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Abstract

Alzheimer’s disease (AD) is a devastating neurodegenerative disease that is characterized by
progressive cognitive decline and a prominent loss of hippocampal-dependent memory. Therefore,
much focus has been placed on understanding the function and dysfunction of the hippocampus in
AD. However, AD is also accompanied by a number of other debilitating cognitive and behavioral
alterations including deficits in attention, cognitive processing, and sleep maintenance. The
underlying mechanisms that give rise to impairments in such diverse behavioral domains are
unknown, and identifying them would shed insight into the multifactorial nature of AD as well as
reveal potential new therapeutic targets to improve overall function in AD. We present here several
lines of evidence that suggest that dysregulation of the corticothalamic network may be a common
denominator that contributes to the diverse cognitive and behavioral alterations in AD. First, we
will review the mechanisms by which this network regulates processes that include attention,
cognitive processing, learning and memory, and sleep maintenance. Then we will review how
these behavioral and cognitive domains are altered in AD. We will also discuss how dysregulation
of tightly regulated activity in the corticothalamic network can give rise to non-convulsive seizures
and other forms of epileptiform activity that have also been documented in both AD patients and
transgenic mouse models of AD. In summary, the corticothalamic network has the potential to be a
master regulator of diverse cognitive and behavioral domains that are affected in AD.
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1. Introduction

Alzheimer’s disease (AD) is a complex and progressive neurodegenerative disease that
affects roughly 5 million people in the United States, and over 35 million people worldwide
(Ferri et al., 2005; Hebert et al., 2013). Pathological hallmarks of disease include amyloid
plaques and neurofibrillary tangles, as well as neuronal loss, and a definitive diagnosis of
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AD is made at autopsy. However, it is becoming increasingly clear that the disease process
begins decades before major pathological hallmarks are established, and well before patients
begin to report difficulties due to symptoms.

Clinically, AD typically begins with mild forgetfulness, and early on may be diagnosed as
mild cognitive impairment (MCI). As the disease progresses, deficits become more severe
and affect day-to-day functioning as they begin to affect other cognitive aspects such as
executive and visuospatial function. Other behavioral domains become affected as well,
including deficits in both attention and sleep maintenance. Long-term monitoring with
electroencephalography (EEG) has also revealed an increase in incidence of epileptiform
activity, including epileptic spikes and nonconvulsive seizures that begin to occur near the
onset of cognitive decline (Chin and Scharfman, 2013; Vossel et al., 2013; Vossel et al.,
2016). Because the characteristic loss of memory is a key feature of AD, much research over
the last several decades has focused on understanding (dys)function of the hippocampus in
the disease. Molecular, cellular, network, and imaging studies have provided much insight
into the complexity of AD, and how AD-related factors like amyloid beta (Ap), tau, and
ApOE alter neuronal and hippocampal function (Huang and Mucke, 2012). Such research
has yielded many promising therapeutic targets that have unfortunately led to
disappointment in large clinical trials. However it is critical to note that failure to reach
particular cognitive endpoint measures that were established a priori does not necessarily
mean that the underlying hypothesis was wrong, but perhaps that 1) there are other as yet
undefined factors that influence cognition and/or the network mechanisms that underlie it, or
2) treatment was not begun early enough to be able to modulate disease progression, and that
identifying other biomarkers or early symptoms of disease is critical to initiating treatment
early enough to have beneficial effects.

Therefore it is critical to consider how other brain networks interact with and influence
hippocampal function, and to identify the network mechanisms that give rise to the
multitude of other symptoms that accompany AD that are not directly subserved by the
hippocampus. Are there other brain regions in which dysfunction may occur and exacerbate
progression disease even prior to obvious memory loss and cognitive impairment? Are there
network mechanisms that could explain how such diverse domains of cognition and behavior
are affected in AD? The identification of other vulnerable brain regions and network
mechanisms may enable a better understanding of the cellular basis of AD as well as the
development of novel therapeutic strategies that could improve several aspects of AD
symptomology.

Several lines of evidence suggest that the corticothalamic network may be one such common
denominator that underlies many cognitive and behavioral alterations in AD (Figure 1). The
corticothalamic network regulates brain processes including sleep and arousal cycles, sleep
maintenance, attention, and cognitive processing, as well as influences learning and memory.
Moreover, dysregulation of the tightly regulated corticothalamic circuitry generates spike-
wave discharges and can give rise to nonconvulsive seizures, which have been described in
AD patients and mouse models. Although referred to here as the corticothalamic network,
the term cortico-thalamo-cortical network is perhaps more appropriate for reflecting its
functions in shaping various behavioral and cognitive domains relevant to understanding the
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progressive nature of AD. Cortico-thalamo-cortical loops mediate sensory responses,
physiologic oscillations during early and deep NREM sleep, attention and perception, as
well as absence and nonconvulsive seizures (Beenhakker and Huguenard, 2009; Fogerson
and Huguenard, 2016; Jones, 2002; Steriade et al., 1993b; Timofeev et al., 1996). The
current review focuses on functional implications of the corticothalamic network and how
dysregulation can lead to symptoms in multiple domains observed in AD. We suggest that
the corticothalamic network has the potential to be a master regulator of diverse cognitive
and behavioral domains that are affected in AD.

2. The corticothalamic network and its functions

2.1. Circuitry of the corticothalamic network

The corticothalamic network is an anatomical and functional circuit of reciprocal
connectivity between the cerebral cortex and thalamic nuclei. Communication between the
cerebral cortex and thalamic relay nuclei is tightly regulated by the thalamic reticular
nucleus (TRN), a major control nucleus that is made up exclusively of GABAergic neurons
(Figure 2). The TRN resides between the lateral aspect of the thalamus and the internal
capsule, spreading across rostrocaudal and dorsoventral axes (Guillery and Harting, 2003;
Pinault, 2004). About a century ago, Albert von Kolliker (1896) referred to the thalamic
reticular nucleus for the first time in his book, * Handbuch der Geweblehre des Menschen’ -
as ‘gitterkerne’ (translated from German as ‘core of lattice’) due to the appearance of
nucleus, which lies ventral to the anterior thalamic nucleus. The TRN is an organized and
complex population of GABAergic neurons that provides strict regulation of the information
processing between thalamus and cerebral cortex (Guillery and Harting, 2003; Pinault,
2004). TRN neurons receive dense glutamatergic inputs from dorsal thalamic nuclei and
from layer VI of the cerebral cortex, which make up approximately 70% of the synapses that
TRN neurons receive (Jones, 2009), as well as cholinergic inputs from pedunculopontine
nucleus of the brainstem, the nucleus basalis of Meynert in the basal forebrain, and the
amygdala (Clemente-Perez et al., 2017; Cox et al., 1997; Levey et al., 1987; Pinault and
Deschenes, 1998; Steriade et al., 1987; Steriade et al., 1988; Warren et al., 1994; Zikopoulos
and Barbas, 2012). Corticothalamic projections from cortical layer VI to TRN are collaterals
of the primary cortical projections in which the principal axon projects subcortically only to
the thalamus (Bourassa and Deschenes, 1995; Deschenes et al., 1998; Pinault, 2004).
Corticothalamic projects that begin in layer V of the cortex project directly to the thalamus
to activate thalamic relays, without sending collaterals into TRN. However, corticothalamic
pathways that originate in layer VI and take indirect pathways through TRN or the
perigeniculate nucleus (PGN) are mainly inhibitory due to GABAergic nature of these nuclei
(Houser et al., 1980; McCormick, 1992). Thus, Francis Crick’s description of the TRN as
the “guardian of the gateway to the cortex”, where “gateway” refers to the thalamus, was
aptly stated (Crick, 1984). Notably, although TRN receives excitatory inputs from many
regions, the TRN projects solely to thalamic relay neurons wherein an individual TRN
neuron innervates a single thalamic nucleus. The projection patterns of TRN neurons
therefore make up functional subnetworks within TRN (Halassa et al., 2014). For example,
TRN neurons that project to sensory thalamic nuclei are important for sleep spindles, and
exhibit elevated activity during sleep. In contrast, TRN neurons that project to limbic nuclei

Brain Res. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Jagirdar and Chin Page 4

associated with hippocampal processing are not involved in spindles and exhibit less activity
during sleep.

2.2. Corticothalamic circuit function

2.2.1. Sleep—Sileep is made up of 5 stages: Stages 1, 2, 3, and 4 of non-rapid eye
movement (NREM) sleep, and REM sleep. The vast majority of time in sleep is spent in
NREM sleep, during which brain activity is largely regulated by the thalamocortical circuit.
As a person falls asleep, their eyes move very slowly and activity in the muscles slows. This
sleep (stage 1) is relatively light and the person can be awakened easily. In stage 2, the eyes
stop moving, and there is slowing of EEG brain waves, and occurrence of sleep spindles (7—
14 Hz). As sleep deepens into stages 3 and 4 of NREM sleep (deep sleep, or slow wave
sleep), delta oscillations (0.5 — 4 Hz) and slow oscillations by cortical neurons (0.3 — 1 Hz)
dominate. There is no eye movement or muscle activity. During REM sleep, breathing
becomes irregular and the eyes move rapidly in various directions, this is the stage at which
dreams occur.

Sleep is an epic phenomenon; certain regions of the brain participate in the generation of
rhythmic activities, without input from exterior stimuli, to express dynamic behaviors during
sleep. For centuries, it is been a puzzle to elucidate how certain neural networks generate
patterns of activity to produce sleep behavior with loss of awareness of the surroundings, but
keeping intact memory before sleep (although the few minutes immediately prior to falling
asleep are often not remembered) and upon emerging from sleep. Beenhakker and
Huguenard (2009) have reviewed the central pattern generators underlying rhythmic
oscillations of thalamic neurons that form spindle-like activity even independently of the
cerebral cortex. Generalized spindle oscillations in the intact brain are due to a high degree
of coherence throughout the corticothalamic, thalamocortical and TRN neuronal networks
(Buzsaki, 1991; Steriade et al., 1985; Steriade et al., 1993a). Synchronized, but offset, firing
of thalamocortical relay cells and TRN neurons give rise to spindle oscillations at 7 — 14 Hz
frequencies. Cortical activation of TRN results in inhibition of downstream thalamocortical
relay neurons. However, strong inhibition from TRN transiently evokes regenerative low-
threshold Ca2* spikes due to the deinactivation of T-type Ca2* channels, together with a
hyperpolarization-activated inward rectifier carried by Na* and K*, leading to post inhibitory
rebound responses (Jahnsen and Llinas, 1984a; Jahnsen and Llinas, 1984b; McCormick and
Pape, 1990; Pape et al., 1994). Therefore, when TRN activity is particularly high, such as
during sleep, its strong inhibitory action on thalamic relay neurons leads to post-inhibitory
rebound that re-activates TRN neurons to initiate the next oscillation due to the reciprocal
circuitry between TRN and thalamocortical relay nuclei (Golomb et al., 1996). In the intact
network, TRN neurons burst with each cycle of spindle oscillation, whereas thalamocortical
neurons burst every other or fewer cycles.

As mentioned above, TRN activity is particularly high during sleep, which generally inhibits
thalamic relay neurons from transmitting sensory information to and from the cortex
(Anderson et al., 2005; Beenhakker and Huguenard, 2009). Therefore, TRN plays a
fundamental role in regulating sleep maintenance (the ability to stay asleep when asleep).
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Slow wave sleep, which dominates stages 3 and 4 of NREM sleep, is characterized by slow
wave activity (SWA) defined by the frequency (0.5 — 4 Hz) and relatively high amplitude
power. SWA manifests as a function of interactions between cortex and thalamocortical
nuclei that oscillate between UP states (firing of neurons) and silent DOWN states (long-
lasting hyperpolarization) (Rechtschaffen, 1998; VVyazovskiy et al., 2009; Vyazovskiy and
Harris, 2013). Extended time in the awake state increases SWA during NREM sleep (Hanlon
etal., 2011; Lancel et al., 1992; Rodriguez et al., 2016) that has been hypothesized to result
from the temporary exhaustion of neurons after a continuous activation state and depletion
of energy resources (Dalsgaard and Secher, 2007; O'Donovan and Rinzel, 1997). Therefore,
sleep may allow for homeostatic maintenance of synaptic activity and synaptic coupling
between neurons. SWA during NREM sleep after an extended wake state or specific learning
tasks assists in renormalization of synaptic strength that is beneficial for memory and
performance (Hanlon et al., 2011). One mechanism by which SWA can be regulated is
through activity in TRN, as it is a major regulator of corticothalamic dynamics. Stimulation
of TRN activity induces SWA in cortical regions and sleep in awake mice (Lewis et al.,
2015). Stimulation of TRN at the frequency equivalent to spindle activity induces NREM
sleep at the expense of wake time (Kim et al., 2012). Taken together, the drive for sleep may
be controlled by specified sleep circuits (Mignot, 2008; Steriade and Timofeev, 2003), but
the brain activity that occurs during sleep is tightly regulated by the cortico-thalamo-cortical
network (Crunelli and Hughes, 2010; Steriade and Timofeev, 2003), which is responsible for
also maintaining stable sleep and switching between sleep stages (Bartho et al., 2014;
Halassa et al., 2011; Lewis et al., 2015).

2.2.2. Attention—The corticothalamic network is also critical for the ability of the brain to
switch between sleep and behavioral states of arousal that enable the perception of external
stimuli. Several decades of research have established a fundamental understanding of the
processing of sensory information, which is filtered through the thalamus before being
relayed further to cortex. The interplay between excitatory thalamic nuclei and inhibitory
neurons of TRN regulate cortical dynamics that underlie perception, sleep-wake cycles and
cognition. Based on functional modalities, TRN can be divided into different sensory sectors
which are further divided into sub-sectors (Coleman and Mitrofanis, 1996; Villa, 1990), for
review see (Pinault, 2004). Spatial control of the thalamic gateway is regulated by the
projection of different subnetworks of TRN to functionally divided regions of thalamus.
Inhibition of thalamic relay neurons generally occurs through local circuits. Reduction of
stereotypic TRN firing under non-specific modalities allows gating of sensory information
through thalamic relays; therefore, suppression of the sensory TRN is a coordinated action
that allows perception of the senses. During selective attention, the highly dynamic activity
of TRN suppresses gating of unwanted stimuli to allow for specific stimuli to engage
selective neural responses. Indeed, visual TRN neurons are modulated by selective attention
in behaving primates (McAlonan et al., 2000). When the TRN activity is chronically reduced
and therefore its control of downstream thalamic relay nuclei is impaired, attention deficits
and hyperactivity arise (Wells et al., 2016). This was demonstrated by TRN-specific
knockout of patched domain containing 1 (Ptchdl), which results in attenuation of TRN
activity, and models a neurodevelopmental disorder associated with impairment in
thalamocortical transmission leading to attention deficit and hyperactivity. Such findings
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demonstrate that dynamic inhibition of thalamic relay nuclei must occur during the
presentation of distractors, or unrelated sensory stimuli, since the reduction of TRN-driven
inhibition of thalamic relay nuclei in Pfchd1 knockout mice caused irrelevant stimuli to be
particularly distracting during tasks requiring attention (Wells et al., 2016). Therefore,
dynamic inhibition of thalamic relay nuclei (primarily accomplished by TRN) is necessary
to minimize distraction and focus attention.

2.2.3. Cognitive processing—The interaction between corticothalamic and
thalamocortical circuits with feedforward regulation of cortical input to thalamus by TRN
provides a common denominator for sleep, arousal and attention. Additionally, the thalamus
interacts with a wide range of other brain regions and is implicated in cognitive and
behavioral processing. The thalamus plays the role of “circuit junction’ in coordinating input
signals from brainstem, basal ganglia, cerebellum, cerebral cortex and many other
subcortical regions, and relays them primarily to neocortex but also to hippocampus,
striatum, and amygdala. Recent studies suggest that functional and anatomical subdivisions
of the thalamus, enable its diverse role in relaying information to cortical regions and limbic
areas to orchestrate sensory and non-sensory processing.

There are two types of thalamic relays that differ in their sources of afferent input: “first
order’ relays that receive input from peripheral sensory regions, and ‘higher order’ relays
that receive input from cortical regions. Higher order thalamic relays influence
communication between different cortical regions (Sherman, 2007; Xiao et al., 2009). The
information to the thalamic sub-regions from one region of cortex is modulated and further
transmitted to different regions of cortex, thus facilitating and enabling communication
between multiple regions of cortex and thalamus, which is critical for in shaping complex
cognition and behaviors. The ‘driving” input (which carries information from cells) and
‘modulatory’ input (which influences how the driving information is interpreted) to thalamic
nuclei are communicated through transthalamic pathways and regulated through GABAergic
input from TRN before being relaying to cortex (Sherman, 2005; Sherman, 2017).

Communication between the medial prefrontal cortex (mPFC) and medial thalamus is
critical to the contribution of the thalamus in cognitive processing and memory. This has
been demonstrated in non-human primates, and in rats, by selective lesions of the
mediodorsal thalamus (MD), which in monkeys has reported to result in deficits in
recognition memory and learning object-in-place (OIP) discrimination tasks. Postoperative
lesion of the magnocellular division of the medial thalamus in monkeys resulted in ablation
of learning based on new sets of visual cues, however it did not affect preoperatively learned
tasks (Mitchell et al., 2007; Mitchell and Gaffan, 2008; Mitchell et al., 2014).

The interaction between mPFC, hippocampus and thalamus is also critical in understanding
factors that modulate cognition and behavior. The nucleus of reuniens (Re) of the thalamus
is required in establishing interactions between mPFC and dorsal hippocampus, and Re
receives reciprocal connections from both structures. Although Re involvement is not crucial
for hippocampus-dependent memory retrieval, Remaintained coordination between mPFC
and hippocampus is crucial to flexible navigation strategies and goal-directed behavior
(Cholvin et al., 2013; Dolleman-van der Weel et al., 2009; Ito et al., 2015). Thus, the recent
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findings support the notion that communication and interactions between the corticothalamic
network and the hippocampus is involved in complex functions.

2.2.4. Absence seizures—The corticothalamic-thalamocortical circuitry is also at the
heart of nonconvulsive (absence) seizures. Under normal conditions, reciprocal inhibitory
and excitatory connections in this circuitry create oscillatory patterns of activity between
cortical and subcortical structures such as the sleep spindles described above. Absence
seizures are based on abnormal hypersynchronous activity in the corticothalamic-
thalamocortical circuitry. When such hypersynchronous activity occurs it involves both the
cortex and thalamus, impairing normal circuit functions and preventing the thalamus from
reliably transferring information from peripheral and intrinsic brain afferents to the cortex,
contributing to the loss of awareness typical in absence seizures (Hughes, 2009; Jones,
2009).

There are two primary types of alterations, both of which involve TRN, in the
corticothalamic-thalamocortical circuitry that have been found to lead to absence seizures.
First, many animal models that exhibit absence seizures have been found to exhibit strongly
increased activity of TRN. Since such activation of TRN can induce post-inhibitory rebound
in its target thalamic nuclei, this leads to pathological oscillations between the cortex and
thalamus, and disrupts the thalamus from transferring information to the cerebral cortex
(Cope et al., 2009; Fuentealba et al., 2004; Jones, 2009). However, the opposite has also
been described. Decreased activity of TRN can lead to disinhibition of target thalamic relay
nuclei and result in increase in thalamocortical activity (Ernst et al., 2009; Paz et al., 2011).

Absence epilepsies can be classified into typical and atypical forms. Typical absence
epilepsy involves only the corticothalamic network. While typical absence epilepsy can
increase synchrony in the hippocampus, it does not generalize into other brain areas, and is
not associated with severe memory deficits (Velazquez et al., 2007; Weiergraber et al.,
2010). Atypical absence epilepsy is also based in the corticothalamic circuitry, but can
spread hypersynchronous activity into vulnerable areas such as the hippocampus, which may
underlie the cognitive/memory impairments in atypical absence epilepsy (Chan et al., 2004;
Ferlazzo et al., 2010; Velazquez et al., 2007; Wang et al., 2009). The brain regions invaded
by hypersynchronous corticothalamic activity may differ depending on patient history/
genetics, resulting in the complex presentation of the syndrome (Velazquez et al., 2007;
Weiergraber et al., 2010). Because the corticothalamic network underlies typical and
atypical absence epilepsies, they are treated with the same pharmacology.

3. Aspects of AD related to the corticothalamic network

3.1. Corticothalamic circuitry and pathology in AD

Many studies have focused on pathology in the hippocampus or cortical areas, both of which
are rich in dystrophic neurites, plaques, and tangles. However, there is also Ap pathology
and dystrophic neurites in subcortical areas such as the thalamus (Braak and Braak, 1990;
Braak and Braak, 1991). In TRN in particular, there are striking levels of dystrophic neurites
(Tourtellotte and Van Hoesen, 1991), which appear to reflect injured axon terminals
projecting to the TRN. Imaging studies of AD patients revealed atrophy in several thalamic
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areas in symptomatic patients (reviewed in Tentolouris-Piperas et al., 2017), but it is not
clear whether there are many anatomical or pathological alterations in preclinical stages.
Whether functional changes occur in the absence of overt pathology or neuronal loss is
unclear.

3.2. Sleep disturbances in AD patients and animal models

Sleep disturbances are prevalent and impair the quality of life for patients with mild
cognitive impairment or Alzheimer’s disease (Ju et al., 2014; Karageorgiou and Vossel,
2017). Common sleep problems reported by caregivers and family members include early
awakening and sleeping either longer or shorter than typical hours (McCurry et al., 1999;
Tworoger et al., 2006; Westwood et al., 2017). In addition, poor sleep quality due to low
sleep efficiency, regulation of breathing during sleep, sleep fragmentation due to frequent
awakenings during the sleep period, and an increase in sleep onset latency have been
associated with AD (Benedict et al., 2015; Lim et al., 2013; Yaffe et al., 2011). The type of
sleep disturbance experienced by the patient may contribute to differing tendencies to sleep
longer or shorter than typical hours. In addition, sleep disturbances may complicate the
interpretation of findings from different studies that have found that either longer or shorter
than typical hours of sleep per night can predict AD, particularly studies that rely on self-
reports of sleep patterns. Individuals who sleep poorly may spend increased amounts of time
in bed, but are not actually sleeping more, or they may arise early if not sleeping well.
Indeed, in some cases, self-reported sleep patterns do not correlate well with simultaneous
actigraph data from the same patients (Hita-Yanez et al., 2013).

Sleep disturbances are present early in disease progression. Studies of the underlying sleep
physiology have revealed reductions in sleep efficiency, spindle activity, slow wave sleep
(SWS) and REM, with an increased arousal index (reviewed in Ju et al., 2014). Individuals
with amnestic mild cognitive impairment (aMCI, which often progresses to AD) also exhibit
fewer stage 2 spindles, along with prominent reductions in slow wave sleep, and increased
time spent awake after sleep onset (Westerberg et al., 2013). Notably, a cross-sectional study
of cognitively normal older adults in community-based living found that individuals with
more severe sleep fragmentation, measured using actigraphy, have an increased risk for
developing Alzheimer’s disease (Lim et al., 2013). A related study of the same population
found that the roughly 20% of individuals with one ApoE4 allele that went on to develop
AD exhibited poor sleep consolidation, a compound parameter that reflects sleep
fragmentation, sleep efficiency, and awake time after sleep onset (Lim et al., 2013).
Individuals with one ApoE4 allele that had normal sleep consolidation indices did not
develop AD.

Therefore it may not be surprising that there have been many recent efforts to understand the
extent to which sleep is impaired in AD, investigate the underlying pathophysiology, and
identify the most reliable measures of sleep disturbance. In addition, it is becoming clear
that sleep disturbances exacerbate disease pathology, and vice versa. A disruption in NREM
slow wave activity (SWA) is observed during the progression of MCI and AD (Hita-Yanez et
al., 2013; Prinz et al., 1982; Westerberg et al., 2013). In AD as well as in MCI patients, the
quality of early (stage 2) and deep (stage 3 and stage 4) sleep is compromised due to lower
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spindle power around fast spindle frequencies (13-15 Hz) and slow wave activity (0.5 — 4
Hz) in comparison to healthy controls (Gorgoni et al., 2016; Mander et al., 2015). AD
patients also exhibited a roughly 40% decrease in K-complex density (< 1 Hz) in
comparison to age—matched controls (De Gennaro et al., 2017).

Perhaps one of the most striking sleep-related differences in AD patients is the reduction in
slow wave sleep (SWS), which is severely compromised in AD. Such reductions in SWS are
of particular interest because it is the phase of sleep that is critically important for memory
consolidation (Born and Wilhelm, 2012) as well as for clearing solutes (including AB) from
the brain (Ju et al., 2014; Xie et al., 2013). It is also the time during which the default mode
network (DMN) is most inactivated. The DMN, which is active when individuals are
inattentive, is hyperactive in AD patients and is thought to exacerbate activity-dependent A
production. Thus, impairments in SWS might play a critical role, or at least exacerbate,
cognitive/memory deficits and A accumulation, the clinical and pathological hallmarks of
AD. In subjects with preclinical AD (subjects that were cognitively normal but exhibited low
CSF AB levels that indicate Ap deposition in the brain), poor sleep efficiency correlated
with lower CSF Ap42 levels (Ju et al., 2013). In addition, an interaction between sleep
efficiency and amyloid deposition in individuals with low AR, deposition was found to be a
significant predicator of poor memory performance, whereas there was no correlation
between sleep efficiency and memory performance in subjects with no amyloid deposition
(Molano 2016). Thus, sleep efficiency modifies the impact of Ap on memory.

Studies in transgenic mice that overexpress human AB have provided mechanistic insight
into the relationship between sleep and AB. AB is produced in an activity-dependent manner
in brain slices and in vivo (Bero et al., 2011; Cirrito et al., 2005; Kamenetz et al., 2003),
which underlies the diurnal rhythm of Ap production that is higher during wake phases and
lower during sleep phases. However, the relationship between Ap pathology and sleep
disruption is bidirectional. Sleep deprivation elevates the AR plaque load in cortex (Kang et
al., 2009) whereas during NREM sleep Ap is cleared (Kang et al., 2009; Xie et al., 2013).
On the other hand, in APP transgenic mice, low levels of AB induce sleep fragmentation
even prior to plague deposition (Hazra et al., 2016b), as well as after Ap deposition in cortex
(Roh et al., 2012). Human imaging studies and computational models have also implicated
sleep disruptions as a key mechanistic pathway by which Ap impairs hippocampal-
dependent cognitive decline (Mander et al., 2015).

3.3. Attention deficits in AD patients

A limited number of studied have reported attention deficits and fluctuation in attention in
AD and MCI patients (Alescio-Lautier et al., 2007; Ballard et al., 2001; Bracco et al., 2014;
Parasuraman et al., 1992; Rapp and Reischies, 2005; Tales et al., 2002a; Tales et al., 2002b).
Focused attention in patients is typically assessed using neuropsychological assessment
tasks such as auditory or visual simple-reaction time (RT) and choice reaction time (CRT)
tasks. In the RT task, subjects are provided with a single cue; for instance, visual or auditory,
where the patient is required to press a button whenever the cue arrives. The reaction time
between the arrival of the cue and pressing of the button is recorded. In the CRT task,
patients are provided with either of two possible cues, for instance in terms of visual cues,
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subjects are presented either “*YES’ or ‘“NO’ on the screen. When either word appears on the
screen, subjects are expected to press the appropriate designated button for the respective
word. The reaction time and accuracy are then analyzed. The SRT task is particularly useful
for estimating perception of a visual or auditory cue and the downstream motor response;
whereas CRT estimates the perception of sensory stimuli and processing of information.

In both AD and dementia with Lewy bodies patients, the CRT response to a task that
consisted of constant inter-stimulus intervals, was found to be slower in comparison to
controls (Ballard et al., 2001). Although it has not yet been specifically examined, the role of
the corticothalamic network particularly the TRN in regulating sensory information
processing and attention as described above, suggests that alterations in this network may
contribute to attention deficits observed in AD patients.

3.4. Seizures in AD patients and AD models

AD patients have a 5-10 fold higher risk of developing of seizures compared to reference
populations, which has been reviewed elsewhere (Amatniek et al., 2006; Chin and
Scharfman, 2013; Larner, 2010; Lozsadi and Larner, 2006; Scarmeas et al., 2009). Here we
will discuss the increased seizure incidence with respect to possible alterations in the
corticothalamic network that may underlie specific aspects of AD symptoms. It is notable
that even when comparing patients with AD versus other types of dementia that can also be
associated with seizures, AD patients have a higher risk of seizures (Sherzai et al., 2014).
Episodes of seizures in amnestic MCI or AD patients begin near the onset of cognitive
deficits and lead to a faster rate of cognitive decline (Irizarry et al., 2012; Vossel et al., 2013;
Vossel et al., 2016).

Seizures and epileptiform activity in AD patients may be vastly underestimated due to the
occurrence of non-convulsive seizures and other types of subclinical epileptiform activity
that are difficult to detect without EEG assessment, or that might not occur frequently
enough to be detected in a routine clinical visit. Indeed, with longer-term overnight EEG and
magnetoencephalography (MEG), Vossel et al., (2016) recently demonstrated that
subclinical epileptiform activity was found in 42% of AD patients. The occurrence of
epileptiform activity was associated with a faster rate of cognitive decline. Nearly 90% of all
epileptiform activity in AD patients was observed during stage 1 and stage 2 of NREM
sleep. Two-thirds of patients with epileptiform activity had epileptic discharges exclusively
during sleep. Recently, recordings from bilateral foramen ovale electrodes implanted to
target the medial temporal lobe in two patients with AD revealed abundant epileptic spiking
and nonconvulsive seizures that were not detected by simultaneous scalp EEG (Lam et al.,
2017). Notably, the majority of spiking recorded, and all of the seizures, occurred during
sleep.

Some of the nonconvulsive seizures in AD share characteristics of absence seizures that
arise from dysfunctional corticothalamic network, including a propensity to occur during
sleep, and behavioral manifestations such as cessation of movement, staring into space, and
loss of consciousness. Not all AD-associated nonconvulsive seizures share such
characteristics with absence seizures (see Lam et al., 2017) but some do, and therefore
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studying whether and/or how corticothalamic network activity may be affected in AD may
reveal novel mechanisms of pathophysiology.

Selective changes in corticothalamic network activity can influence thalamocortical
oscillations and contribute to the generation of spike-wave discharges. The TRN orchestrates
the communication between cerebral cortex and thalamus, however dynamic changes in
synaptic strength and excitability in TRN can evoke pathological spike-wave discharges. We
recently reported a novel mode of dysfunction in cortico-thalamo-cortical network in the
hAPP (J20) mouse line of AD, at an early stage of disease when the onset of epileptiform
activities and sleep fragmentation are evident but plaque deposition has not yet begun (Hazra
et al., 2016b). We found that TRN activity was markedly reduced whereas downstream
thalamic relay nuclei were hyperactive. We therefore hypothesized that reduced activity of
TRN disinhibits downstream thalamocortical and thalamolimbic relay nuclei causing
hyperactivity in their limbic and cortical targets. Increased cortical and thalamic excitability
has also been described in other AD mouse models (Gurevicius et al., 2013). Both
convulsive and non-convulsive seizures have been found now in many mouse models (Chin
and Scharfman, 2013) however it is not known whether the seizures that occur in those
models result also from reductions in TRN activity.

4. Summary and Conclusions

We have reviewed here the basic circuitry and functions of the corticothalamic network, and
highlighted key features that are particularly relevant to symptoms associated with
Alzheimer’s disease. The striking overlap between the various functions controlled by the
corticothalamic network and the dysfunctions that occur in AD suggest that the
corticothalamic network may be a master regulator of diverse cognitive and behavioral
domains that are affected in AD.

Memory impairment is the most characteristic symptom of AD, and therefore the large body
of research on the hippocampus has been and will continue to be a critical area of focus in
the field. However, in order to understand the network mechanisms that give rise to the
particular pattern of cognitive and behavioral alterations that are associated with AD, it is
critical to expand the focus of research to include other brain regions and networks that
influence hippocampal function. Such studies have the potential to not only shed light on the
network mechanisms that give rise to AD, but may also identify novel therapeutic entry
points that can both improve quality of life as well as slow or prevent the progression of
disease. It is notable that disturbances in sleep patterns/quality, which is heavily dependent
on modulation by the corticothalamic network, can be observed in cognitively normal people
many years before they are first diagnosed with cognitive impairments. Given that sleep,
particularly slow wave sleep, is critical for both memory consolidation as well as clearance
of solutes such as AR, it is possible that even slight alterations in activity or function in the
corticothalamic network early on, can slowly over many years lead to a tipping point and
give rise to manifestation of disease. Future studies that investigate cellular, molecular, and
circuit-level aspects of corticothalamic function in AD patients or mouse models may
provide critical insight.
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Highlights
Alzheimer’s disease is accompanied by diverse cognitive and behavioral deficits

The corticothalamic network may be a master regulator of multiple domains in
AD

Early deficits in sleep may increase Abeta and susceptibility to AD

Investigation of the corticothalamic network in AD may provide new insight to
disease
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Figure 1. Contributions of the corticothalamic network and the hippocampus to particular
symptoms that accompany AD
The exquisite vulnerability of the hippocampus in AD is critical for the memory

impairments characteristic of AD, and may also contribute to the seizures and epileptiform
activity observed in both AD patients and mouse models of the disease. However, alterations
in the corticothalamic network are most likely responsible for a number of other deficits that
accompany AD such as sleep fragmentation, attention deficits, cognitive processing deficits,
and non-convulsive seizures. Notably, many of these other symptoms become evident even
prior to memory deficits.
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Figure 2. Major components and circuitry of the corticothalamic network
Interconnections between the thalamic reticular nucleus (TRN), thalamic relay nuclei

(thalamus), and deep layers of the cortex are the primary components of the corticothalamic
network. Cholinergic afferents from the basal forebrain and pedunculopontine nucleus, and
glutamatergic afferents from the amygdala as well as other brain regions not shown, also
provide input to this network. Projections from the basal forebrain and thalamus to the
hippocampus are also illustrated. Red indicates GABA-ergic projections, orange indicates
cholinergic projections. All other colors represent glutamatergic projections.
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