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ABSTRACT
Recent studies have identified an

association between memory
deficits and defects of the
integrated neuronal cortical areas
known collectively as the default
mode network. It is conceivable
that the amyloid deposition or
other molecular abnormalities seen
in patients with Alzheimer’s disease
may interfere with this network and
disrupt neuronal circuits beyond
the localized brain areas.

Therefore, Alzheimer’s disease may
be both a degenerative disease and
a broader system-level disorder
affecting integrated neuronal
pathways involved in memory. In
this paper, we describe the
rationale and provide some
evidence to support the study of
deep brain stimulation of the
hippocampal fornix as a novel
treatment to improve neuronal
circuitry within these integrated
networks and thereby sustain

memory function in early
Alzheimer’s disease.
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INTRODUCTION
Alzheimer’s disease (AD)

continues to be a growing public
health concern. It is estimated that
there will be over 115 million new
worldwide cases of AD within the
next 40 years, resulting in an
overwhelming health and economic
burden on society.1 Given the major
public health priority of AD, the
Alzheimer’s Association released
the National Alzheimer’s Plan, From
Act to Action, in May 2012
outlining a national strategy to
address AD research, care, and
services with the specific goal of
finding effective ways to prevent
and treat the disease by 2025. AD
is characterized by progressive
cognitive dysfunction often
beginning with an early disturbance
of episodic memory and ultimately
leading to absolute functional
impairment. The apparent
pathological processes causing AD
include misprocessing of fibrillar
amyloid leading to oligomerization,
the deposition of amyloid plaque
causing a disruption of neural
network activity, a loss of synaptic
function, and eventual neuronal
death.2,3

The United States Food and
Drug Administration (FDA) has
approved three cholinesterase
inhibitors and the N-Methyl-D-
aspartic acid (NMDA) antagonist
memantine for the treatment of
AD. In practice, these therapies
have had only modest, short-term
benefits for clinical symptoms but
they continue to be widely used
because of a lack of alternative
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treatments.4–6 Given the current
understanding of the pathological
route leading to AD, recent clinical
research efforts have focused on
the development of several “anti-
amyloid” therapies. Attempts have
been made to modify the effects of
amyloid production, aggregation,
clearance, or plaque deposition on
neuronal tissue. Unfortunately,
most of the recent Phase 2 and 3
trials using immunotherapies, “anti-
aggregants,” or related agents have
been unsuccessful.7–10 For instance,
postmortem studies in AD patients
treated with amyloid immunization
found that cognitive dysfunction
and brain disease progressed
despite evidence that the much of
the amyloid had actually cleared
from the brain.11 In sum, these
recent clinical trials have had
disappointing results and generated
more interest in seeking novel
approaches to treat this devastating
illness.

One novel strategy to treat AD is
circuitry-based treatment via deep
brain stimulation (DBS). DBS
treatment has been used in
numerous central nervous system
(CNS) disorders, including
Parkinson’s disease, epilepsy,
treatment-resistant depression,
bipolar disorder, anorexia nervosa,
obsessive compulsive disorder,
Tourette’s syndrome, addiction,
pain, obesity, and most recently
AD.12 The National Institutes of
Health clinical trial registry
(www.clinicaltrials.gov) lists over
150 clinical trials of DBS for
conditions across the CNS
spectrum. 

Clearly, alternative treatment
options are needed for AD. This
article will describe the rationale
for assessing DBS as an innovative
strategy for the treatment of early
AD. 

THE ROLE OF MEMORY
NETWORKS IN ALZHEIMER’S
DISEASE

The evidence of functional
alterations in memory networks is
commonly seen in AD patients as
well as normal elderly persons who
have no cognitive impairment.13–15

Recent data have shown that both
normal elderly individuals and
patients with AD have defects in
heteromodal interconnected
cortical areas known collectively as
the “default mode network.”15,16

Young adults show correlated
activity within this default network
during resting states and
deactivation of the network when
performing many cognitive tasks.16

On the other hand, older adults
lose the expected deactivation and
toggling of the default network
during cognitive tasks.15,17 These
deficits are more pronounced in
patients with AD reflecting
impairment in their neuronal
circuitry. It is conceivable that
defects in the default mode
network function, as a consequence
of amyloid deposition or other
mechanisms, may be responsible
for some of the multimodal
cognitive and behavioral deficits
seen in patients with AD.15,18,19

Further, it is also possible that
dysfunction caused by molecular or
structural abnormalities in one
diseased brain area may
secondarily interfere with the
activity in other unaffected brain
areas whose function is linked
within the integrated neuronal
circuitry network. Thus, AD may be
both a degenerative disease and a
system-level disorder affecting
several integrated pathways linking
select cortical and subcortical areas
that typically work in concert to
serve aspects of memory and
cognition. If this dual etiologic
hypothesis is correct, the

modulation of neuronal activity
within these interconnected
dysfunctional networks may sustain
or even improve cognitive function
in patients with early AD. 

STRUCTURAL ABNORMALITIES,
THE FORNIX, AND MEMORY
DISTURBANCES 

Neuroimaging studies of AD have
demonstrated the presence of
structural abnormalities in AD
patients that are directly associated
with the cognitive and functional
disturbances experienced in AD.
Neuroimaging research has shown
that the neuropathology occurs in
widespread brain regions but with
an early preference for neural
circuitry that affects memory.
Regional reduction in glucose
utilization in the temporal lobe and
posterior cingulate is a common
finding in positron emission and
single photon emission
computerized tomography
(PET/SPECT) in early AD, as well
as in healthy individuals at genetic
risk for AD.20,22 These brain regions
have a propensity for fibrillar
amyloid deposition as visualized at
autopsy and in vivo using
radiotracers, such as the Pittsburgh
compound B ([11C]-PiB) in AD
patients and non-demented older
adults.23–27 Structural neuroimaging
studies have revealed volumetric
changes in the entorhinal cortex
and hippocampus that predate the
development of cognitive symptoms
and subsequently track with the
progression of disease.28,29 In fact,
recent studies suggest that loss of
the integrity of the fornix, a major
in- and outflow track to the
hippocampus, may be associated
with early memory dysfunction.
The fornix is a large axonal bundle
estimated to have 1.2 million axons
in the human.30 The importance of
the fornix in memory function is
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supported by the observation that
fornix lesions in experimental
animals and humans produce
memory deficits.30–33 The fornix
integrity can be measured by
fractional anisotropy (FA) using
diffusion tensor imaging (DTI). One
study found lower fornix FA
predicted later cognitive decline in
individuals with amnestic mild
cognitive impairment (aMCI) as
well as later hippocampal volume
loss.34,35 This finding of an early
structural abnormality in the lower
fornix that is associated with the
eventual development of AD may
become a meaningful clinical
predictor of later cognitive
deterioration. These recent findings
clearly link the fornix to the
process of cognitive deterioration
in AD and to later hippocampal
degeneration as well. 

Thus, there is accumulating
evidence that defects in the
function of the default mode
network may occur in AD and that
the fornix is linked to this process.
These observations support the
development of circuitry-based
treatments for AD using the fornix
as a preferential locale for
treatment intervention.

DEEP BRAIN STIMULATION
DBS is a circuitry-based

treatment. DBS was first tested in
animal experiments over 70 years
ago and was first approved in
Europe in 1995 and in the United
States in 1997 and 2002 for
essential tremor and Parkinson’s
Disease, respectively. The therapy
currently is licensed in various
regions of the world for a range of
additional uses, including dystonia,
refractory epilepsy, and obsessive
compulsive disorder.36–38 DBS also
has been studied in the treatment
of treatment-resistant depression,
bipolar disorder, anorexia nervosa,

obsessive compulsive disorder,
Tourette’s syndrome, addiction,
pain, and obesity. Interventions in
these dysfunctional circuits can
have local, trans-synaptic and
remote effects,39,40 and, in some
cases, produce striking clinical
improvements beyond what is
achievable with medications. DBS is
now available in most major
medical centers. It is estimated that
over 85,000 patients have had
implants placed and received brain
stimulation to date,41 and that 8,000
to 10,000 new patients are treated
each year.

DBS involves the neurosurgical
implanting of indwelling electrodes
within specific brain circuits to
modulate the activity of those
circuits. DBS can suppress
pathological neuronal activity or
drive underactive output. In this
way, DBS can modulate brain
circuitry activity up or down based
upon the specific needs. The target
location for electrode placement is
most often done by using structural
brain imaging, usually computed
tomography or magnetic resonance
imaging. The electrodes are
commonly placed while the patient
is fully awake. Microelectrode
recordings are used to differentiate
structures or nuclei and to refine
lead placement as different
structures have specific firing
patterns or frequencies, thus
enabling more precise lead
placements for DBS. In an awake
subject, the final placement of the
electrodes is abetted because the
surgeon can gauge the patient’s
response to test stimulation. The
electrodes are then connected to
an implanted pulse generator that
is similar to a conventional cardiac
pacemaker. The pulse generator is
subsequently programmed to
deliver continuous stimulation that
can last for several years. Both

rechargeable and nonrechargeable
devices are available.
Nonrechargeable devices typically
last 4 to 5 years. Once the batteries
are depleted, the pulse generator
can be replaced in an outpatient
procedure without affecting the
electrodes. The level of stimulation
is adjusted to optimize the desired
outcome and minimize unwanted
side effects. The activity of an
entire interconnected brain
network can be manipulated in this
way because the current acts
locally, at the site of application,
and remotely, at sites that are
anatomically connected.

The risks for DBS neurosurgery
are real but relatively low. There
are potential physical adverse
effects resulting from the
neurosurgery and possible
psychiatric effects (e.g.,
hypomania) that require careful
monitoring. There is approximately
a one-percent incidence of serious
intraoperative events (e.g., cerebral
hemorrhage or stroke). There is a
5- to 10-percent risk of ongoing
complications related to the
hardware, such as breakage,
malfunction, and infection.42 There
can also be stimulation-related
adverse effects (e.g., paraesthesias,
dysarthria, and motor contractions)
depending on the placement of the
electrode. For instance, motor
effects or paresthesia would not be
expected from surgery in the area
of the fornix. These potential
adverse effects are usually
reversible if the stimulation is
reduced or stopped. 

DBS: A POSSIBLE CIRCUITRY-
BASED TREATMENT FOR
ALZHEIMER’S DISEASE

DBS may be a useful circuitry-
based treatment for AD if the
electrodes are placed in areas of
the brain that are implicated in
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memory, such as the hippocampal
fornix (Figure 1). Although DBS of
the fornix (DBS-F) is a very novel
strategy, it is potentially an
important therapeutic approach to
slowing AD as it may slow fornix
degeneration, influence
hippocampal neurogenesis, and
sustain cortical neurons and
circuitry by releasing trophic
factors. 

The use of DBS-F to treat AD is
supported by rodent studies in
which DBS-F treatment revealed
improved memory on the Morris
water maze task and increased
hippocampal neurogenesis based
upon histopathological studies. 

The animal evidence for DBS-
induced neurogenesis is
provocative. One study of rodent
models found that electrical
stimulation of the Papez circuit (of
which the fornix and hippocampus
are part) using parameters
analogous to clinical high frequency
DBS reversed memory impairment
by corticosterone treatment and
produced hippocampal
neurogenesis.43,44 Entorhinal cortex
(EC) stimulation increased new
granule cell formation in adult mice
that were integrated into
hippocampal networks engaged by
spatial memory in a maturation
dependent manner.45 EC
stimulation facilitated spatial
memory formation at six weeks but
not at one week before or after
training. The time delay to special
memory is consistent with the time
course of incorporation of adult-
generated neurons into spatial
memory circuits. Importantly, the
facilitation of spatial memory by EC
stimulation was prevented by
blocking neurogenesis. Taken
together, these data suggest that
DBS can induce neurogenesis,
which in turn can facilitate
improvement in the integrated

neuronal network that affects
memory.

A PRELIMINARY, OPEN-LABEL
STUDY OF DBS IN EARLY
ALZHEIMER’S DISEASE

The DBS-F treatment strategy
for early AD is supported by some
promising but preliminary results

derived from a small, open-label
Phase 1 trial that was conducted in
Toronto by Laxton et al.46 Six AD
patients received DBS-F
neurosurgical implants and were
treated for 12 months with deep
brain stimulation. As shown in
Figure 2, follow-up PET scan
studies over the next year revealed

FIGURE 1. DBS-fornix placement

FIGURE 2. DBS-fornix affects FDG-PET hypometabolism
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increases in cortical glucose
metabolism that were correlated
with improved cognitive measures
in some of these patients.46 The
finding of increased glucose
metabolism is a striking contrast to
the well-documented, longitudinal
metabolic decline generally seen in
AD patients.20,47 After 12 months,
the DBS-F treatment produced a
sustained increase in glucose
utilization in the posterior cingulate
cortex and the precuneus; these
are important components of the
brain default mode network that
are most affected in early AD and
where significant amounts of beta-
amyloid deposition is known to
occur.33,48,49 Furthermore, using
electromagnetic tomography
(sLORETA) these investigators
demonstrated that DBS drove
neural activity in the “memory
circuit,” including the entorhinal
and hippocampal areas, and
activated the default mode
network. The activated regions
included the anterior cortical (left
anterior cingulate, bilateral
superior and middle frontal gyrus,
and left insula), temporal cortical
(bilateral superior, middle and
medial temporal cortices), and
parietal cortical regions (left
precuneus, bilateral posterior
cingulate, left fusiform gyrus, right
supramarginal gyrus, right inferior
parietal lobule) and the bilateral
cerebellum.

Clinical evaluation using the
conventional Alzheimer Disease
Assessment Scale cognitive
subscale (ADAS-COG) and the Mini
Mental State Examination (MMSE)
suggested possible slowing in the
rate of progressive cognitive
decline in these mild AD
patients.50,51 It is important to note
that this was a small open-label
study without any placebo control
group, and the results must be

interpreted with caution. Further,
these patients had very mild AD at
the time of DBS implantation.
However, these findings do suggest
that the underlying DBS
mechanism of action may involve
up-regulation of processing,
capacity, and/or sustained integrity
of these neuronal circuits. Hence, a
circuitry-based treatment like DBS
may be helpful for patients with
early AD.

CURRENT RESEARCH FOR DBS
IN EARLY ALZHEIMER’S
DISEASE

Currently, Clinicaltrials.gov lists
six distinct clinical trials evaluating
the role of DBS in memory
disorders being conducted in
Europe and the United States.
Double-blind studies of patients
with DBS implants are possible
because the brain stimulation can
be turned on or off. Therefore,
patients who have had surgical
implants can be randomly assigned
to “active-on” or “sham” stimulation
groups during the double-blind
treatment period. One currently
enrolling double-blind, “active-on”
versus “sham” DBS study
(clinicaltrials.gov NCT01608061) is
a Phase 2b study for patients with
mild AD (defined as meeting
diagnostic criteria of probable AD
based on the National Institute of
Aging Alzheimer’s Association
Guidelines, obtaining an ADAS-Cog
11 item score of 12–24, and a CDR
Global Score of 0.5–1). All patients
will be on standard medical
treatment for AD and will be
randomly assigned to DBS-F
activation either following surgery
or after a 12-month delay, and
followed for 24 months post-
operatively. Comprehensive safety,
clinical, cognitive, and
neuroimaging assessments will be
performed, including serial PET

scans of glucose metabolism and
magnetic resonance scans of
hippocampal volumes/fornix white
matter integrity, respectively.
Although a small study, the findings
will be informative and generate
more research investigating this
novel approach to treat patients
with early AD.

SUMMARY
In this paper, we have explored

the possibility that AD be
considered a circuit disorder as
well as a degenerative disease and
that it may be possible to improve
or sustain cognitive function in
early AD, particularly memory
within the integrated cognitive
networks involving the
hippocampus and cortex, by
stimulation at the level of the
fornix. This novel strategy
supplements our thinking about the
etiology of AD and does not
discount the prevalent amyloid
hypotheses. In fact, the possibility
that DBS may be effective suggests
that a dual treatment regimen that
addresses both amyloid issues and
neuronal circuitry for AD patients
may be on the horizon.
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