parietal-occipital-hippocampal net-
work [124]. No serious adverse events were reported
in this group of patients. This paved a path for the
advancement of DBS in targeting neural structures
related to memory and cognitive disorders [125].

Entorhinal cortex has been proposed as an alterna-
tive to fornix for therapeutic target for memory and
cognitive disorders associated with AD. In an ini-
tial study, six medically refractory epilepsy patients
were studied had DBS in the entorhinal cortex. Four
of six patients had additional electrodes implanted
in the hippocampus. It was proposed that anterior
entorhinal cortex stimulation during spatial naviga-
tion task increased efficiency in spatial memory when
compared to hippocampal or no stimulation [125].
Interest in DBS targeting the entorhinal cortex has
been supported by research in mouse models showing
reduction in total tau content and phosphorylation in
the cortex and hippocampus of AD mice [126, 127].
However strong counter-evidence has also been pro-
vided by follow up studies, showing that electrical
stimulation of the entorhinal cortex and hippocam-
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pus (at 50 Hz) led to memory suppression rather than
enhancement [128].

Frontal lobe networks have also been identified
as targets that could improve cognitive function,
as prefrontal cortical activity plays a central role
in cognitive function [129], and regulating its
inputs presents an attractive DBS target. Structures
connected with frontal networks and co-active in
cognitive processing, including the ventral internal
capsule and ventral striatum, were targeted in a
phase I study of three AD patients [130] as well
as in patients previously implanted for the treat-
ment of major depressive disorder (MDD) and OCD
[131]. All three AD patients tested presented less
cognitive decline than a matched comparison group
from the Alzheimer’s Disease Neuroimaging Ini-
tiative using score trajectory slopes, based on the
Clinical Dementia Rating–Sum of Boxes clinical
measure. Minimal changes or increased metabolism,
in frontal cortical regions after chronic DBS was
seen with Fluoro-D-Glucose PET [130]. Results in
MDD/OCD patients also showed improvement in
cognitive control, evaluated with the Multi-Source
Interference Task; subjects were on average faster
with DBS stimulation on, without a speed-accuracy
trade-off [131]. Experimental studies in animal mod-
els and pilot studies in humans have proposed an array
of thalamic targets that could aid cognitive function
through stimulation. These include the midline, cen-
tral, and intralaminar nuclei [132–134]. The clinical
utility of these targets in AD and age-related dementia
remains to be seen.

CHOLINERGIC DBS STIMULATION

Cholinergic neurons in the nucleus basalis of
Meynert undergo degeneration through the later
stages of AD [135]. DBS of this area early in the pro-
gression of the disease therefore provides a promising
target. The advantage of such a target, as opposed
to that targeting the fornix, is that nucleus basalis
stimulation is expected to enhance activity in multi-
ple cortical areas, most importantly in the prefrontal,
parietal, and temporal association cortexes (Fig. 2C),
with cognitive enhancement involving all aspects of
cortical processing. The first human study targeting
the cholinergic forebrain was a four-week sham con-
trolled double blind clinical trial, in which six patients
with mild to moderate AD were implanted bilat-
erally in the nucleus basalis of Meynert (Fig. 2B).

DBS was applied with a continuous stimulation pro-
tocol at a low frequency (20 pulse per second)
followed by a 11-month follow up [136]. Measures
of cognitive functioning generally indicated stable,
or slow deterioration of cognitive function over a
12-month period (non-significant mean increase of
3 points in ADAS-cog, mean decrease of 0.5 points
in MMSE). Analysis of cross-over results revealed
slightly improved scores at the end of the-two stim-
ulation period compared with the score at the end
of the sham period. Glucose utilization in the entire
cerebrum evaluated with PET also increased in all 4
patients imaged, by an average of 2.5%. Eight patients
in total have now been stimulated with two-year
outcomes published [136–138]. Long-term cognitive
outcomes are not clearly better or worse than the null
hypothesis, but stimulation was well tolerated and
safe in the context of DBS.

Although these areas are well identified as being
involved in higher cognitive functions and AD specif-
ically, how DBS might tap into improving their
function is not well understood. As discussed above,
DBS for movement disorders typically impairs the
output of the targeted region, but no current mod-
els propose hyperactive brain regions in AD. Thus,
adopting the same basic approach to suppress the
output from the region around the stimulated lead,
should be expected to fail, no matter where electrodes
are placed. A non-traditional approach using stim-
ulation seeking instead to amplify function could,
however, be used to target neuromodulatory agents.
Brief phasic stimulation of forebrain acetylcholine
release enhancing neural activity that occurs in rea-
sonable temporal conjunction with the stimulation
provides a working model. Such stimulation will
alter the ensuing neural activity, alter the balance
of excitation/inhibition, and cause neural plasticity
observable at the synaptic and network levels. Addi-
tionally, nucleus basalis stimulation is likely to recruit
effects of GABAergic neurons with ascending pro-
jections that are concurrently active with cholinergic
neurons [139, 140], action which could not be substi-
tuted by cholinesterase inhibitors or other cholinergic
drugs.

Animal studies have established that phasic stim-
ulation of the cholinergic basal forebrain enhances
memory of sensory stimuli activated immediately
prior, and that this is a natural role of the basal
forebrain [141]. Repetitive application of a sensory
stimulus followed by basal forebrain stimulation
results in neuroplastic changes in the representation
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of that stimulus, and the immediate synaptic effects
of that stimulation are now well described [142,
143]. These studies all utilized brief, phasic, pulse-
train of electrical stimulation in the cholinergic basal
forebrain. The role of more frequent phasic stimula-
tion on executive function was not addressed in these
studies.

A series of recent studies in a non-human primate
model, has targeted the nucleus basalis of Meyn-
ert [144–146]. The results show clear improvement
in cognitive performance; however, the choice of
stimulation parameters was critical, with intermit-
tent stimulation delivering 1,200 stimulation pulses
in 10–20 s of every minute being optimal (i.e., 80 Hz
for 15 s, or 60 Hz for 20 s). On the other hand, con-
tinuous stimulation at comparable frequencies using
any combination of frequency and intensity could not
elicit short or long-term changes in cognitive func-
tion, while intermittent stimulation could. It is not
implausible to think of the intermittent parameters
as being comparable to a more frequent application
of the phasic stimulation thoroughly explored in sen-
sory cortex studies for its role in reinforcement and
cortical plasticity. Simultaneous stimulation of the
nucleus basalis and recording in downstream target
areas such as the prefrontal cortex during execution of
cognitive tasks (Fig. 3) have also began to reveal dis-
tinct changes in neural activity that improve working
memory stability [147].

Fig. 3. Schematic illustration of simultaneous recording and stim-
ulation in a nonhuman primate performing a behavioral task.

CHALLENGES AND FUTURE
DIRECTIONS

A number of advances in technology offer pro-
mises for future treatment of memory and cognitive
deficits. Noninvasive DBS using temporally interfer-
ing electric fields in which neurons are electrically
stimulated at selective depths by interference between
multiple electric fields provides such a future direc-
tion [46]. The application of optogenetics provides
another avenue [64]. A major challenge in the trans-
lation of optogenetics tools in patients is its invasive
nature in implanting an optical fiber and the chance
of rejection complications. Additionally, opsins are
foreign proteins that can trigger immune response
leading to rejection, and the viral vector carrying
optogenetics plasmid can trigger immune response.
Neural rates inducible by optogenetic probes in
principal neurons also remain low relative to those
induced in most DBS studies. Until these technolo-
gies are mature for clinical use, optimizing DBS
through more conventional methods, relying on elec-
trode implantation, remains an urgent priority.

Current challenges of DBS that will have to be
addressed include the implementation time of DBS
in different stages of AD (early versus moderate
AD). At this time, the earliest possible intervention
appears most likely to confer the maximum benefits
in arresting the progression of the condition; however,
this will have to be empirically validated. The opti-
mal frequency and duration of stimulation remains
to be determined in human studies. For choliner-
gic stimulation, protocols that average 20 pulses/s
either continuously or intermittently (e.g., 60 Hz for
20 s every minute) for a period of a few hours per
day appear most effective. This is not a trivial prob-
lem, however, as the parameter space is large and
the adjustment of parameters a laborious, trial-and-
error method at present. This problem is compounded
by the determination of whether electrode place-
ment is optimal in a patient. If stimulation shows
no clinical effect it is unclear if different parame-
ters should be tried, or the electrode moved. Whether
electrode placement is more advantageous unilater-
ally or bilaterally is also not clear, though the latter
seems most promising. Although the small-sample
patient studies reviewed emphasized that DBS was
well tolerated, this is still an invasive procedure that
carries inherent risks, including intracerebral hemor-
rhage, with an incidence estimated approximately at
1%–2%, seizures (1%), device infections (3%–8%),
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and other medical complications surrounding the
surgery including deep venous thrombosis, pneumo-
nia, and pulmonary embolism (< 2%) [148]. Adverse
events may also include lead migration and fracture
(2%–3%) and side effects from electrical stimula-
tion [149]. Short and long-term safety outcomes of
DBS for cognitive enhancement in human patients
will have to be established.

Although these challenges may appear daunting
at present, strides are being made by experimental
and clinical studies. Wide adoption of the method
has the potential to alter the standard of treatment
for conditions such as AD, for which the best current
treatment achieves modest impact, and progression of
the disease is characterized by an inexorable decline
of cognitive ability. If these conditions are met,
the potential impact of DBS in cognitive function
improvement may be no less than that in movement
disorders.
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[67] Bidzan L, Bidzan M, Pąchalska M (2012) Aggressive and
impulsive behavior in Alzheimer’s disease and progres-
sion of dementia. Med Sci Monit 18, CR182-189.

[68] Arvanitakis Z, Shah RC, Bennett DA (2019) Diagno-
sis and management of dementia: Review. JAMA 322,
1589-1599.

[69] Lacor PN, Buniel MC, Furlow PW, Clemente AS, Velasco
PT, Wood M, Viola KL, Klein WL (2007) A� oligomer-
induced aberrations in synapse composition, shape, and
density provide a molecular basis for loss of connectivity
in Alzheimer’s disease. J Neurosci 27, 796-807.

[70] Braak H, Alafuzoff I, Arzberger T, Kretzschmar H,
Tredici K (2006) Staging of Alzheimer disease-associated
neurofibrillary pathology using paraffin sections and
immunocytochemistry. Acta Neuropathol 112, 389-
404.

[71] Braak H, Braak E (1991) Neuropathological stageing
of Alzheimer-related changes. Acta Neuropathol 82,
239-259.

[72] Ballatore C, Lee VMY, Trojanowski JQ (2007) Tau-
mediated neurodegeneration in Alzheimer’s disease and
related disorders. Nat Rev Neurosci 8, 663-672.

[73] Yoshida T, Ha-Kawa S, Yoshimura M, Nobuhara K,
Kinoshita T, Sawada S (2007) Effectiveness of treatment
with donepezil hydrochloride and changes in regional
cerebral blood flow in patients with Alzheimer’s disease.
Ann Nucl Med 21, 257-265.

[74] Semba K (2004) Phylogenetic and ontogenetic aspects of
the basal forebrain cholinergic neurons and their innerva-
tion of the cerebral cortex. Prog Brain Res 145, 3-43.

[75] Hasselmo ME, Giocomo LM (2006) Cholinergic modula-
tion of cortical function. J Mol Neurosci 30, 133-135.

[76] Hasselmo ME, Sarter M (2011) Modes and models of
forebrain cholinergic neuromodulation of cognition. Neu-
ropsychopharmacology 36, 52-73.

[77] Dalley JW (2004) Cortical cholinergic function and
deficits in visual attentional performance in rats following
192 IgG-saporin-induced lesions of the medial prefrontal
cortex. Cereb Cortex 14, 922-932.

[78] Schliebs R, Arendt T (2006) The significance of the cholin-
ergic system in the brain during aging and in Alzheimer’s
disease. J Neural Transm 113, 1625-1644.
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