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ABSTRACT

Cognitive ability tends to decline with age and in some cases becomes severe cognitive impairment. The intermediate
transition state is named “mild cognitive impairment” (MCI), identifying the onset of MCl is difficult. This difficulty
is caused by the fact that current knowledge of MCI is limited. Amyloid beta (A3) and tau are widely recognized
as causative agents of Alzheimer’s disease (AD). Abnormal pathophysiological changes lie below the threshold of
detection for AD-related biomarkers, such as AB342 and tau protein in cerebrospinal fluid. The AB-tau interaction is
initially generated in the brainstem and parahippocampal gyrus before the onset of MCI, and AB and tau propagate
into a default-mode-network (DMN) that is involved in endogenously mediated, self-referential mental activity. The
DMN is frequently found to be abnormal due to the progression of AD. AB-tau interactions affect not only functional
connectivity, but also local synaptic activities, resulting in a lowered oscillation frequency by disturbing the balance
of activity between excitatory and inhibitory networks (E/I balance). These changes reflect electroencephalogram
(EEG) rhythms. The EEG alpha rhythm observed during the resting state tends to decrease, but theta rhythm
increases. Before the emergence of clear symptoms of cognitive decline, a lowered frequency of EEG in the resting
state becomes apparent. Thus, in the process of transitioning from normal to cognitive impairment, A and tau
accumulate in the DMN, and AB-tau interactions disturb the E/I balance. This lowers EEG frequency in the resting

state, which may provide a sign of the onset of MCI.
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What is MCI?

Cognitive ability is particularly essential for performing
daily activities throughout life. However, cognitive ability
tends to decline with age, and in some cases the cognitive
decline is accelerated compared with normal aging. In some
of these cases, the accelerated cognitive decline transfers
to severe cognitive impairment at the level of dementia'>.
Identification of this intermediate transitional state seems
to be important for preventing the progression of cognitive
impairment. This transition state is termed “mild cognitive
impairment” (MCI).

Clinical criteria for MCI are based on symptoms, and are
used in daily medical treatment. Outlines of the criteria have

been proposed as follows. The basic criterion is the presence
of a cognitive complaint. Sub-features include a cognitive
ability that is not normal for age, but essential activities
of daily living remain normal ¥. Although symptoms are
variable, MCI is generally divided into two broad types:
amnestic MCI; and non-amnestic MCI. The former is an
MCI with memory loss, while the latter is an MCI involving
“domains” of cognition other than memory?. However,
making a diagnosis of MCI is currently difficult. This
difficulty is because longitudinal population-based studies
on cognitive aging and MCI are lacking, and the current
state of knowledge regarding MCl is limited by inconsistent
findings*®.

Recent advances in neuroimaging have enabled the detec-
tion of brain biomarkers in cognitively impaired patients.
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Fig. 1 DMN and subsystem areas of the DMN. A) Core functional
hubs of the DMN. MPFC and PCC are functionally connected and
form the DMN. B) Several areas functionally connected with the
DMN form subsystem of the DMN.

Neuroimaging biomarkers of AD include measurement
of beta-amyloid (AB) deposition on AB-Positron Emission
Tomography (PET), tau deposition with tau-PET, and brain
metabolism on fluorodeoxyglucose (FDG)-PET. Various
investigations into MCI using biomarkers have been under-
taken’™. Jack et al. proposed a model of biomarkers in the
AD pathological cascade'?. Candidate biomarkers include
Af342 and tau protein in cerebrospinal fluid (CSF). Recently,
abnormal pathophysiological changes have been demon-
strated below the threshold of biomarker detection'”. Tau
pathology precedes AR deposition, but the emergence of
AB deposition accelerates tauopathy. Due to this, biomarker
levels rise above the threshold of detection. During the ini-
tial pathological cascade of AD, the important point is that
these pathophysiological changes occur during the preclini-
cal phase. For this reason, the onset of MCI is difficult to
identify based on age-related biomarkers alone.

AD biomarkers and the default-mode-network
(DMN)

Recently, several functional connections between

nodes in the neocortex have been identified as large-scale
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networks'>!. The medial prefrontal cortex (MPFC) and
posterior cingulate cortex (PCC) are functionally connected
and form the default-mode-network (DMN), which is
involved in endogenously mediated and self-referential
mental activity 1*'”. The DMN is also referred to as the task-
negative network, and exhibits higher metabolic activity
at rest than during the performance of externally oriented
cognitive tasks'®. The MPFC and PCC are core functional
hubs of the DMN (Fig. 1A). The MPFC is mainly involved
in self-referential mental idealization, while the PCC is
mainly involved in episodic memory retrieval'®*”. The
inferior parietal cortex, inferior temporal cortex, lateral and
superior occipital gyri and parahippocampal gyrus including
the hippocampus, are considered subsystem areas of the
DMN?2!?2, In addition, the brainstem, hypothalamus, basal
forebrain and basal ganglia are functionally connected with
the DMN, representing a subcortical DMN map?® (Fig. 1B).

The DMN is frequently found to be abnormal, due to not
only AD but also MCI. Zhong et al. reported that effective
connectivity between nodes in the DMN is decreased in AD
patients. In particular, according to a study using independent
component analysis (ICA) to identify DMN components and
Granger causality analysis to explore effective connective
patterns, it is found that the PCC is strongly connected
with most of the DMN regions but tends to be attenuated
in AD patients®?. Greicius et al. reported that resting-state
metabolic activity in the PCC and hippocampus is decreased
during the progression of AD, and network activity between
the two regions is disrupted®”. Wang et al. also reported
that resting state connectivity between right hippocampus
and PCC is decreased in early AD*). Interestingly, the right
hippocampus is associated with memory performance, and a
moderate decrease in DMN functional connectivity between
the PCC and right hippocampus is evident in mild AD?.
These changes correspond to decreased glucose metabolism
in the DMN, particularly in cases of amnestic MCI*".
Further, AB aggregation within the DMN leads to regional
hypo-metabolism, and hypo-metabolism with overlapping
AB aggregation is associated with subsequent cognitive
declines®?®.

Studies using biomarker neuroimaging techniques have
revealed the distributions of A3 and tau in the brain at different
stages of cognitive impairment. Li et al. reported that in MCI
patients, abnormal spatial distributions of tau PET correlate
with abnormal spatial distributions of AB PET, both located
in the DMN and subcortical networks?”. Multimodal imaging
is an effective approach for distinguishing patients with MCI
from normal controls. Even among cognitively normal older
individuals, tau tangles are sometimes identified in brainstem
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nuclei and the parahippocampal gyrus prior to the appearance
of AB®; this is termed primary age-related tauopathy. Jacobs
et al. reported that higher amyloid pathology strengthens
the association between hippocampal-cingulum bundle
diffusivity and tau accumulation in the downstream PCC,
and facilitates memory declines”.

In the earliest period of AD, the following pathological
changes appear in the DMN. In the first stage, hyper-
phosphorylated tau appears within brainstem nuclei, the
noradrenergic locus coeruleus (LC), the serotonergic
dorsal raphe nucleus (DRN), and the cholinergic nucleus
basalis (NB). These subcortical neurons project to DMN
hub regions, where they release A} at the projecting areas,
resulting in neurofibrillary changes to the DMN via AB-
tau interactions®”. In addition, the disruption of DMN
functionality causes the hippocampal formation to become
functionally disconnected from the DMN in the preclinical
phase of AD?". These findings suggest that the emergence
of AB-tau interactions in the DMN may represent a critical
event in the progression of cognitive decline®” (Fig. 1A).

Slower EEG frequency and DMN

EEG recordings offer a great advantage compared to
biomarker imaging methods, in that EEG directly reflects
neural activities produced by cortical neuron networks at
high temporal resolution. Among various EEG frequencies,
the alpha band is the most relevant frequency in the DMN?3?,
Previous EEG frequency studies have predicted that lowering
resting-state EEG rhythms might reflect neurodegenerative
processes along the preclinical and clinical stages of AD*?,
and changes in EEG values between alpha and theta power
may provide important predictors of MCI*.

Yoshimura et al. reported that as cognition ability
decreases, theta band activities increase, whereas alpha band
activities decrease on frontal EEGs recorded from normal
subjects and patients with MCI or mild AD under comfortable
situations®®. By comparing resting state EEG rhythms
between normal aged controls and patients with stable MCI,
progressed MCI, or AD, the amplitudes of widespread delta
and theta sources were found to be increased, whereas the
amplitudes of posterior alpha and/or beta sources decreased
as cognitive impairment progressed, suggesting that declines
in posterior slow-frequency alpha power represent a feature
in the progression from MCI to dementia*¥. MCI subjects
who progressed to AD showed decreased alpha power,
higher theta power, and a shift in the source of alpha activity
more anteriorly in the antero-posterior localization of alpha
frequency?®’39.
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During the resting state, alpha oscillations (812
Hz) are hyposynchronous in the occipital and posterior
temporoparietal cortices, whereas delta-theta oscillations
(2-8 Hz) are hypersynchronous in the frontal and anterior
temporoparietal cortices of patients with AD compared to age-
matched controls®. In this situation, alpha hyposynchrony
colocalized strongly with tau deposition, whereas delta-theta
hypersynchrony colocalized with tau and A deposition. In
addition, Garées et al. reported that the DMN is functionally
impaired in MCI, and this disruption to connectivity is
specifically in the alpha frequency band*®. Actually, tau and
AB colocalize with the DMN and subcortical networks in
patients with MCI?,

Sorg et al. reported that functional connectivity between
the medial temporal lobes and posterior cingulate lobe
of the DMN is present in healthy controls, but absent in
amnesic MCI patients, and functional brain disorders can
be characterized by functional disconnectivity profiles of
resting state networks*®. Functional coupling of resting EEG
rhythms becomes progressively more abnormal in amnesic
MCI and AD patients as described below*#4?. Studies
using the cortical source analysis of EEG rhythms have
revealed that frontal delta (2—4 Hz) sources are greater in
amplitude in amnesic MCI, and parietal and occipital alpha
(8-10.5 Hz) sources show lower amplitude in amnesic and
non-amnesic MCI, compared to healthy elderly subjects*).
Hsiao et al. reported that source-based EEG maps of
resting-state activity in DMN regions show altered cortical
spectral power in mild AD when compared to MCI. With the
progression of AD, alpha and beta activities attenuate in the
DMN, while delta and theta activities are enhanced*?. Thus,
the altered functional connectivity between the DMN and
its related regions affects EEG rhythms in the resting state,
dependent on the stage of cognitive impairment. Actually,
the spectral magnitude of alpha EEG sources correlates with
scores on the Mini-Mental State Examination (MMSE),
suggesting that EEG evidence of decreased alpha power in
MCI compared to normal subjects is related to behavioral
cognition**3%.

Neurophysiological mechanisms

In cases where AR} clearance is decreased in the brain, A3
monomers accumulate and A oligomers increase, affecting
neural network activities. A was recently found to increase
the excitability of pyramidal cells, resulting in perturbation
of the excitation/inhibition balance (E/I balance) of the
neural circuitry through dopamine D1 receptor-dependent
disruption of GABAergic inhibitory neurons* and the
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Fig. 2 Hypothetical mechanism of MCI induction and timing of MCI
onset. A) Presumed neurophysiological changes that emerge during
MCI induction, and respective areas impacted by changes are shown
from the microscopic to macroscopic levels. B) Superimposition of
the time courses of the magnitudes of A} and tau accumulation and
EEG rhythms in the resting state. An intersection point shows the
presumed timing of MCI onset. Asterisk shows the underlying period
before MCI onset. Note that the decrease in resting EEG rhythm from
alpha to theta band starts in the underlying period before MCI onset.

suppression of glutamate reuptake*. A recent study using a
neural mass model postulated A effects, and implementation
of this model onto the Janse-Rir model containing clinical
data of AD and MClI revealed that the number of hyperactive
neurons is increased near A plaques, and EEG rhythms
based on local neural activity shift from alpha to theta bands
through the perturbation of E/I balance*.

Changes in E/I balance are deeply involved in the
dynamics of NMDA receptors. When AR stimulates
alpha7-nicotinic acetylcholine receptor (nAchR) at the
postsynaptic dendritic spine, synaptic NMDA receptors
move to the extra-synaptic region from the intra-synaptic
spine, resulting in the production of extra-synaptic NMDA
(eNMDA) receptors***?. Since the GIuN2B subunit is
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present in eNMDA receptors, voltage-dependent Mg?" block
at the NMDA receptor is reduced*>?. AB also stimulates
alpha7-nAchR at astrocytes near the glutamatergic synapse,
and decreases the clearance of glutamate released from
presynaptic terminals, resulting in a spillover of glutamate
around glutamatergic synapses®'”?. A characteristic of the
eNMDA receptor is the low threshold of Ca** entry. Spillover
glutamate thus stimulates eNMDA receptor, resulting in the
generation of hyper-synaptic activity, and excessive entry
of Ca’ into the neuron. This neural hyperactivity causes
damage to the DMN, resulting in the gradual progression of
cognitive decline.

Inhibitory networks are particularly important for the E/I
balance in normal network activities, as mentioned above.
Ulrich et al. reported that AB weakens synaptic inhibition via
the endocytosis of GABA, receptors in cases of cognitive
decline and AD*). Zhou et al.
mechanism of hyperactivity for neural cells. Soluble Al
impairs GABA inhibition by mediating K*-Cl- cotransporter
(KCC2) levels in early APP/PS1 mice, as an animal model
of early-onset AD*Y. In APP/PS1 mice at 3—4 months old,
soluble AB42 levels were significantly increased, while

demonstrated another

KCC2 and GABA, receptor expressions were decreased.
Soluble AB42 produces brain-derived neurotrophic factor
(BDNF) via tumor necrosis factor (TNF)-a production, then
BDNF-induced TrkB inhibits GABA, synaptic responses
by down-regulating the expression of K*-Cl- cotransporter
KCC2, and impairs neuronal Cl- extrusion, in which the
equilibrium potential of ClI- is positive relative to the resting
membrane potential®>. A decrease in inhibitory neurons thus
results in increased excitability of the excitatory neurons.
These synaptic changes induce a lower oscillation frequency,
by way of changing the E/I balance (Fig. 2A).

Cholinergic system of the basal forebrain

Cortical activity in the theta and alpha ranges and
functional coupling in the theta band are modulated by the
cholinergic system®®. Increased slow EEG power coupled
with a decrease in alpha activity is linked to cognitive
performance declines in MCI compared to normal subjects,
as mentioned above. The basal forebrain is considered the
major cholinergic output of the central nervous system®”,
and contributes to DMN regulation®®. The cholinergic
basal forebrain system is selectively vulnerable to AD-
related tauopathy and is actively targeted by AB*. The
relative decrease in the spectral magnitude of posterior
low-frequency alpha sources in MCI may be related to
an initial selective impairment of the cholinergic basal
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forebrain system, which could induce a sustained increase in
excitatory activity in the cholinergic brainstem pathway?>*5%.
Under such circumstances, the increased excitability of
the thalamocortical connections would desynchronize the
resting alpha rhythms and enhance the cortical excitability.
Al-Shaikh et al. reported that accumulation of neurofibrillary
tangles in the nucleus basalis of Mynert (NBM), one of the
major nuclei of the basal forebrain system, may underlie
more widespread cholinergic deficits in early-onset AD®V.
Grothe et al. reported that atrophy of the posterior parts of
the gray matter volume of the NBM is reduced in very mild
AD, while the atrophy in AD is more extensive and includes
the entire cholinergic basal forebrain system®. Thus, in
considering decreases in DMN function, comprehensive
reevaluation of the cholinergic basal forebrain system is
warranted to elucidate the neurophysiological mechanisms
underlying MCI.

Relationships between oral function and DMN

Hotta et al. reported that central commands from the
cortical masticatory areas stimulate not only central
pattern generator of mastication but also NBM neurons.
Activation of NBM neurons leas to an increase in cortical
regional cerebral blood flow (rCBF)®. Interestingly, the
increase in rCBF is independent of activating CPG. In
addition, Nair et al. demonstrated that oscillatory activity
of the NBM has a directional influence on a hub of the
DMN®. Takata et al. demonstrated that activation of NBM
elevates intracellular Ca®" of astrocytes, which provide a
favorable condition for synaptic plasticity via the increased
extracellular concentration of -Ser®®. Thus, masticatory
motor commands may induce increase in synaptic activity
in the DMN via NBM activation. Therefore, it is suggested
that motor commands from the cortical masticatory areas are
especially important for maintenance of DMN function.

Conclusions and future directions

MCI represents a transitional state between normal and
severe declines in cognitive ability. However, detection of
the onset of MCl is difficult. The DMN, which is involved in
endogenously mediated and self-referential mental activity,
is frequently found to be abnormal not only in AD, but also
in MCI. During the development or progression of cognitive
impairment, AB and tau accumulate in the DMN, and the
interaction of these molecules disturbs DMN activities.
However, AB-tau interactions emerge long before the
onset of MCI. In the first stage, AB-tau interactions cause
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excitatory neurons to become hyper-excitable, leading to
impairment of inhibitory transmission and disturbance of
the E/I balance in local network activities. Various clinical
studies have demonstrated that EEG alpha activities in the
resting state are attenuated and delta and theta activities
are instead enhanced as cognitive decline progresses. The
transition of EEG rhythms is based on disturbance of the E/I
balance, and initiates from the DMN at sites of co-localized
AB and tau. The disruption of functional connectivity
in relation to the alpha frequency band underlies these
alterations in EEG rhythms. Interestingly, a large-scale
computational study using a neural mass model predicted
that EEG rhythms would shift from alpha to theta bands when
the cellular microenvironment is adjacent to AR plaques in
neuron networks. EEG analyses may thus hold potential as
a predictor of MCI onset. Meanwhile, multimodal imaging
of biomarkers such as CSF-Af342, CSF-tau, A3 PET and
tau PET appears useful for investigating the distributions
of A3 and tau in the brain. The combination of biomarker
imaging and EEG analysis is expected to contribute to the
identification of the period leading up to the onset of MCI
(Fig. 2B).
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