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Somatostatin and the pathophysiology
of Alzheimer’s disease
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Since early research on Alzheimer’s disease (AD), it has been known that among the central features
of its progression are altered levels of the neuropeptide somatostatin, and the colocalisation of
somatostatin-positive interneurons (SST-INs) with amyloid-g plaques, leading to cell death. In this
theoretical review, I propose a model for the pathogenesis of AD that coheres with the qualitative
profile of its neuropsychological deficits and neurobiological progression. Namely, hypofunctional
and hyperactive SST-INs struggle to control hyperactivity in mid-temporal regions in early stages,
leading excessive presynaptic GABA-B inhibition, GABA-B1a-APP complex downregulation and
internalisation, thereby boosting Ap production. Concomitantly, excessive SST-14 release
accumulates near SST-INs in the form of amyloids, known to bind to Ap to form toxic mixed
oligomers. This leads to differential SST-IN death through excitotoxicity, further disinhibition, SST
deficits, and increased Ap release, fibrillation and plaque formation. A plaques, hyperactive
networks and SST-IN distributions thereby tightly overlap in the brain. Finally, SST-IN
disinhibition reportedly induces neuropsychological deficits that qualitatively agree with those
found in AD cohorts, with pattern separation and encoding deficits, mnemonic indiscrimination,

interference and reconsolidation.

Corresponding author: Victor N. Almeida, nutv@ufmg.br

1. Introduction

Alzheimer’s disease (AD) accounts for 60—80% of dementia cases worldwide (Prince et al., 2015), with
a prevalence of 2.4—8.4% among individuals over 65 (Kasai et al., 2010; Querzfurth, 2010), ramping up
to 1:3 past the age of 85 (Querzfurth, 2010; Hirtz et al., 2007). AD is also the sixth leading cause of

death in adults older than 65 years in the United States (Skaria, 2022). Inasmuch as it is so prevalent,
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disabling and poorly-responsive to treatment, it has understandably become the most costly disorder
in current neuropsychiatry, with financial expenditure on the disease soaring around $321 billion a
year and costs projected to exceed $1 trillion by 2050 (Skaria, 2022). Hence, it seems safe to proclaim

that AD is the most pressing neuropsychiatric challenge of modern times.

Unsurprisingly, multiple hypotheses have been pursued in an attempt to elucidate AD’s aetiology,
including dysfunctions in the cholinergic system (Davies and Maloney, 1976), the AB cascade (Hardy
and Allsop, 1991), tau propagation (Frost et al., 2009), calcium dyshomeostasis (Mattson et al., 1992),
mitochondrial cascade and oxidative stress (Swerdlow and Khan, 2004), metal ion toxicity (Bush et al.,
1994), among others (for reviews, Du et al., 2018; Bekdash, 2021; Coyle et al., 1983; Ashford, 2015; Liu
et al., 2019). Although some have spurred significant progress (e.g., the 1976 cholinergic hypothesis by
Peter Davies and A. J. F. Maloney supported the first FDA approval of an acetylcholinesterase inhibitor
for AD, tacrine, in 1993; Coyle et al., 1983; Waldholz, 1993; Ashford, 2015; Davies and Maloney, 1976),
upon closer scrutiny each has unveiled several caveats (Liu et al., 2019). Even the origins and means by
which the most recognisable signs of AD’s progression - viz. extracellular Ag plaques, intracellular tau
neurofibrillary tangles and synaptic losses in mid-temporal regions (e.g., De Wilde et al., 2016) -
ultimately cause the semiological syndrome itself are still a mystery. Moreover, a plethora of
alternative biological disturbances, ranging widely from cholesterol transport to catecholaminergic
deficits, can cast a smokescreen of confounders over the (presumably) more central mechanisms of
AD’s pathogenesis. Consequently, the precise neurophysiology behind disrupted memory and

cognition in the disease remains a terra incognita.

Altogether, such lack of knowledge stands in the way of the development of effective treatments and
prophylaxis. Our aim here will be to attempt to tackle these deficits by putting forth a novel theoretical
model on the aetiology, progression, and neuropsychological profile of AD. In particular, mounting
evidence points to a critical role of somatostatin-positive interneurons (SST-IN) in the disease, as
well as the neuropeptide somatostatin (SST) that they release. Whilst the former prominently
regulates, in associative cortices affected by AD, memory, learning, cognition and even sleep
oscillations (e.g., Anderson et al., 2020; Almeida, 2022; Artinian and Lacaille, 2018; Riedemann, 2019;

Gerashchenko et al., 2018, Gerashchenko et al., 2008, Zielinski et al., 2019; Cummings and Clem, 2020;

Schmid et al., 2016; Scheggia et al., 2020; Lovett-Barron et al., 2014; Abbas et al., 2018; Dobrzanski et
al., 2021), the latter has been shown to promote Ap cleavage and clearance in the brain (Iwata et al.,

2005; Hama and Saido, 2005; Solarski et al., 2017). My proposal is that AD’s aetiology hinges mainly
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on an early hyperactivity of SST-INs, associated with SST-IN hypofunction and increased network
activity, which contribute to the formation of several alterations in the cortex and hippocampus.
These include, for example, the formation of AB plaques (Solarski et al., 2017), dystrophic neurites
(Tomidokoro et al., 2000; Tago et al., 1987; Su et al., 1993), overactive glial cells (Henriques et al.,
2022), early cortical and hippocampal hyperactivity (Jimenez-Balado and Eich, 2021; Almeida and
Radanovic, 2022), altered functional connectivity and oscillatory frequencies (Almeida and Radanovic,
2022; Nimmrich et al., 2015), indiscrimination and information loss in spatial, episodic and semantic
memory (e.g., Almeida and Radanovic, 2022; Morales et al., 2021; Zhao et al., 2014; Caccuci et al.,
2008; Ness and Schultz, 2021; Cheng and Ji, 2013; Cayzac et al., 2015), and the topographical

progression of A plaques and atrophy (e.g., Braak and Braak, 1991, 1995; Insel et al., 2020).

The manuscript is structured as follows. In section 2, we will cover the SST models of AD. In section 3,
I will propose a novel model based on SST-IN hyperactivity and hypofunction. Finally, in section 4 I
will conclude the manuscript with a discussion on the functional and cognitive implications of this

model, and how they concur with AD’s neuropsychological profile.

2. Somatostatin models of Alzheimer’s disease

Somatostatin is a neuropeptide that, like others, is stored in dense-core vesicles that are only released
upon sustained high-frequency firing (Liguz-Lecznar et al., 2016; Iversen et al., 1978). In particular, it
is generally co-released with GABA from SST-INs in a Ca%+-dependent manner during periods of
intense network activity, so as to fine-tune inhibitory signals pre- and postsynaptically (Iversen et al.,
1978; Solarski et al., 2018; Liguz-Lecznar et al.,, 2016). Importantly, due to the lack of selective
reuptake mechanisms and the distance between SST receptors and release sites, SST’s effects outlast
GABA’s, and the neuropeptide tends to accumulate and form amyloids extracellularly around SST-INs

(Liguz-Lecznar et al., 2016; Solarski et al., 2018).

Since early research on AD, SST alterations have been considered a central feature of the disease (e.g.,
Davies et al., 1980, 1981; Rossor et al., 1980; Grouselle et al., 1998; Beal et al., 1986; Chan-Palay, 1987;
Tamminga et al., 1987; Soininen et al., 1984; Arai et al., 1984), with SST neurons being consistently
colocalised with Ap plaques. Possibly the first model of AD to be mainly based on SST dysfunction was
proposed by Hama and Saido (2005). The authors underscored how Ap catabolism is primarily driven
by a neutral endopeptidase, neprilysin, which is tightly regulated by SST release (Iwata et al., 2005;

Saito et al., 2005). Therefore, they hypothesise that the natural decline of SST levels observed in
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senescence (e.g., Florio et al., 1991; Hayashi et al., 1997; Saito et al., 2005) leads to the accumulation of

AB in the brain and eventual development of AD (figure 1).
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Figure 1. Aging, SST, neprilysin and Ap accumulation. The aging-dependent reduction of
SST causes a decrease of neprilysin activity, which then causes the steady-state Ap levels
in brain to increase. Chronic elevation of the A levels may result in further
downregulation of SST levels, oxidative inactivation of neprilysin, increased expression
of APP and p-secretase. These events form a vicious circle leading to a catastrophic

accumulation of Ag in the brain. Reproduced from Hama and Saido (2005).

More recently, this model has been updated by Solarski et al. (2018) under the light of new evidence.
Namely, their group noticed that SST can be protective also by preventing Ap fibrillation, and that the
proximity of SST-INs to senile plaques appeared incongruent with these interneurons’ ability to
promote neprilysin-dependent AB cleavage. Hence, the authors point out that whilst monomeric SST
may be protective, in an aggregated form it could actually become pernicious. This is because the
isoform SST-14 aggregates into amyloids near SST-INs, which can lead to the formation of toxic
mixed oligomers with A (Solarski et al., 2018; Anoop et al., 2013; Wang et al., 2017). That is, the same
group found that the small cyclic SST-14 is the most selectively-enriched binder to oligomeric Ap1-42,
with preparations of AB1-42 alone giving rise to fibrillar structures, but when co-incubated with SST-
14 it exclusively formed oligomers (Solarski et al., 2018; Wang et al., 2017). The formation of Ap
oligomers is highly toxic for SST-INs (Solarski et al., 2018), whose death results in SST deficits,
fibrillar AB aggregation, and the formation of the senile plaques that set off AD progression. In what

follows we will expand on this model.
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3. Disinhibition in Alzheimer’s disease

AD is associated with significant excitatory/inhibitory imbalances (e.g., Varela et al., 2019; Maestu et
al., 2021, Bi et al., 2020; Almeida and Radanovic, 2022). Indeed, patients are 17 times more prone to
epileptic seizures than age-matched healthy controls, for example (Vossel et al., 2017; DiFrancesco et
al., 2017), with clinical observations further pointing to an even higher incidence of epileptic seizures
in early-onset familial AD (Palop and Mucke, 2009). Such imbalances might arise from a conjunction
of factors, including Ca2+ dyshomeostasis (Mattson et al., 1992), aberrant synaptic scaling (Small,
2008), dendritic degeneration (Siskova et al., 2014), mitochondrial dysfunction (Swerdlow and Khan,
2004), ion channel dysregulation (Kagan et al., 2002), inter alia. However, the flagship pathogenetic

mechanism appears to be more straightforward: disinhibition.

Early studies have concluded that GABAergic interneurons overall are resistant to AD pathology (e.g.,
Li et al., 2016; Rossor et al., 1982), but extensive reports have been accrued since then which point to
an early and progressive loss of specific interneuron taxons (Jimenez-Balado and Eich, 2021; Ramos et
al., 2006; Levenga et al., 2013). The most abundant evidence, in particular, has converged towards a
highly selective loss of somatostatin-positive interneurons (SST-INs) as well as SST in both the cortex
and hippocampus, which strikes earlier than in any other inhibitory or excitatory cell type and
correlates tightly with memory deficits (e.g., Gabitto et al., 2023; Leung et al., 2012; Andrews-Zwilling
et al., 2010, 2012; Ramos et al., 2006; Li et al., 2009; Almeida and Radanovic, 2022; Davies et al., 1980,
1981; Rossor et al., 1980; Solarski et al., 2018; Grouselle et al., 1998; Beal et al., 1986; Chan-Palay, 1987;
Jimenez-Balado and Eich, 2021; Ramos et al., 2006; Levenga et al., 2013; Tamminga et al., 1987;
Schmid et al., 2016; Soininen et al., 1984; Arai et al., 1984). Levels of the neuropeptide SST, which is
released by these cells, decline disproportionately with disease progression, and correlate roughly
with a 50% loss of SST-INs in multiple regions (Saiz-Sanchez et al., 2010, 2015), though it is
noteworthy that mouse models report 50-60% loss of hilar SST-INs preceding histopathology in any
other neuron type (Ramos et al., 2006), with further reports of a ca. 70% SST-IN loss in the human
hippocampus (Hardy et al., 1987). Importantly, SST itself displays strong antiepileptic properties (e.g.,
Tallent, 2007).

Even as compared to pyramidal neurons, robust evidence indicates that SST-INs are highly vulnerable

to Ap as well, and again, affected earlier than other cell types (e.g., Gabitto et al., 2023; Ramos et al.,

2006; as compared to PVs and CRs, Saiz-Sanchez et al., 2015; Ali et al., 2020; Sanchez-Mejias et al.,
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2019; Saiz-Sanchez et al., 2015, 2020; Ramos et al., 2006; Moreno-Gonzalez et al., 2009; Albuquerque

et al., 2015; Mahar et al., 2016; Giovannetti and Fuhrmann, 2019; Palop and Mucke, 2009). Specifically,

Ap greatly increases SST-INs’ vulnerability to hyperactivity and Ca2+ overload, which leads to cell
death by excitotoxicity (e.g., Algamal et al., 2022; Ramos et al., 2006; Mattson et al., 1992; Kimura and
Schubert, 1993). In anaesthetised APP/PS1 mice, for instance, it was found that SST-INs (but not PV-
INs or excitatory cells) are selectively and consistently hyperactive and found near Ap plaques, and the
level of this hyperactivity correlates with their proximity to those plaques (Algamal et al., 2022). This
is due not only to oxidative stress and lipid peroxidation (with disruption of Na2+ and Ca2+ pumps,
Mattson et al., 1992; Mattson, 2020), but likely the disinhibition of neighbouring pyramidal cells by A
itself, and the death of other SST-INs (e.g., Busche et al., 2008). Bai et al. (2017) also found that Ap
specifically disinhibits Ca2+ transient duration in the apical dendrites of supragranular neurons,
whose very effective control is mainly exerted by SST-INs (e.g., Almeida, 2022). Thus, in tandem these

data suggest that an early hyperactivity, related to SST-IN dysfunction, heralds AD.

Accordingly, early baseline hyperactivity in the medial temporal lobe is indeed a reliable finding
among amnestic Mild Cognitive Impairment (aMCI) patients (and early AD), which has also been
reproduced by a number of mouse models (e.g., Nuriel et al., 2017; in Anastacio et al., 2022; O'brien et
al., 2010; Jimenez-Balado and Eich, 2021; Busche et al., 2008; Almeida and Radanovic, 2022; Najm et
al., 2019; Levenga et al., 2013; Ramos et al., 2006; Celone et al., 2006; Petrache et al., 2019). This
hyperactivity has been correlated with higher risk of clinical decline at a 2-year follow-up study
(Jimenez-Balado and Eich, 2021; for subclinical epileptiform activity in AD, Vossel et al., 2016), for
example, as well as hippocampal and cortical thinning in both aMCI and healthy ageing (e.g., Putcha et
al,, 2011; Stargardt et al., 2015), and epileptic activity has been associated with earlier cognitive decline
(Vossel et al., 2013). Early losses of inhibitory cells have repeatedly been proven the most likely cause
for these (e.g., Ramos et al., 2006; Levenga et al., 2013; Celone et al., 2006; Jimenez-Balado and Eich,

2021).

Importantly, the APOE/ gene is also tied to increased activity in temporal, parietal and frontal cortices
of aged, cognitively-intact individuals (thereby preceding aMCI), and some evidence suggests this is
also true for younger ages (Bookheimer et al., 2000; Burggren et al., 2002; Wishart et al., 2006;
Filippini et al., 2009; Nuriel et al., 2017; Koelewijn et al., 2019). Although APOE/ partakes in the
transport of lipids and cholesterol - which are important regulators of synaptic and ion channel

functions and neuronal excitability (Anastacio et al., 2022; Wang et al., 2005) -, this hyperactivity is
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already shown to stem primarily from a loss of SST-IN inhibitory tone (e.g., Filippini et al., 2009;
Nuriel et al., 2017; Leung et al., 2012; Li et al., 2009, 2014; Tong et al., 2014; see also Martinez-Losa et
al.,, 2018; Knoferle et al., 2014; Grouselle et al., 1988; Leung et al., 2012; Andrews-Zwilling et al., 2010;
Leung et al., 2012). In fact, it has been linked to early SST-IN dysfunction independently of A,
possibly mediated by cholinergic deficits — which would concur with acetylcholine’s critical role in
SST-IN survival, function and morphology (Schmid et al., 2016; Fanselow et al., 2008; Grouselle et al.,
1988; Leung et al., 2012; Andrews-Zwilling et al., 2010, 2012; Almeida and Radanovic, 2022). APOE4
genotype also reduces the number of SST-INs in temporal regions (Leung et al., 2012). Unsurprisingly,
Petrache et al. (2019) found early hyperexcitability in the lateral entorhinal cortex in an APP model,
which was ameliorated by GABA-oR agonism. Conversely, APOE4 knock-in mice restore learning and
memory functions after transplantation of embryonic progenitor interneurons in the hippocampus
which mostly grow into SST-INs (similarly, transplants of SST-IN and PV-IN interneurons from the
medial ganglionic eminence overexpressing Navil levels, a voltage-gated sodium channel,
normalised oscillatory aberrations) (Tong et al., 2014; see also Martinez-Losa et al., 2018; Knoferle et
al.,, 2014).Hence, APOE4-positive subjects suffer from an intrinsic SST-IN hypofunction, itself
inductive of learning and memory deficits and early hyperactivity; interestingly, as a side note,
APOE/-carrying female rats are significantly more susceptible to AD, with SST-INs decreasing in an
age-dependent manner mostly in females, which is accompanied by spatial learning deficits (Leung et

al,, 2012).

Relevantly as well, APOE4 was associated specifically with decreased miniature inhibitory
postsynaptic currents, which measure the effectiveness of spontaneous, sustained background
inhibition, which in turn regulates baseline network activity; this was observed in the entorhinal
cortex of aged mice with no AD-related histopathology (namely, APP/AB and phosphorylated tau
immunolabeling; Nuriel et al., 2017; see also Klein et al., 2014; Hunter et al., 2012). Additionally, the
APOE/ gene most notably disinhibits the entorhinal cortex, the putative origin of AD pathology and a
region that very selectively and densely expresses SST-INs (Nuriel et al., 2017; Filippini et al., 2009;
Hunter et al., 2012; Anderson et al, 2020; Kim et al., 2017). Thus, early rhinal SST-IN hypofunction
should affect to control of baseline excitatory activity and activity-dependent AD pathology.. All in all,
both prodromal AD and APOE/4 genotype are associated with hyperactivity and disinhibition, before
AD pathology develops, due to SST-IN dysfunction and sparser SST-IN populations (e.g., Koelewijn et

al,, 2019; Leung et al., 2012; Li et al., 2009 Grouselle et al., 1988; Andrews-Zwilling et al., 2010, 2012).
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Thus, early hypofunction pre-AD can force existing SST-INs into hyperactivity (as observed in
multiple studies) to compensate for an original and milder disinhibition, giving rise to a pathological
process that rendersthese cells particularly vulnerable to Ca? dyshomeostasis upon eventual contact

with AB oligomers(e.g., Algamal et al., 2022; Koelewijn et al., 2019; Ruiter et al., 2020).

Supporting evidence comes alsofrom APP models. For example, an APP and PS1 double transgenic
model of AD (APP23PS45 model) in which hyperactive neurons were found in the vicinity of amyloid
plaques (less than 60 mm from their borders), with GABA-aR agonist diazepam normalising their
activity but antagonist gabazine increasing it less than in other neurons; this scenario is, of course,
indicative of impaired GABa-AR inhibition (Busche et al., 2008). Similarly, Ruiter et al. (2020) report
reduced dendritic inhibition - whose leading source are SST-Ins - with paradoxical increased
excitatory recruitment of interneurons in CA1 due to amyloidosis in an APP-KI model. Moreover,
hyperactivity in APP models precedes the formation of plaques (e.g., Busche and Konnerth, 2015;
Ruiter et al., 2020). For example, two-photon calcium imaging demonstrates that even in young
APP23PS45 mice without plaques, over 25% of CA1 neurons experience sharp increases in activity
levels (Busche et al., 2012), which is only later followed by plaque deposition (similarly, reducing
soluble A concentrations with one oral dose of a gammasecretase inhibitor could already normalise
hyperactivity in APP transgenic mice, Abramowski et al., 2008). This is because even slightly increased
endogenous Ap already promotes network disinhibition and SST-IN toxicity (e.g., Algmal et al., 2022;

Zott et al., 2019; Ruiter et al., 2020).

Finally, the stereotyped topographical progression of Ap atrophy and tau deposition in AD and aMC(lI,
as well as the development of overactive networks, all very crisply overlap with SST-IN distribution
across the brain (Braak and Braak, 1991; Anderson et al., 2020; Kim et al., 2017; Jimenez-Balado and
Eich, 2021; Gail Canter et al., 2019; see figures 1 and 2; see figure 2). Thus, AD pathology first develops
in regions where SST-INs are densely and selectively expressed, only later encroaching into regions
with sparser SST populations connected with them (see figure 2 for an idea of SST distribution in the

cortex).
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Figure 2. Anderson et al.‘s (2020)’s data. SSTs are depicted in red, and parvalbumin-positive cells in blue.
(a) Allen Human Brain Atlas (AHBA) tissue samples mapped to the human cortical surface, and (b) an
illustration of primate tissue sample locations. Normalised expression difference reflects the sample-wise

subtraction of z-transformed PV from SST. Reproduced from Anderson et al. (2020).

In conclusion, early hyperactivity caused by disinhibition from a hypofunctioning SST-IN inhibitory
system drives SST-INs into hyperactivtiy in order to maintain homeostasis. This is conducive to the
production of Ab in these interneurons, and their early and preferential degeneration upon contact

with Ab oligomeres.

3.1. Activity-dependent pathology

Another crucial point to understand about the above pattern of disease progression is the following.
Early-affected regions, as SST-INs themselves, are well-known for profuse recurrent spontaneous
firing and long temporal receptive windows, i.e., sustaining activity for long periods of time (as
opposed to sensory cortices, for example; Almeida, 2022). The medial temporal lobe is known to
receive abundant projections from all over the cortex, which enhance recurrent firing; the DMN is
famous for being consistently active during rest; and the mid-frontal cortices display wide temporal
receptive windows to support working memory (e.g., Hasson et al., 2008; Huntenburg et al., 2018).

Accordingly, SST-INs, which are densely-expressed in these regions, function with a
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neurophysiological profile that is ideally-suited to control all this recurrent excitation (Almeida,
2022). Unlike PV-INs (the other major interneuron affected in AD), which are better-suited for
controlling brief windows of spiking activity (typical of sensory regions, Almeida, 2022), SST-INs
characteristically sustain recurrent firing for long periods of time to tonically inhibit spontaneous
background activity (e.g., Jackson et al., 2016; Urban-Ciecko et al., 2015; Cichon et al., 2022; Fanselow
et al., 2008). These cells portray non-depressing firing patterns and persistently high firing rates;
further, they respond non-linearly to the accumulation of inputs from most surrounding pyramidal
cells, providing sustained feedback inhibition specifically in periods of elevated activity (Almeida,
2022; Fanselow et al., 2008). The short-term facilitatory excitatory synapses onto SST-INs amplify
postsynaptic potentials nonlinearly with temporal summation of inputs, insofar as greatly enhancing

SST-IN recruitment in a cumulative manner (Almeida, 2022).

All of this means that for every small increase in network activity, there is a significantly larger,
compensatory one in sustained SST-IN firing (which sets the stage for eventual Ca2+ overload). This is
particularly problematic in light of the fact that inhibitory neurons are already associated with marked
metabolic demands, with SST-INs also already functioning at high spontaneous firing rates and
developing distinctive metabolic vulnerabilities with the ageing process (Ibrahim and Llano, 2019).
Indeed, a well-established fact is that SST-INs are preferentially and extraordinarily vulnerable to
excitotoxic degeneration from epileptic seizures, for instance (Hofmann et al., 2016). Thus, this again
indicates that chronic SST-IN hyperactivity and excitotoxicity are a risk factor for AD. Thus, even
preceding Ap accumulation and neuroinflammation, Shi et al. (2020) demonstrated that hippocampal
SST-INs grow aberrantly hyperactive. Several consolidated risk factors for the AD are tied to
hyperactive and/or hypofunctional SST-INs as well, including migraines (Marchionni et al., 2022),
sleep loss (Delorme et al., 2021), chronic and acute alcohol abuse (Dao et al., 2021; Ochi et al., 2022;
Lunden et al., 2019), sensory deprivation and loss (Richter et al., 2022; Herrmann and Butler, 2021,
Ibrahim and Llano, 2019), ageing (Stanley et al., 2012; Brown, 1984; Ibrahim and Llano, 2019), Down
Syndrome (Zorrilla de San Martin et al., 2020; Schulz et al., 2019), stress, depression and anxiety (Fee
et al,, 2017; Banasr et al., 2017), autism (Lunden et al.,, 2019), and others. Similarly, multiple
neurodegenerative diseases that share a genetic basis with AD also suffer from some measure of SST-

IN hyperactivity or dysfunction (Zhang et al., 2016).

Adding to this problem, Ap/tau pathology are activity-dependent (Jimenez-Balado and Eich, 2021;

Nuriel et al., 2017; Gail Canter et al., 2019; Yuan and Grutzendler, 2016; Cirrito et al., 2005; Yamamoto
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et al., 2015; Pooler et al., 2013; Wu et al., 2016; Zott et al., 2019; Mattson et al., 1990; Bero et al., 2011,
Elliott et al., 1993; Liu et al., 2010; Qing et al., 2008; Sanchez et al., 2012; Mark et al., 2015; De Haan et
al,, 2012; Kastanenka et al., 2019). In the TG2576 model, for example, in vivo microdialysis shows how
AB concentrations in interstitial fluid covary with activity levels (as per the pharmacological
manipulations, Bero et al., 2011). Overactivation of glutamate receptors drives tangle-like changes in
Tau in cultured hippocampal neurons through a mechanism associated with Ca2+ overload, for
example, as well as synaptic losses, oxidative stress, and AB release (Mattson, 1990; Zott et al., 2019).
Seizures can spur Tau pathology in the hippocampus (Elliott et al.,, 1993), and numerous
anticonvulsants are shown to prevent Ag-induced Ca2+ dysregulation and tauopathy both in vitro and
in vivo - drugs like levetiracetam, diazoxide and valproic acid can ameliorate as well as delay cognitive
decline in mouse models as well as in humans (Liu et al., 2010; Qing et al., 2008; Sanchez et al., 2012;
Mark et al., 1995). What all of this means is that regions inhabited by SST-INs, i.e. characterised by
long-lasting neural activity (e.g., DMN and various cortical hubs and frontotemporal associative
regions), are prone to develop AD pathology biassed towards SST-IN degeneration (De Haan et al.,
2012; Buckner et al., 2009; Braak and Braak, 1991; Pini et al., 2016). Further, as Ap (and tau) deposition
begins, SST-IN degeneration and network disinhibition accelerate (e.g., Huang and Mucke, 2012;
Verret et al., 2012). Eventually, this could lead, for example, to failures of DMN deactivation upon tak
engagement as observed in AD patients and asymptomatic subjects with significant amyloid burden

(e.g., Sperling et al., 2009).

Hence, with hyperactivity or disinhibition of mid-temporal networks prior to the onset of aMCI, AD
pathology aggravates the heavy burdens laid on remaining SST-INs.. This pattern could be
particularly accentuated in females, since recent findings with optogenetics indicate that there are
sex-dependent variations in the distribution of SST-INs’ targets; whilst being more selectively aimed
at pyramidal cells in males, they are more evenly distributed between inhibitory and excitatory
neurons in females, such that higher firing rates would be needed to control the same level of

excitatory activity (Dao et al., 2020).

3.2. GABA-B receptor overstimulation

Crucially, the prodromal SST-IN hyperactivity itself spurs Ap production not only from their own
activity but even their presynaptic connections. That is, increased SST-IN spontaneous firing causes

excessive stimulation of GABA-B1a receptors (e.g., Shen et al., 2022; Kanigowski et al., 2023; Urban-
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Ciecko et al., 2015), with heterodimeric GB1a/2 and GB1b/2 receptors accumulating at excitatory
terminals and in the somatodendritic compartment, respectively. Excessive SST-IN spontaneous
activity targets and thus downregulates presynaptic GABA-B1a receptors, which is indeed observed in
postmortem AD studies and animal models (Martin-Belmonte et al., 2020a, 2020b; Osse et al., 2023).
On the other hand, APP is known to be transported to axons by GABA-B1a ligands (Rice et al., 2019;
Dinamarca et al., 2019; Bi et al., 2020). GABA-B1a, specifically, acts as a receptor for secreted APP (Rice
et al., 2019). Hence, this receptor is known to form GABA-B1a/APP complexes in the axonal surface of
presynaptic SST-IN connections. In non-pathological conditions, these complexes restrict APP
internalisation, and thus prevent BACE1-dependent recycling/endosomal processing to Ap (which is
mainly released by axons due to greater presence of BACE1, Buggia-Prevot et al., 2013; Dinamarca et
al,, 2019). Their downregulation/internalisation, however, translates into increased Ap production; for
example, mice lacking GABA-Bia consistently exhibit enhanced amyloidogenic processing (see
Dinamarca et al., 2019). Interestingly as well, downregulation of GABA-B1a in AD should impair top-
down spontaneous suppression of UP states and interareal synchronisation of DOWN states, which are
mediated by this subunit (Craig et al., 2013); such disruption of slow-wave activity in NREM states is
known to aggravate amyloidosis and disrupt memory consolidation as well (for a review, Lee et al.,

2020).

Altogether, then, early SST-IN hyperactivity leads to GABA-B1a downregulation and internalisation,
with increased availability of APP for AB release around these very same cells by the presynaptic
terminals they inhibit. Given that SST-IN hyperactivity further causes accumulation of SST-14
amyloids nearby when hyperactive (e.g., Wang et al., 2017; Anoop et al., 2013; Solarski et al., 2018), the
increased availability of extracellular Ap and SST-14 is conducive to the formation of mixed amyloid
oligomers, which finally result in even further biassed SST-IN death through Ca2+ overload (Solarski
et al.,, 2017; Hector et al.,, 2021; Kimura and Schubert, 1993). For each dead SST-IN, there is a
compensatory increase in surrounding SST-IN activity, further GABA-Bila downregulation and
internalisation, and thus further Ap release around these interneurons. This vicious cycle eventually

leads to AD.

Finally, GABA-B downregulation can also be caused by NMDAR-dependent endocytosis and lysosomal
degradation upon prolonged activation (e.g., Guetg et al., 2010; Terunuma et al., 2010; Maier et al,,
2010). However, the primary pathogenetic mechanism is likely SST-IN hyperactivity due to the

macroscopic overlap between AB deposition, SST-IN density and hyperactive networks in both
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patients and animal models (e.g., Jimenez-Balado and Eich, 2021; Gail Canter et al., 2019; Edelman et
al.,, 2017). Specifically, SST-INs exert powerful and highly effective inhibition of these receptors, such
that SST-IN dysfunction should promote glutamatergic overstimulation of NMIDARs and NMDAR-
dependent GABA-Bia endocytosis and lysosomal degradation (Schulz et al., 2018; Homayoun and

Moghaddam, 2007; Ali et al., 2020; Maier et al., 2010).

Blockade of NMDARs prevents downregulation of GABA-B1aRs (e.g., Maier et al., 2010), which could
partly relate to the effectiveness of the NMIDAR antagonist memantine in AD. Additionally, signalling
pathways that increase cCAMP levels (e.g., -adrenergic receptors) can upregulate GABA-B expression
as well as promote widespread network silencing, thereby helping prevent A formation (though a
multitude of biological processes are also involved, Luong and Nguyén, 2013; Devilbiss and

Waterhouse, 2000; Gu, 2002).

3.3. Slow waves and oscillatory slowing

Sleep is a critical factor to account for in the context of Ag pathology. Slow-wave sleep (SWS) is known
to support a clearance mechanism hinged on a 60% increase of cortical interstitial space during sleep,
through modulation of the paravascular glymphatic system (Iliff et al., 2012; Xie et al., 2013); indeed,
AB levels actually drop during sleep and are higher in wakefulness (Kang et al., 2009; Lucey et al., 2017;
Lee et al., 2020). SWS has also proven time and again crucial for the consolidation of declarative
memory, with its disruption causing memory deficits (Steriade and Timofeev, 2003; Marshall et al.,
2006; Walker, 2009; Lu and Gdder, 2012; Lee et al., 2020). Crucially, it is well-established that SST-
INs modulation of GABA-BRs is essential for SWS; particularly, these cells are regulators and
terminators of UP states, and capable of initiating and synchronising/sustaining DOWN states (Funk
et al., 2017; Niethard et al., 2018; Lee et al., 2020; Gerashchenko et al., 2008, 2018; Craig et al., 2013;
citar); conversely, the initiation of UP states relies on astrocytic stimulation of GABA-B receptors

(Poskanzer and Yuste, 2011, 2016; Szabd et al., 2017; Lee et al., 2020).

In light of the model presented so far, it should be unsurprising that Ap deposition directly correlates
with sleep alterations in preclinical AD patients (Ju et al., 2013; Spira et al., 2013; Lee et al., 2020;
Mander et al., 2015; Winer et al., 2020; Westerberg et al., 2012), which is aggravated by age-dependent
SWS deterioration. For example, Mander et al. (2015) found that reduced SWS among older adults is
associated with increased Ap accumulation in the mPFC, accompanied by memory deficits; the

relationship between Ap load and memory deficits was mediated by SWS (Mander et al., 2015).
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Conversely, Winer et al. (2020) reported that SWS disruption forecasts AB accumulation, AD
development, and speed of disease progression. Another important study found that APP mice develop
disrupted SWS, accompanied precisely by disinhibition and downregulation of GABA-BRs and GABA-
ARs (and lower GABA levels), which accelerates Ap accumulation and calcium dyshomeostasis;
optogenetically-induced synchronisation of SWS, on the other hand, sufficed to restore calcium
homeostasis and halt Ap accumulation (Kastanenka et al., 2017). Moreover, it is noteworthy that there
is a surge of orexin in the cortex that accompanies sleep loss, which itself is shown to depolarise SST-
INs through blockade of K+ channels and enhance excess sustained activity both by inhibiting
afterhyperpolarisation and increasing Ca2+ influx in conditions of weak depolarisation through low-

voltage activated T-type Ca2+ channels (Luo et al., 2023).

Thus, early SST-IN hyperactivity may very well promote glymphatic dysfunction prior to AD, and
increased amyloidosis as well as accumulation of various other toxins due to slow-wave disruption.
The TDP-43 protein, for example, abounds in postmortem brains of AD subjects and is actually shown
itself to drive even further SST-IN hyperactivity (this was observed in amyotrophic lateral sclerosis
and frontotemporal dementia, Zhang et al., 2016), which caused excitotoxicity of layer V pyramidal
neurons from SST-INs’ over-inhibition of PV-INs (i.e., disinhibition of pyramidal cells’ somatic

compartment).

Finally, SST-INs are known to regulate slow oscillations, especially delta and theta. Both frequency
bands are associated with mnemonic processing under SST-IN mediation (e.g., Almeida and
Radanovic, 2022). For example, altering delta oscillations by knocking out nitric oxide synthase
expression from SST-INs induces recognition memory impairments (Zielinski et al., 2019).
Accordingly, delta oscillatory slowing during sleep is linearly correlated with cognitive impairment
(Rempe et al.,, 2023), and regional oscillatory slowing reliably predicts AB burden in AD cortex

(Wiesman et al., 2022).

3.4. Astrocytes and adenosine

The present model can also accommodate certain changes in astrocytes - namely their overactivity in
AD, especially near AB (even if not in the form of plaques, Wisniewski and Wegiel, 1991). Indeed, there
is a close correlation between astrogliosis and Ab/tau pathology (e.g., Coomaraswamy et al., 2010;

Bodea et al., 2016).
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SST-INs are known to recruit astrocytes through both SST release and GABA-B stimulation, with
GABA-B-mediated cytosolic Ca2+ in astrocytes mostly being detected during periods of intense
activity (Henriques et al., 2022; Mariotti et al., 2018). Matos et al. (2018) showed that CA1 hippocampal
astrocytes sense GABA released by moderate SST-IN activity via GAT-3-mediated Ca2+ elevations,
releasing ATP, which is immediately converted into adenosine. Through activation of A1 receptors
(A1Rs; likely postsynaptic), this potentiates SST-IN’s typical GABA-A5R inhibition of bursting
activity. Presynaptic A1Rs inhibit neurotransmitter release through G-protein-coupled inhibition of
voltage-dependent Ca2+ channels, while postsynaptic AiRs induce neuronal hyperpolarisation
through activation of inwardly rectifying K+ channels, which regulates burst firing (Matos et al.,
2018). Thus, SST-IN hyperactivity can lead to astrocytic excitotoxicity, overstimulation and
downregulation of A1Rs, and inhibition of neurotransmitter release, along with diffuse and long-

lasting disinhibition of pyramidal neurons by SST.

Interestingly, chronic blockade of A1Rs leads to its upregulation and thus possibly enhanced SST-IN
inhibition (Shi et al., 1993), whereas antagonism of A2ARs could help mitigate plaque formation by
attenuating excitatory transmission from presynaptic terminals onto SST-INs and thus preventing
SST-IN hyperactivity. This could help explain the protective effects of caffeine, for example (e.g.,
Arendash and Cao, 2010). Conversely, it has been shown that caffeine consumption during pregnancy
may be a risk factor for the acceleration of the early stages of AD, which also agrees with findings that
early A2A antagonist exposure delays migration of SST-INs, causing cognitive deficits during

development (Zappettini et al., 2019; Silva et al., 2013).

3.5. Summary of the model (biology)

To recapitulate, the model assumes at least some measure of SST-IN sparsity of hypofunction as an
aetiological feature of AD (though these deficits themselves can arise for a variety of reasons).
Impaired SST-IN inhibition disinhibits multiple associative networks, leading to increased recurrent
firing. Such increased excitatory activity in SST-dense associative regions thereby lays a burden on
hypofunctional and sparse SST-INs to increase their firing rates so as to maintain
excitatory/inhibitory balance. Sustained hyperactivity of SST-INs thus promotes overactivation of
GABA-B1a/APP receptor complexes, leading to their downregulation/internalisation. Hence, increased
intracellular APP availability in presynaptic terminals inhibited by SST-INs induces enhanced

amyloidogenic processing and extracellular Ap availability. Conversely, SST-INs’ hyperactivity and
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high-firing rates cause SST-14 aggregation in the surrounding extracellular environment. The upshot
is that SST-14 and AB form toxic mixed oligomers, which result in SST-IN death, increased
disinhibition and compensatory increases in firing rates of surrounding SST-INSs. As such, this process
stimulates a vicious cycle of AB production, SST deficiency and SST-IN death, ultimately resulting in
the formation of Ap plaques that set off aMCI and AD. Moreover, it should be noted that GABA-B
downregulation enhances amyloidosis and memory dysfunction also through disinhibition - e.g.,
acceleration of cortical neurons’ firing rates in a mouse model led to A accumulation and dendritic
spine loss specifically due to the development of inhibitory hypofunction and associated with
downregulation of GABA-A and GABA-B receptors (Kastanenka et al., 2019). Net disinhibition, at
some point, should also cross some threshold past which, and as with any exponential curve, it
abruptly spikes upwards (which could coincide with the onset of aMCI). In Down Syndrome, this
threshold would be expected to be crossed at a much earlier age, which can be partially explained by
reports of overactive excitatory recruitment of SST-INs in this neurodevelopmental disorder (Zorrilla
de San Martin et al., 2020; Schulz et al., 2019). Finally, women may be more susceptible to AD because
of differences in the distribution of inhibition by SST-IN (which is more biassed towards other
interneurons in females than in males) leading to heavier demands on firing rates to control

excitatory activity, as well as sex-dependent accelerated SST-IN degeneration.

In regards to tauopathy, though it develops downstream of AB, it spreads trans-synaptically and
thereby independently of SST-INs (Braak and Tredici, 2019). Accordingly, several studies attest the
preferential colocalisation of SST-INs with Ap even though the earliest signs of tauopathy showing at
SST-INs two main presynaptic connections (viz., pyramidal neurons in layers III and V), but later
spreading trans-synaptically and irrespective of SST-INs (Braak and Tredici, 2019). Conversely, in
APP23PS45 mice, the first plaques emerge in deep layers (Busche et al., 2008) - layer Vb pyramidal
neurons being, accordingly, the chief targets of SST-IN inhibition, and highly prone to a distinctively

sustained, high-frequency burst firing activity (Almeida, 2022).

In the following sections, we will weave considerations on the neurocognitive profile of AD based on

this biological model.
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4. Functional considerations

4.1. Engram destabilisation

Inhibitory engrams are “negative images” of actual memory traces - i.e., inhibitory connections
potentiated along with excitatory ones, creating suppressive representations that safeguard learned
information from reconsolidation, interference, and overexcitation (e.g., Koolschijn et al., 2019;
Barron et al., 2017; Adler et al., 2019; Cichon and Gan, 2015; Chiu et al., 2015; Almeida and Radanovic,
2022; Canto-Bustos et al., 2022; Shrestha et al., 2020). Whenever information needs to be retrieved or
learned, these tonic inhibitory blankets are transiently lifted off; this means engrams are destabilised,
allowing for access as well as various forms of synaptic plasticity; following the transient instability,
inhibition is reinstated and memories are stabilised once again (e.g., Barron et al., 2017; Letzkus et al.,
2015; Almeida, 2021, 2022; Williams and Holtmaat, 2019; Garrett et al., 2020; Orlova et al., 2019; Ito et
al., 2020; Baratta et al., 2002; Kato et al., 2015; Canto-Bustos et al., 2022). As such, inhibitory engrams
can preserve learned information from being altered or lost through neuroplasticity by subsequent
neural activity or coactivations (e.g., Barron et al., 2017; Adler et al., 2019; Cichon and Gan 2015; Chiu
et al., 2015; Shrestha et al., 2020). For example, in zebra finches, it has been demonstrated that
inhibition protects new learning from the interference of previously-acquired information by

selectively suppressing the latter (Vallentin et al., 2016).

Evidence favours SST-INs as the protagonists for the implementation of inhibitory engrams. SST-INs
preferentially suppress potentiated memory traces, such as familiar, habituated and other types of
predictable stimuli (whereas PVs tend to show opposite patterns), whilst also distinctively promoting

memory consolidation (Hayden et al., 2021; Silberberg and Markram, 2007; Berger et al., 2010; Natan

et al., 2017a, Natan et al., 2017b; Kato et al., 2015; Garrett et al., 2020; Orlova et al., 2019; Almeida,

2021; Asgarihafshejani et al., 2022; Racine et al., 2021; Vasutta et al., 2015; Honoré and Lacaille, 2022;
Shrestha et al., 2020). Furthermore, this inhibition is transiently silenced by vasoactive intestinal
polypeptide-positive interneurons (VIPs) in conditions requiring memory destabilisation
(disinhibition for access or learning, e.g., Letzkus et al., 2015; Almeida, 2021, 2022; Williams and
Holtmaat, 2019; Garrett et al., 2020; Orlova et al., 2019; Ito et al., 2020; Baratta et al., 2002; Kato et al.,
2015), such as reward and punishment (Szadai et al.,, 2022; Kim et al.,, 2016), unpredictability,
mismatch and contextual novelty (Garrett et al., 2020; Orlova et al., 2019; Arriaga et al., 2019; Almeida,

2021), and attentional engagement (Garrett et al., 2020; Kato et al., 2015; Pi et al., 2013; Karnani et al.,
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2016); interestingly as well, VIPs’ responsiveness is reduced by activity-induced lgf1 enhancers, which
are known to increase incoming GABAergic transmission (Roethler et al., 2023) when ensembles are

potentiated - thus unleashing SST-IN firing with synaptic potentiation.

Indeed, SST-INs undergo a very distinctive synaptic potentiation near the long-term potentiation
(LTP) of excitatory neurons; additionally, an NMIDAR-dependent potentiation of excitatory synapses
onto SST-INs accompanies learning, as does a relocation of extrasynaptic GABA-a5Rs to inhibitory
synapses; and the intrinsic excitability of hippocampal SST-INs increases following learning, with
reduced afterhyperpolarisation and increased baseline firing (e.g., Asgarihafshejani et al., 2022,
Racine et al., 2021; Vasutta et al., 2015; Honoré and Lacaille, 2022; Cummings and Clem, 2020;
Davenport et al., 2021; McKay et al., 2013; Oh et al., 2015). Accordingly, the inactivation of SST-IN
inhibition destabilises dendritic branches coding for previously-acquired information, allowing for
subsequent neural activity (associated with new learning in other tasks) to unduly recruit them; the
indiscriminate activation of dendritic branches results in new learning overwriting old information
through depotentiation of dendritic spines (i.e., interference), and an overall dedifferentiation of
memory storage (e.g., d’Aquin et al., 2022; Chiu et al., 2015; Cichon and Gan, 2015; Adler et al., 2019;
Schmidt et al., 2016). Indeed, SST-IN inhibition is highly precise even at a subcellular level, regulating
selective activation of particular dendritic spines of individual pyramidal dendrites to promote
functional selectivity (Chiu et al., 2015). Deletion of SST-INs leads to indiscrimination of context,
stimulus-specific information and interference of previously-learned information by new learning
specifically due to disinhibited, indiscriminate Ca2+ activity in dendritic spines (which promotes the
aforementioned depotentiation, Cichon and Gan, 2015). Furthermore, Adler et al. (2019) demonstrated
that SST-IN inhibition is necessary to prevent novel motor information from altering pre-existing
memories or erasing them. Inhibitory engrams of SST-INs are also associated with pattern separation
(e.g., Nabavi et al., 2014; Morales et al., 2021), whose principal goal is to prevent interference and
indiscrimination between memories. Thus, SST-INs are often not simply modulators but the leading
source of stimulus-specificity and contextual sensitivity (e.g., see Keller et al., 2020; Adler et al., 2019;
Almeida, 2021; Chiu et al., 2015; Morales et al., 2021; Nabavi et al., 2014; Cummings and Clem, 2020).
SST-INs even increase mnesic computational capacity by providing compartmentalised inhibition
(d’Aquin et al., 2022), and the neuropeptide SST stabilises representations by preventing LTP (whilst
broadly hyperpolarising supragranular neurons, enhancing signal-to-noise ratios, and countering

overexcitation, Tallent, 2007; Brockway et al., 2022).
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All in all, representations in AD may become highly unstable (disinhibited) due to SST-IN
degeneration (as discussed more in the following sections). This can lead to the progressive loss of
information in cortical networks, and indiscriminate activation of memories upon retrieval attempts,
triggering interference and reconsolidation (e.g., Almeida and Radanovic, 2022; Almeida et al., 2023;

Morales et al., 2021; Cichon and Gan, 2015; Adler et al., 2019; Mabavi et al., 2014; Chiu et al., 2015).

Interestingly, cholinergic dysfunction should directly contribute to this indiscrimination, seeing that

SST-INs are strongly modulated by muscarinic as well as nicotinic input (e.g., Fanselow et al., 2008;

Urban-Ciecko et al., 2018; Obermayer et al., 2018; Hilscher et al., 2017; Xiang et al., 1998; Mufioz et al.,

2017; Sugihara et al., 2016; Chen et al., 2015). For instance, SST-IN activity has been proven necessary

for fear-memory acquisition and subsequent retrieval in a mouse model of AD, with these functions
being impaired with development of AD pathology and subsequently rescued by treatment with the
cholinergic agonist Cevimeline - particularly due to amelioration of SST-IN function (Schmid et al.,
2016). Cholinergic input is also demonstrated to improve discrimination performance through SST-IN

modulation, promoting decorrelation and desynchronisation of evoked cortical response (Chen et al.,

2015). Accordingly, lesions to the nucleus basalis of Meynert entail a marked and multi-cortical loss of
SST-INs (Zhang et al., 1998), with cholinergic modulation being protective and essential for healthy
SST-IN function (e.g., Fanselow et al., 2008) and supporting its discriminatory functions in the cortex
(e.g., Chen et al., 2015; Almeida, 2021). In the same vein, the antimuscarinic drug scopolamine
increases interference between overlapping word lists, and word intrusions have been tied to reduced
ChAT levels and increased AB plaques as well as scopolamine administration (e.g., Almeida and
Radanovic, 2022, 2023; Fuld et al., 1982; Drachman and Leavitt, 1974; Caine et al., 1981). Both
proactive and retroactive interference are marked features of aMCI and AD, and correlate with amyloid
burden, itself associated with disinhibition of SST-INs (e.g., Almeida and Radanovic, 2022, 2023;
Abulafia et al., 2019). Choline-deficient rats also exhibit high levels of proactive interference similar to
SST-IN impairments and AD, whereas choline supplementation in prenatal development reduces it
(Meck and Williams, 1999); AChEIs could thereby be beneficial for cognition in AD partly due to some

improvement of SST-IN function.

Finally, SST-IN deficits should promote a loss of spine density, which seems to be an essential
component of memory deficits in AD. Namely, Roy et al. (2016) demonstrated that optogenetic
activation perforant path fibres to engrams in the dentate gyrus of AD mice led to an increase in LTP

and dendritic spine density, which correlated with rescuement of long-term memory deficits. Ablation
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of these engrams (with potentiated spine density) resulted in annulation of those effects. Accordingly,
SST-INs are known to protect dendritic spines. For example, application of the neurotoxin MPTP
reduces spine density, induces synaptic loss and increases aberrant dendritic Ca2+ activity by
impairing SST-IN function, all of which are rectified by activation of SST-INs (Chen et al., 2019); thus,
SST-IN disinhibition and spine loss are colocalised with Ag (Bittner et al., 2010, 2012; Algmal et al.,,
2022). Moreover, degeneration of SST-INs in AD hippocampus results in progressive synaptic loss, as

well as deficits in memory and plastic rewiring (Schmid et al., 2016).

4.2. Functional dedifferentiation

SST-INs’ most prominent function is to mediate interareal information transfer by suppressing the
response of apical dendrites to cortical feedback, effectively either halting/gating or enabling top-
down connectivity through synchronisation (e.g., Almeida, 2021, 2022; Delorme et al., 2021; Abbas et
al., 2018; Karmani et al., 2016). Suggestively, stereotypical connectivity changes develop between early
aMCI and late AD: much like early hyperactivity leading to late hypoactivity (e.g., Bass et al., 2015;
Almeida and Radanovic, 2022; Anastacio et al., 2022; Stargardt et al., 2015), hyperconnectivity is
observed in aMCI and early AD but followed by hypoconnectivity in late AD (e.g., Almeida and
Radanovic, 2022; Koelewijn et al., 2019; Schultz et al., 2017). Thus, the present model explains this
pattern with early hyperactivity caused by SST-IN disinhibition, whereas late hypoactivity could
evolve due to tauopathy and disinhibition-related excitotoxicity - which is in accordance with the
early Ap-dependent acceleration of atrophy in AD, followed by late deceleration and hypoactivity

(Sabuncu et al., 2011).

Indeed, SST-IN hypofunction has been shown to cause hyperconnectivity; that is, ethanol intake has
been shown to ramp up functional connectivity between SST-sparse regions by dampening SST-IN
inhibition (e.g., Ochi et al., 2022). Similarly, SST-IN degeneration in AD may ramp up connectivity
between the affected regions (Almeida and Radanovic, 2022). This would agree with the findings that
functional connectivity, particularly in the theta band, reflects hyperactivity in subjective cognitive
impairment and MCI, whereas optogenetic normalisation of SST-IN function also normalises theta
oscillations in AD (PV-INs ameliorating the gamma frequency, citar). Conversely, in another study,
chronically reduced SST-IN inhibition through ablation of 30% of SST-INs in the auditory cortex
ultimately led to a plunge in the levels of corticocortical transmissions - i.e., late hypoconnectivity

(Seybold et al.,, 2012). Hence, chronic SST-IN hypofunction in aMCI could potentially drive
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hyperconnectivity at first, only to eventually contribute to dampening corticocortical transmission in
later AD due excitotoxicity and other complex neural processes (e.g., reshaping of receptive fields,

Seybold et al., 2012).

Another interesting argument is that potentiated ensembles deprived of their SST-IN inhibitory
engrams may be more susceptible to excitotoxicity due to overexcitation, which can lead to atrophy in
specialised (potentiated) networks preferentially. Thus, a reduction of brain asymmetry is observed in
AD patients, as well as cortical thinning of hyperactive regions (e.g., Putcha et al., 2011; Almeida and
Radanovic, 2022). Hubs also tend to be overactive and exceptionally susceptible to A deposition and
atrophy, which later turns into hypometabolism - whether in AD or healthy ageing (Buckner et al.,
2009; Stam et al., 2009; Lo et al., 2010; de Haan et al., 2012). These data are congruent with SST-IN-
related NMDAR disinhibition and Ag-driven Ca2+ dyshomeostasis (Mattson et al., 1992; Schulz et al.,

2018).

Destabilisation of potentiated circuitry may thereby promote interference, depotentiation, and loss of
functional selectivity. In terms of functional connectivity, disinhibition should notably promote
functional dedifferentiation, with disinhibited regions being improperly recruited during task
performance and interfering with specialised processes (e.g., language, face recognition). Thus, for
instance, a loss of functional lateralisation is commonly reported with fMRI for language tasks
(indicating impairments in lexical-semantic memory) (Almeida and Radanovic, 2022). Further,
deficits in face recognition have been associated with functional dedifferentiation in AD, with authors
suggesting that unrelated regions interfere with specialised face-processing networks (Kurth et al,,
2015). Similar dedifferentiations are reported for memory tasks, whereby tau tangles induce
mnemonic discrimination deficits (Kurth et al., 2015; Maass et al., 2019; Li et al., 2021). Loss of sensory
dominance has also been demonstrated and tied to compromised inhibitory function in aMCI and

older adults (e.g., Murray et al., 2018; Diederich et al., 2008; Laurienti et al., 2006). Shifts in the

topography of certain oscillatory frequency bands as well as evoked-related potentials are observed
among AD patients and seem suggestive of such a disarrangement of functional circuits (e.g.,
Spironelli et al., 2013; Almeida and Radanovic, 2022). AB/tau pathology have also been correlated with
a loss of functional segregation between episodic-memory networks - namely, anterior-temporal and

posterior-medial -, which itself correlated with memory decline in older adults (Cassady et al., 2021).

Finally, a loss of interareal inputs into SST-INs with hypoconnectivity may compromise top-down

control of interference in lower regions (Almeida and Radanovic, 2022). This would agree with the fact
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that deficits in recovering from proactive semantic interference have been correlated with diffuse loss
of frontotemporal/limbic functional connectivity in asymptomatic offspring of late-onset Alzheimer's

disease (LOAD) patients (Sanchez et al., 2017).

4.3. Spatial memory deficits

Hippocampal place fields are neural maps or cognitive representations of places in the real world,
represented by well-defined and stable groups of place cells. Sets of such cells engage in high-
frequency bursting whenever mice enter a known place, and remain fully active as place fields for the

duration.

As a place grows familiar, place cells fire more selectively and specifically for that location, and
assemble into increasingly-stable ensembles (Zhao et al., 2014; Caccuci et al., 2008; Ness and Schultz,
2021; Cheng and Ji, 2013; Cayzac et al., 2015; Yassa et al., 2010). The leading role of hilar SST-INs in
spatial memory encoding, retrieval and representation are well-established, and multiple studies
demonstrate how spatial memory deficits in AD correlate selectively with SST-IN degeneration
(Andrews-Zwilling et al., 2010, 2012; Leung et al., 2012). Accordingly, in AD models place fields are
represented in a lower-resolution state: familiar spatial representations fail to constrain the
activation into a few well-defined set of place cells, displaying instability and conveying less location-
specific information which codify distinctive features used to narrow down the identity of a particular
location - and thus arise spatial memory deficits (which is observed even in tau models with
hypoactivity, Zhao et al., 2014; Caccuci et al., 2008; Ness and Schultz, 2021; Cheng and Ji, 2013; Cayzac
et al., 2015; Yassa et al., 2010); of note, ageing-related alterations also promote excessive hippocampal
firing, poor encoding, interference and indiscrimination (Wilson et al., 2005, 2006; Busche et al.,

2015).

Destabilisation by SST-IN hypofunction is quite eligible to induce such indiscriminate activation,
interference, impaired encoding and unstable representations in AD. This would also concur with the
fact that APOEZ mice show age- and sex-dependent (female-biassed) spatial learning deficits, and
those in turn only correlate with APOE/-driven SST-IN loss but not other neurons (e.g., Leung et al.,
2012; Andrews-Zwilling et al., 2010, 2012). Moreover, impaired GABA-B1a subunit function also is

shown to permit unconstrained memory generalisation/indiscrimination (Lynch et al., 2016b).

Accordingly, Cayzac et al. (2015), for example, found neurons with larger place fields and lower spatial

information in APP/PS1 mice. The authors reported a lower proportion of place cells as compared to

geios.com doi.org/10.32388/GOY6DK 22


https://www.scienced/
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

regular mice. Additionally, place fields did not decrease with learning in AD mice: the proportion of
task-only cells decreased in WT mice, but not APP/PS1. This was, interestingly, accompanied by a
slower theta frequency. The latter congrues with the fact that SST-INs tightly regulate theta
oscillations, as well as reports that restoration of SST-IN function normalises theta oscillations in
networks affected by Ap oligomers (PVs, in turn, promote gamma activity; Chung et al., 2020). In a
similar vein, Cheng and Ji (2013) found that, in a transgenic tau model, CA1 neural maps covered much
wider areas and conveyed less spatial information (see figure 3). Further, these low-resolution maps
correlated with interference of pre-existent firing patterns, coding for non-spatial information,
which intruded during exploration of familiar as well as novel environments, and disrupted encoding
of new data. These intrusions were characterised by well-formed sequences of patterned activity
(Gelbard-Sagiv et al., 2008; Pastalkova et al., 2008), in line with the aforementioned SST-INs’ role in
protecting ensembles from proactive as well as retroactive interference. AD patients also display an
inability to form new memories, as well as frequent intrusions of old ones (Cheng and Ji, 2013;
Carlesimo and Oscar-Berman, 1992; Salmon and Bondi, 2009; Butters et al., 1987; De Anna et al.,
2008), with SST-INs being known to support memory encoding and prevent these intrusions

(Murayama et al., 2009; Almeida and Radanovic, 2022; Adler et al., 2019; Cichon and Gan, 2015).

As per the interpretation of Cheng and Ji (2013), “when the transgenic mice are placed in a space,
instead of forming/retrieving the space’s memory code, CA1 neurons are cued to activate those
internally-driven activity patterns irrelevant to the current space”. This implies that, just like
proactive interference, “there exists a direct competition between external and internal inputs”
(Cheng and Ji, 2013). Interestingly, interfering sequences were also evoked along with prominent theta
oscillatory activity, again hinting at a link to SST-IN dysfunction - given SST-INs’ prominent

modulation of theta oscillations (Almeida, 2021; Chung et al., 2020).
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Figure 3. Tau neurons fired with low location-specificity in a familiar open box. (A) The open box with its
interior colour and cue card (Cue) shown. (B) Color-coded firing rate maps of three WT and three Tau
neurons, each from a different animal, in the open box. Numbers: peak (red/black) rates in Hertz. Note the
broader firing areas of Tau neurons than those of WT neurons. (C) Distribution of open SI of WT and Tau
neurons. Plots are histograms normalised by total numbers of samples, each computed for one neuron in

one open box session. Reproduced from Cheng and Ji (2013).

Conversely, Mably et al. (2017) and Booth et al. (2016) failed to find increased place field size per se in
3xTg mice. Nonetheless, spatial information was still reduced in both studies, such that activation
patterns were unspecific and low-resolution. In accordance with disrupted inhibitory engrams, place-
map stability and firing rates were also impaired in both studies (Mably et al., 2017; Booth et al., 2016).
In addition, theta-fast gamma coupling was impaired in Booth et al. (2016), indicating disrupted
entorhinal-hippocampal communication (including of inhibitory nature, Cheng and Ji, 2013). Finally,
a study with human subjects found that hyperactivity in aMCI is associated with discrimination

(pattern separation) and spatial memory deficits (Yassa et al., 2010).
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All in all, AD models fairly consensually depict how representations of memories of familiar places fail
to look like so, because networks are unable to shape/refine them into specific and stable ensembles.
This is fully congruent with the fact that inhibition, rather than excitation, shifts most prominently
according to context, and is chiefly responsible for shaping excitatory activity in a context-dependent
fashion (e.g., Besnard et al., 2019; Kuchibhotla et al., 2017). SST-INs, specifically, are known to control
the size and specificity of memories, being highly sensitive to small contextual changes (e.g.,
Stefanelli et al., 2016; Scheggia et al., 2020; Besnard et al., 2016; Lovett-Barron et al., 2014; Dobrzanski
et al., 2021; Arriaga et al., 2019; Cichon and Gan, 2015; Chiu et al., 2015; Asgarihafshejani et al., 2022;
d’aquino et al., 2022; Adler et al., 2019; Kuchibhotla et al., 2017). Mounting evidence demonstrates
that AD suffers from early and progressive worsening of pattern separation skills, which are
conjectured to stem from AD pathology and cholinergic deficiency - both of which directly undermine
SST-IN function; indeed, SST-INs are known to support pattern separation (Jun et al., 2020; Parizkova
et al., 2020; Ally et al., 2013; Sinha et al., 2018; Zhu et al., 2018; Lee et al., 2020; Goetghebeur et al.,
2019; Palmer and Good, 2011). Multiple other discriminatory cortical functions are carried out by SST-
INs (e.g., Lepousez et al., 2010; Scheggia et al.,, 2020; Abraham et al., 2023; Adler et al., 2019).
Accordingly, low-resolution spatial maps in AD have been proposed to stem from poor spatiotemporal

control of excitatory activity due to disinhibition, specifically (Ness and Schultz, 2021).

SST-IN dysfunction and AB are proposed here to render spatial maps inaccurate, low-resolution,
unspecific and unstable or destabilised. Loss of stimulus-specific responses and selectivity, as well as
context-dependent modulation, are observed with Ca2+ disinhibition by Ab of dendritic spines
(Kuchibhotla et al., 2008); these processes even precede neurodegeneration, synaptic and neural
losses (Arbel-Ornath et al., 2017). Thus, in AD, detailed features of the environment are not narrowed-
down into well-defined ensembles that can accurately distinguish and identify specific contexts due to
poor inhibitory control. For instance, in the aforementioned studies, mice with APP overexpression
and amyloidosis are shown to have an idea of the gist of a spatial map, but cannot home in on the
precise location of a target in water-maze training - i.e., failing to narrow-down information
according to context. Similarly, deficits in NMDAR-dependent plasticity - on which SST-INs rely
heavily - of mice DG caused notable pattern separation deficits, and marked indiscrimination between
contexts with overlapping features along with a reduction in context-dependent firing rate
modulations (McHugh et al., 2007). Finally, spatial remapping, which most likely draws on plasticity

and inhibitory mechanisms, is performed to discriminate between similar ensembles by reducing
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their overlap, and this operation is also impaired in APP knock-in mice (Jun et al., 2020). Spatial
remapping is accomplished by shifting activation and topographical patterns in response to even
modest changes in the environment (e.g., ambience light, spatial size, geometry, and even itinerary
and sequences of directions in a maze, which may result in shifts of firing rate, place-field locations

and sizes, etc), thus making representations more distinctive and discriminable.

4.4. Declarative memory deficits

In AD, neurons in the temporal lobe may fail to respond selectively and coordinately to specific
locations and contextual features which support episodic memory (Moser et al., 2008; O'Keefe and
Dostrovsky, 1971; O'Keefe and Nadel, 1978). Spatial indiscrimination in AD due to SST-IN disinhibition
in fact already implies a disruption of episodic memory, given that place cells code also for episodic
information such as time, context, or autobiographical features (Eichenbaum, 2013). For instance,
hilar SST-INs in the DG were shown to discriminate between similar, partially-overlapping, episodic-
like spatial-contextual memories (Morales et al., 2020). Similarly, studies on source or context
memory, a subpartition of episodic memory involved in the remembrance of specific contextual
features (e.g., where, when or how an event has come to pass), commonly show deficits in AD which
are caused by interference of false memories and impaired retrieval of specific features (e.g., Irish et
al,, 2011; Pierce et al., 2008; Mammarella et al., 2012). For example, Pierce et al. (2008) found that AD
patients had difficulty remembering which particular room studied items were encoded in.
Mammarella et al. (2012) tested source memory for specific features of encoded words in AD, namely:
perceptual, spatial, temporal, semantic, social, and affective details. The authors found that AD

patients had difficulty remembering specific features, especially semantic and spatial details.

Further instances of interference in episodic memory can be found in the propensity for the formation
of false memories in AD (El Haj, 2015; Budson et al., 2002; Plancher et al., 2009). Some patients are
even known to confabulate over fictional memories that they claim to have lived. It is believed that
this is driven by an inability to suppress intrusive irrelevant or fictional information and discriminate
it from target memories (e.g., Plancher et al., 2009). Indeed, confabulations mainly consist of
intruding salient and stable long-term memories, such as habits and personal semantic information
(Burgess and McNeil, 1999; Dalla Barba, 1993, 2000; Dalla Barba et al., 1997, 1999). Multiple authors
thereby conjectured that confabulation stems from an impaired ability to consciously retrieve weak

long-term memories, whilst relatively sparing stronger representations (Dalla Barba et al., 1997,
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1999, 2002; Dalla Barba, 2000). In concurrence, “over-learned information interferes with episodic
recall, i.e., the retrieval of specific, unique past episodes” (De Anna et al., 2008), which are weaker

representations.

Nlustratively, De Anna et al. (2008) asked mild AD patients to recall different types of short stories:
“one unknown story (similar to the Logical Memory test in the Wechsler Memory Scale-Revised,
Wechsler, 1987), one well-known fairy-tale (Cinderella), and one ‘modified’ well-known fairy-tale
(Little Red Riding Hood is not eaten by the wolf)”. Whereas numbers of intrusions did not differ
between conditions for healthy controls, patients produced most intrusions in the modified well-
known fairy-tale - i.e., due to interference of overlearned elements of those stories. Hence, the
“overlearned version of the fairy-tale interferes with the recall of the episodic representation of the
elements of the modified version, which differ from the original version”. Of course, this resonates
well with the notion of disrupted inhibitory engrams of potentiated ensembles. Similarly, a decline in
inhibitory ability in AD has been linked to difficulty telling whether previous actions were enacted or
imagined (El Haj et al., 2012, 2013, 2015d). Finally, in concern to delayed verbal recall (a highly
prevalent deficit among AD cohorts), it has been proposed to derive from a susceptibility to
interference of distracting elements during the delay period - and minimising such interference does
improve performance (e.g., Cowan et al., 2005). Accordingly, in vivo two-photon imaging of the
hippocampus in a mouse model of AD during contextual fear conditioning demonstrated that
recently-formed memories were not actually lost; namely, neighbouring, partially-overlapping
ensembles near the engram precluded recall and induced forgetting, whereas optogenetic inhibition of
the interfering ensembles produced recall (Poll et al., 2020). Engrams themselves proved intact.
Similarly, Poll (2020) also applied two-photon imaging to APP/PS1 mice in a hippocampal-dependent
memory test and discovered that although engrams were intact, they could not be retrieved due to
superimposing of neighbouring ensembles. Hence, neural indiscrimination may best account for

mnemonic impairments in AD.

Importantly, SST-IN disinhibition in the cortex may very well promote interference and
reconsolidation of conceptual and semantic information in semantic memory as well (e.g., Colgin et
al., 2008; Almeida and Radanovic, 2022). For example, cells in the lateral prefrontal cortex exhibit
different representations for distinct stimuli with highly similar features (Freedman et al., 2001; see
also Colgin et al., 2008; Donoghue et al., 2023). Cortical representations of events in close succession

suffer pattern separation whenever abstract boundaries are detected between them, thereby
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discriminating between different perceived events close in time through semanticisation or
categorisation (Schapiro et al., 2013). Conversely, such deficits should apply not only to recently-
encoded information like events, but also to long-term memories whose acquisition far precede the
onset of aMCI - e.g., the meanings of words. For instance, semantic fluency in AD is impaired most
notably in regards to cognitive switching between subcategories or clusters of semantically-related
concepts, which has been associated with overwhelming interference and semantic competition as
demonstrated by an fMRI study (Hirshor and Thompson-Schill, 2006;; Almeida and Radanovic, 2022).
Furthermore, AD patients notably lose the ability to discriminate between exemplars or tokens of the
same semantic category (e.g., specific animals such as “tiger” and “lion”) due to impaired access to
specific and distinctive features - as demonstrated by semantic priming and confrontation naming
tasks -, which has been proposed to stem, among others, form disinhibition and cholinergic deficits
(for reviews, Almeida and Radanovic, 2022; Almeida et al., 2023). Additionally, AD patients perform
poorly at discriminating between confusable objects in recognition memory and conceptual matching
tasks, which correlated mainly with damage to one of the very most SST-selective regions of the brain
- namely, the perirhinal cortex (Frick et al., 2022). However, again, the fact that recently-encoded
information in spatial and episodic tasks is also subject to the same pattern of indiscrimination
strongly implies that it is not synaptic or neural loss that mainly causes memory deficits in AD, but

disinhibition and indiscrimination.

Alternative instances of cortical discrimination deficits in AD patients include visual space (Nguyen et
al., 2003), tone frequency and duration (e.g., Hellstrom and Almkvist, 1997; Caravaglios et al., 2010),
colours (Salamone et al., 2009), visual objects (Gaynor et al., 2019), facial identity (Roudier et al.,
1998), emotion (Kohler et al., 2005), semantic and contextual adequacy (Almeida and Radanovic,
2022), semantic categories and subordinates (Grossman et al., 2001; Almeida and Radanovic, 2022),
visuo-semantic lures versus target picture memory (Leal et al., 2019), tactile angles (Yang et al., 2010),
auditory-spatial information (Golden et al., 2015), word lists and events (Almeida and Radanovic,

2022), inter alia.

4.5. Summary of the model (cognition)

The fulcrum and main deduction of the model is that, chiefly in reason of hypofunctional SST-IN
inhibition, spatial and declarative memory in AD suffer from harsh discriminatory deficits. In other

words, it is not neural or synaptic loss per se that is most responsible for the qualitative
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neuropsychological profile of AD patients, but widespread interference and indiscriminate neural
activity due to impaired context-dependent inhibitory modulation of cortical and hippocampal
networks. Hence, we discussed how this is reflected in spatial memory as low-resolution, unspecific
and uninformative spatial maps which cannot narrow-down specific features of memories, but only
access a low-resolution gist. The same fingerprint is observed in declarative memory. Semantic
categories lose resolution, such that patients fail to discriminate between individual exemplars by
accessing detail and distinctive features. Conversely, in episodic memory patients fail to home-in on
weak or specific contextual features in autobiographical and source memory, exhibiting intrusions of
overlearned information, whereas short-term memory suffers from the same deficits as reflected in
proactive and retroactive interference studies and minimisation of interference during delay periods
of verbal recall. Moreover, it is noteworthy that SWS impairment, GABA-Bia downregulation,
cholinergic deficits, and amyloidosis: all of these are known to promote progressive memory
generalisation over time, which may explain various discriminatory deficits in memory (Webb et al.,

2020; Almeida et al., 2023).

Altogether, the present model concludes that memory in AD is not characterised mainly by loss of
engrams, but unconstrained and indiscriminate neural activity that can ultimately lead to their
disarrangement through interference and reconsolidation, in line with studies demonstrating
rescuing of memory deficits and lost memories in animal models (e.g., Etter et al., 2019; Giovannetti et
al., 2018). This neuropsychological profile directly reflects the biological model that was put forth,

which postulates that SST-IN hypofunction is an ontological feature of AD.

Declaration of interest

None.

References

e Abbas, A.; Sundiang, M.J.; Henoch, B.; Morton, M.P.; Bolkan, S.S.; Park, AJ.; Harris, A.Z;
Kellendonk, C.; Gordon, J.A. Somatostatin Interneurons Facilitate Hippocampal-Prefrontal
Synchrony and Prefrontal Spatial Encoding. Neuron 2018, 100, 926—-939.e3

e Abbas, A. I, Sundiang, M. J., Henoch, B., Morton, M. P., Bolkan, S. S., Park, A. J.,... & Gordon, J. A.
(2018). Somatostatin interneurons facilitate hippocampal-prefrontal synchrony and prefrontal

spatial encoding. Neuron, 100(4), 926-939.

geios.com doi.org/10.32388/GOY6DK 29


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Abramowski, D., Wiederhold, K. H., Furrer, U., Jaton, A. L., Neuenschwander, A., Runser, M. J.,... &
Staufenbiel, M. (2008). Dynamics of AB turnover and deposition in different g-amyloid precursor
protein transgenic mouse models following y-secretase inhibition. Journal of Pharmacology and
Experimental Therapeutics, 327(2), 411-424.

Abulafia, C., Loewenstein, D., Curiel-Cid, R., Duarte-Abritta, B., Sanchez, S. M., Vigo, D. E.,... &
Villarreal, M. F. (2019). Brain structural and amyloid correlates of recovery from semantic
interference in cognitively normal individuals with or without family history of late-onset
Alzheimer’s disease. The Journal of neuropsychiatry and clinical neurosciences, 31(1), 25-36.
Algamal, M., Russ, A. N., Miler, M. R., Hou, S. S., Maci, M., Munting, L. P.,... & Kastanenka, K. V.
(2022). Hyperactive somatostatin interneurons near amyloid plaque and cell-type-specific firing
deficits in a mouse model of Alzheimer's disease. bioRxiv.

Ali, F., Gerhard, D. M., Sweasy, K., Pothula, S., Pittenger, C., Duman, R. S., & Kwan, A. C. (2020).
Ketamine disinhibits dendrites and enhances calcium signals in prefrontal dendritic spines. Nature
Communications, 11(1), 72.

Ally, B. A, Hussey, E. P, Ko, P. C., & Molitor, R. J. (2013). Pattern separation and pattern completion
in Alzheimer's disease: evidence of rapid forgetting in amnestic mild cognitive impairment.
Hippocampus, 23(12), 1246-1258.

Almeida, V. N., & Radanovic, M. (2022). Semantic processing and neurobiology in Alzheimer's
disease and Mild Cognitive Impairment. Neuropsychologia, 108337.

Almeida, V. N., & Radanovic, M. (2023) Semantic memory in Alzheimer’s disease: A critical review
of historical and theoretical developments. Under review.

Almeida, V. N. (2021). Neurophysiological basis of the N400 deflection, from mismatch negativity
to semantic prediction potentials and late positive components. International Journal of
Psychophysiology, 166, 134-150.

Almeida, V. N. (2022). The neural hierarchy of consciousness. Neuropsychologia, 108202.

Almkvist, 0. (2000). Functional brain imaging as a looking-glass into the degraded brain:
reviewing evidence from Alzheimer disease in relation to normal aging. Acta Psychologica, 105(2-
3), 255-277.

Anastacio, T. D. H., Matosin, N., & Ooi, L. (2022). Neuronal hyperexcitability in Alzheimer’s disease:
what are the drivers behind this aberrant phenotype?. Translational Psychiatry, 12(1), 1-14.
Anderson, M. C. (2003). Rethinking interference theory: Executive control and the mechanisms of

forgetting. Journal of Memory and Language, 49, 415—145.

geios.com doi.org/10.32388/GOY6DK 30


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

https://doi.org/10.1016/j.jml.2003.08.006

Andrews-Zwilling Y, Bien-Ly N, Xu Q, Li G, et al. 2010. Apolipoprotein E4 causes age- and Tau-
dependent impairment of GABAergic interneurons, leading to learning and memory deficits in
mice. ] Neurosci 30: 13707-17.

Anoop, A., Ranganathan, S., Dhaked, B. D., Jacob, R. S., Kumar, A., Padinhateeri, R., & Maji, S. K.
(2013). Understanding the Mechanism of Somatostatin-14 Amyloid Formation In Vitro. Biophysical
Journal, 104(2), 50a.

Arai, H., Moroji, T., & Kosaka, K. (1984). Somatostatin and vasoactive intestinal polypeptide in
postmortem brains from patients with Alzheimer-type dementia. Neuroscience letters, 52(1-2),
73-78.

Arbel-Ornath, M., Hudry, E., Boivin, J. R., Hashimoto, T., Takeda, S., Kuchibhotla, K. V.,... & Bacskai,
B. J. (2017). Soluble oligomeric amyloid-p induces calcium dyshomeostasis that precedes synapse
loss in the living mouse brain. Molecular neurodegeneration, 12, 1-14.

Arendash, G. W., & Cao, C. (2010). Caffeine and coffee as therapeutics against Alzheimer's disease.
Journal of Alzheimer's Disease, 20(s1), S117-S126.

Arriaga, M., & Han, E. B. (2019). Structured inhibitory activity dynamics in new virtual
environments. Elife, 8, e47611.

Artinian, J., & Lacaille, J. C. (2018). Disinhibition in learning and memory circuits: new vistas for
somatostatin interneurons and long-term synaptic plasticity. Brain research bulletin, 141, 20-26.
Asgarihafshejani, A., Honoré, E., Michon, F. X., Laplante, I., & Lacaille, J. C. (2022). Long-term
potentiation at pyramidal cell to somatostatin interneuron synapses controls hippocampal network
plasticity and memory. Iscience, 25(5), 104259.

Ashford, J. W. (2015). Treatment of Alzheimer’s disease: the legacy of the cholinergic hypothesis,
neuroplasticity, and future directions. Journal of Alzheimer's Disease, 47(1), 149-156.

Bai, Y., Li, M., Zhou, Y. et al. Abnormal dendritic calcium activity and synaptic depotentiation occur
early in a mouse model of Alzheimer’s disease. Mol Neurodegeneration 12, 86 (2017).

https://doi.org/10.1186/81302/4-017-0228-2

Banasr, M., Lepack, A., Fee, C., Duric, V., Maldonado-Aviles, J., DiLeone, R.,... & Sanacora, G. (2017).
Characterization of GABAergic marker expression in the chronic unpredictable stress model of
depression. Chronic Stress, 1, 2470547017720459.

Baratta, M.V.,; Lamp, T.; Tallent, M.K. Somatostatin Depresses Long-Term Potentiation and Ca2+

Signaling in Mouse Dentate Gyrus. J. Neurophysiol. 2002, 88, 3078 -3086.

geios.com doi.org/10.32388/GOY6DK

31


https://doi.org/10.1016/j.jml.2003.08.006
https://doi.or/
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Bass, B., Upson, S., Roy, K., Montgomery, E. L., Jalonen, T. O., & Murray, I. V. (2015). Glycogen and
amyloid-beta: key players in the shift from neuronal hyperactivity to hypoactivity observed in
Alzheimer's disease?. Neural regeneration research, 10(7), 1023.

Beal, M. F., Mazurek, M. F., Svendsen, C. N., Bird, E. D., & Martin, J. B. (1986). Widespread reduction
of somatostatin-like immunoreactivity in the cerebral cortex in Alzheimer's disease. Annals of
Neurology: Official Journal of the American Neurological Association and the Child Neurology
Society, 20(4), 489-495.

Bekdash, R. A. (2021). The cholinergic system, the adrenergic system and the neuropathology of
Alzheimer’s disease. International Journal of Molecular Sciences, 22(3), 1273.

Bero AW, Yan P, Roh JH, Cirrito JR, et al. 2011. Neuronal activity regulates the regional vulnerability
to amyloid-B deposition. Nat Neurosci 14: 750—6.

Besnard, A.; Gao, Y.; Kim, M.T.; Twarkowski, H.; Reed, A.; Langberg, T.; Feng, W.; Xu, X,; Saur, D;
Zweifel, L.S.; et al. Dorsolateral septum somatostatin interneurons gate mobility to calibrate
context-specific behavioral fear responses. Nat. Neurosci. 2019, 22, 436 —446.

Bi, D., Wen, L., Wu, Z., & Shen, Y. (2020). GABAergic dysfunction in excitatory and inhibitory (E/I)
imbalance drives the pathogenesis of Alzheimer's disease. Alzheimer's & Dementia, 16(9), 1312-
1329.

Bittner, T., Burgold, S., Dorostkar, M. M., Fuhrmann, M., Wegenast-Braun, B. M., Schmidt, B.,... &
Herms, J. (2012). Amyloid plaque formation precedes dendritic spine loss. Acta neuropathologica,
124,797-807.

Bittner, T., Fuhrmann, M., Burgold, S., Ochs, S. M., Hoffmann, N., Mitteregger, G.,... & Herms, J.
(2010). Multiple events lead to dendritic spine loss in triple transgenic Alzheimer's disease mice.
PloS one, 5(11), €15477.

Bjorn Herrmann;Blake E. Butler; (2021). Hearing loss and brain plasticity: the hyperactivity
phenomenon. Brain Structure and Function, (), —. d0i:10.1007/s00429-021-02313-9

Bodea, L. G., Eckert, A., Ittner, L. M., Piguet, O., & Go6tz, J. (2016). Tau physiology and
pathomechanisms in frontotemporal lobar degeneration. Journal of neurochemistry, 138, 71-94.
Bookheimer, S. Y., Strojwas, M. H., Cohen, M. S., Saunders, A. M., Pericak-Vance, M. A., Mazziotta,
J. C., & Small, G. W. (2000). Patterns of brain activation in people at risk for Alzheimer's disease.
New England journal of medicine, 343(7), 450-456.

Booth, C. A, Ridler, T., Murray, T. K., Ward, M. A., de Groot, E., Goodfellow, M.,... & Brown, J. T.

(2016). Electrical and network neuronal properties are preferentially disrupted in dorsal, but not

geios.com doi.org/10.32388/GOY6DK 32


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

ventral, medial entorhinal cortex in a mouse model of tauopathy. Journal of Neuroscience, 36(2),
312-324.

Bostanciklioglu, M. (2021). Unexpected awakenings in severe dementia from case reports to
laboratory. Alzheimer's & Dementia, 17(1), 125-136.

Bostanciklioglu, M. (2020). Optogenetic stimulation of serotonin nuclei retrieve the lost memory in
Alzheimer's disease. Journal of cellular physiology, 235(2), 836-847.

Braak, H., & Braak, E. V. A. (1995). Staging of Alzheimer's disease-related neurofibrillary changes.
Neurobiology of aging, 16(3), 271-278.

Braak, H., & Del Tredici, K. (2019). Top-down projections direct the gradual progression of
Alzheimer-related tau pathology throughout the neocortex. Tau Biology, 291-303.

Brayne S, Lovelace H, Fenwick P (2008) End-of-life experiences and the dying process in a
Gloucestershire nursing home as reported by nurses and care assistants. Am ] Hosp Palliat Care.
25:195-206

Brockway, D. F., Griffith, K. R., Aloimonos, C. M., Clarity, T. T., Moyer J, B., Smith, G. C.,... &
Crowley, N. A. (2022). Somatostatin peptide signaling dampens cortical circuits and promotes
exploratory behavior. bioRxiv, 2022-07.

Buckner, RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, et al (2009) Cortical hubs revealed by
intrinsic functional connectivity: mapping, assessment of stability, and relation to Alzheimer’s
disease. ] Neurosci 29: 1860—1873.

Budson AE, Sullivan AL, Mayer E, Daffner KR, Black PM, Schacter DL (2002) Suppression of false
recognition in Alzheimer’s disease and in patients with frontal lobe lesions. Brain 125(Pt 12):2750—
2765

Buggia-Prevot, V. et al. A function for EHD family proteins in unidirectional retrograde dendritic
transport of BACE1 and Alzheimer’s disease Ap production. Cell Rep. 5, 1552—1563 (2013).

Burggren, A. C., Small, G. W., Sabb, F. W., & Bookheimer, S. Y. (2002). Specificity of brain activation
patterns in people at genetic risk for Alzheimer disease. The American Journal of Geriatric
Psychiatry, 10(1), 44-51.

Busche, M.A,, Chen, X., Henning, H.A., Reichwald, J., Staufenbiel, M., Sakmann, B., and Konnerth,
A. (2012). Critical role of soluble amyloid-b for early hippocampal hyperactivity in a mouse model
of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 109, 8740—8745.

Busche, M.A., Eichhoff, G., Adelsberger, H., Abramowski, D., Wiederhold, K.H., Haass, C,,

Staufenbiel, M., Konnerth, A., and Garaschuk, O. (2008). Clusters of hyperactive neurons near

geios.com doi.org/10.32388/GOY6DK 33


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

amyloid plaques in a mouse model of Alzheimer’s disease. Science 321, 1686—-1689.

Busche MA, Chen X, Henning HA, Reichwald J, et al. 2012. Critical role of soluble amyloid-f for
early hippocampal hyperactivity in a mouse model of Alzheimer’s disease. Proc Natl Acad of Sci
USA 109: 8740-5.

Bush, A. I. et al. Rapid induction of Alzheimer A beta amyloid formation by zinc. Science 265, 1464—
1467 (1994).

Butters, N, Granholm E, Salmon DP, Grant I, Wolfe J. 1987. Episodic and semantic memory: a
comparison of amnesic and demented patients. J Clin Exp Neuropsychol 9:479—97. doi:
10.1080/01688638708410764.

C. Evrard, A.-L. Gilet, F. Colombel, E. Dufermont, and Y. Corson, “Now you make false memories;
now you do not: the order of presentation of words in DRM lists influences the production of the
critical lure in Alzheimer’s disease,” Psychological Research, vol. 82, no. 2, pp. 429—438, 2018.
Cacucci, F., Yi, M., Wills, T. J., Chapman, P., & O'Keefe, J. (2008). Place cell firing correlates with
memory deficits and amyloid plaque burden in Tg2576 Alzheimer mouse model. Proceedings of the
National Academy of Sciences, 105(22), 7863-7868.

Canto-Bustos, M., Friason, F. K., Bassi, C., & Oswald, A. M. M. (2022). Disinhibitory circuitry gates
associative synaptic plasticity in olfactory cortex. Journal of Neuroscience, 42(14), 2942-2950.
Caravaglios, G., Castro, G., Costanzo, E., Di Maria, G., Mancuso, D., & Muscoso, E. G. (2010). Theta
power responses in mild Alzheimer’s disease during an auditory oddball paradigm: lack of theta
enhancement during stimulus processing. Journal of neural transmission, 117(10), 1195-1208.
Carlesimo, GA, Oscar-Berman M. 1992. Memory deficits in Alzheimer’s patients: a comprehensive
review. Neuropsychol Rev 3:119—-69. doi: 10.1007/BF01108841.

Cassady, K. E., Adams, J. N., Chen, X., Maass, A., Harrison, T. M., Landau, S.,... & Jagust, W. (2021).
Alzheimer’s pathology is associated with dedifferentiation of intrinsic functional memory
networks in aging. Cerebral Cortex, 31(10), 4781-4793.

Cayzac, S., Mons, N., Ginguay, A., Allinquant, B., Jeantet, Y., & Cho, Y. H. (2015). Altered
hippocampal information coding and network synchrony in APP-PS1 mice. Neurobiology of aging,
36(12), 3200-3213.

Celone KA, Calhoun VD, Dickerson BC, Atri A, Chua EF, Miller SL, DePeau K, Rentz DM, Selkoe D],
Blacker D, Albert MS, Sperling RA, Alterations in memory networks in mild cognitive impairment
and Alzheimer’s disease: an independent component analysis, J. Neurosci 26 (40) (2006) 10222—

10231.

geios.com doi.org/10.32388/GOY6DK 34


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Chen, K., Yang, G., So, K. F., & Zhang, L. (2019). Activation of cortical somatostatin interneurons
rescues synapse loss and motor deficits after acute MPTP infusion. Iscience, 17, 230-241.

Chen, L., Cummings, K. A., Mau, W., Zaki, Y., Dong, Z., Rabinowitz, S.,... & Cai, D. J. (2020). The role
of intrinsic excitability in the evolution of memory: Significance in memory allocation,
consolidation, and updating. Neurobiology of learning and memory, 173, 107266.

Chen, N., Sugihara, H., & Sur, M. (2015). An acetylcholine-activated microcircuit drives temporal
dynamics of cortical activity. Nature neuroscience, 18(6), 892-902.

Chen CC, J. Ly, R. Yang, ].B. Ding, Y. Zuo Selective activation of parvalbumin interneurons prevents
stress-induced synapse loss and perceptual defects Mol. Psychiatry, 23 (2018), pp. 1614-1625
Cheng, J., & Ji, D. (2013). Rigid firing sequences undermine spatial memory codes in a
neurodegenerative mouse model. Elife, 2.

Chiu, C. Q., G. Lur, T.M. Morse, N.T. Carnevale, G.C. Ellis-Davies, M.]J. Higley Compartmentalization
of GABAergic inhibition by dendritic spines Science, 340 (2013), pp. 759-762

Chung, H., Park, K., Jang, H. J., Kohl, M. M., & Kwag, J. (2020). Dissociation of somatostatin and
parvalbumin interneurons circuit dysfunctions underlying hippocampal theta and gamma
oscillations impaired by amyloid B oligomers in vivo. Brain Structure and Function, 225, 935-954.
Cichon, J., & Gan, W. B. (2015). Branch-specific dendritic Ca2+ spikes cause persistent synaptic
plasticity. Nature, 520(7546), 180-185.

Cichon, J., Wasilczuk, A. Z., Looger, L. L., Contreras, D., Kelz, M. B., & Proekt, A. (2022). Ketamine
triggers a switch in excitatory neuronal activity across neocortex. Nature Neuroscience, 1-14.
Cirrito, J. R, Yamada, K. A,, Finn, M. B,, Sloviter, R. S., Bales, K. R., May, P. C.,... & Holtzman, D. M.
(2005). Synaptic activity regulates interstitial fluid amyloid-p levels in vivo. Neuron, 48(6), 913-
922.

Ciupek, S. M., Cheng, J., Alj, Y. O., Lu, H. C,, &Ji, D. (2015). Progressive functional impairments of
hippocampal neurons in a tauopathy mouse model. Journal of Neuroscience, 35(21), 8118-8131.
Colgin, L. L., Moser, E. L., & Moser, M. B. (2008). Understanding memory through hippocampal
remapping. Trends in neurosciences, 31(9), 469-477.

Coomans EM, Schoonhoven DN, Tuncel H, et al. In vivo tau pathology is associated with synaptic
loss and altered synaptic function. Alzheimer’s Res Ther. 2021;13(1):35.

Coomaraswamy, J., Kilger, E., Wolfing, H., Schéfer, C., Kaeser, S. A., Wegenast-Braun, B. M.,... &

Jucker, M. (2010). Modeling familial Danish dementia in mice supports the concept of the amyloid

geios.com doi.org/10.32388/GOY6DK 35


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

hypothesis of Alzheimer's disease. Proceedings of the National Academy of Sciences, 107(17),
7969-7974.

Cummings, K. A., & Clem, R. L. (2020). Prefrontal somatostatin interneurons encode fear memory.
Nature neuroscience, 23(1), 61-74.

D. A. Gallo, K. R. Shahid, M. A. Olson, T. M. Solomon, D. L. Schacter, and A. E. Budson,
“Overdependence on degraded gist memory in Alzheimer's disease,” Neuropsychology, vol. 20, no.
6, pp. 625—632, 2006

Dalla Barba, G, Nedjam Z, and Dubois B. Confabulation, executive functions and source memory in
Alzheimer’s disease. Cognitive Neuropsychology, 16: 385-398,1999.

Dao, N. C., Brockway, D. F., Nair, M. S., & Crowley, N. A. (2020). Bi-directional control of a prelimbic
somatostatin microcircuit decreases binge alcohol consumption. BioRxiv, 2020-11.

Davenport, C. M., Rajappa, R., Katchan, L., Taylor, C. R., Tsai, M. C., Smith, C. M.,... & Kramer, R. H.
(2021). Relocation of an extrasynaptic GABAA receptor to inhibitory synapses freezes excitatory
synaptic strength and preserves memory. Neuron, 109(1), 123-134.

Davies, P., & Terry, R. D. (1981). Cortical somatostatin-like immunoreactivity in cases of
Alzheimer's disease and senile dementia of the Alzheimer type. Neurobiology of aging, 2(1), 9-14.
Davies, P., Katzman, R., & Terry, R. D. (1980). Reduced somatostatin-like immunoreactivity in
cerebral cortex from cases of Alzheimer disease and Alzheimer senile dementa. Nature, 288, 279-
280.

Davies, P. & Maloney, A. J. Selective loss of central cholinergic neurons in Alzheimer’s disease.
Lancet 2, 1403 (1976).

De Anna, F., Attali, E., Freynet, L., Foubert, L., Laurent, A., Dubois, B., & Dalla Barba, G. (2008).
Intrusions in story recall: When over-learned information interferes with episodic memory recall.
Evidence from Alzheimer's disease. Cortex, 44(3), 305-311.

De Anna F, Attali E, Freynet L, Foubert L, Laurent A, Dubois B, et al. 2008. Intrusions in story recall:
when over-learned information interferes with episodic memory recall. Evidence from Alzheimer’s
disease. Cortex 44:305—11. doi: 10.1016/j.cortex.2006.08.001.

DeBoer, S. R., Dolios, G., Wang, R., & Sisodia, S. S. (2014). Differential release of g-amyloid from
dendrite-versus axon-targeted APP. Journal of Neuroscience, 34(37), 12313-12327.

De Haan, W., Mott, K., Van Straaten, E. C., Scheltens, P., & Stam, C. J. (2012). Activity dependent

degeneration explains hub vulnerability in Alzheimer's disease.

geios.com doi.org/10.32388/GOY6DK 36


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Delorme, J., Wang, L., Kuhn, F. R., Kodoth, V., Ma, J., Martinez, J. D.,... & Aton, S.J. (2021). Sleep loss
drives acetylcholine-and somatostatin interneuron—mediated gating of hippocampal activity to
inhibit memory consolidation. Proceedings of the National Academy of Sciences, 118(32),
€2019318118.

de San Martin, J. Z., Donato, C., Peixoto, J., Aguirre, A., Choudhary, V., De Stasi, A. M.,... & Bacci, A.
(2020). Alterations of specific cortical GABAergic circuits underlie abnormal network activity in a
mouse model of Down syndrome. Elife, 9, e58731.

Devilbiss DM, Waterhouse BD. Norepinephrine exhibits two distinct profiles of action on sensory
cortical neuron responses to excitatory synaptic stimuli. Synapse 37: 273-282, 2000

Diederich, A., Colonius, H., & Schomburg, A. (2008). Assessing age-related multisensory
enhancement with the time-window-of-integration model. Neuropsychologia, 46(10), 2556-2562.
Dinamarca, M. C., Raveh, A., Schneider, A., Fritzius, T., Friih, S., Rem, P. D.,... & Bettler, B. (2019).
Complex formation of APP with GABAB receptors links axonal trafficking to amyloidogenic
processing. Nature communications, 10(1), 1331.

Dobrzanski, G.; Lukomska, A.; Zakrzewska, R.; Posluszny, A.; Kanigowski, D.; Urban-Ciecko, J;
Liguz-Lecznar, M.; Kossut, M. Learning-induced plasticity in the barrel cortex is disrupted by
inhibition of layer 4 somatostatin-containing interneurons. Biochim. Biophys. Acta 2021, 1869,
119146.

Donoghue, T., Cao, R., Han, C. Z., Holman, C. M., Brandmeir, N. J., Wang, S., & Jacobs, J. (2023).
Single neurons in the human medial temporal lobe flexibly shift representations across spatial and
memory tasks. Hippocampus.

Du, X., Wang, X., & Geng, M. (2018). Alzheimer’s disease hypothesis and related therapies.
Translational neurodegeneration, 7(1), 1-7.

d’Aquin, S., Szonyi, A.,, Mahn, M., Krabbe, S. Griindemann, J., & Liithi, A. (2022).
Compartmentalized dendritic plasticity during associative learning. Science, 376(6590), eabf7052.
Edelman, K., et al., Amyloid-Beta Deposition is Associated with Increased Medial Temporal Lobe
Activation during Memory Encoding in the Cognitively Normal Elderly. Am ] Geriatr Psychiatry,
2017.25(5): p. 551-560.

El Haj, M., Colombel, F., Kapogiannis, D., & Gallouj, K. (2020). False memory in Alzheimer’s
disease. Behavioural neurology.

El Haj M, Fasotti L, Allain P (2012) Source monitoring in Alzheimer’s disease. Brain Cogn

80(2):185—-191. doi:10.1016/j. bandc.2012.06.004

geios.com doi.org/10.32388/GOY6DK

37


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

El Haj M, Fasotti L, Allain P (2015) Directed forgetting of source memory in normal aging and
Alzheimer’s disease. Aging Clin Exp Res 27(3):329—336. d0i:10.1007/s40520-014-0276-1

El Haj M, Gandolphe MC, Allain P, Fasotti L, Antoine P (2015) ‘‘Forget to whom you have told this
proverb’’: directed forgetting of destination memory in Alzheimer’s disease. Behav Neurol
2015:215971. doi:10.1155/2015/215971

El Haj M, Laroi F, Gely-Nargeot MC, Raffard S (2015) Inhibitory deterioation may contribute to
hallucinations in Alzheimer’s disease. Cogn Neuropsychiatry 20(4):281-295. doi:10.1080/
13546805.2015.1023392

El Haj M, Postal V, Allain P (2013) Destination memory in Alzheimer’s disease: when I imagine
telling Ronald Reagan about Paris. Cortex 49(1):82—89

El Haj M, Postal V, Le Gall D, Allain P (2011) Directed forgetting of autobiographical memory in mild
Alzheimer’s disease. Memory 19(8):993—-1003

Etter, G., van der Veldt, S., Manseau, F., Zarrinkoub, I., Trillaud-Doppia, E., & Williams, S. (2019).
Optogenetic gamma stimulation rescues memory impairments in an Alzheimer’s disease mouse
model. Nature communications, 10(1), 1-11.

Fan, W.; Fu, T. Somatostatin modulates LTP in hippocampal CA1 pyramidal neurons: Differential
activation conditions in apical and basal dendrites. Neurosci. Lett. 2014, 561, 1-6. [Google Scholar]
[CrossRef]

Fanselow, E. E., Richardson, K. A., & Connors, B. W. (2008). Selective, state-dependent activation of
somatostatin-expressing inhibitory interneurons in mouse neocortex. Journal of neurophysiology,
100(5), 2640-2652.

Fee, C., Banasr, M., & Sibille, E. (2017). Somatostatin-positive gamma-aminobutyric acid
interneuron deficits in depression: cortical microcircuit and therapeutic perspectives. Biological
psychiatry, 82(8), 549-559.

Ferreira, C. S., Maraver, M. J., Hanslmayr, S., & Bajo, T. (2019). Theta oscillations show impaired
interference detection in older adults during selective memory retrieval. Scientific reports, 9(1), 1-
11.

Filippini, N., MacIntosh, B. J., Hough, M. G., Goodwin, G. M., Frisoni, G. B., Smith, S. M.,... & Mackay,
C. E. (20009). Distinct patterns of brain activity in young carriers of the APOE-¢4 allele. Proceedings
of the National Academy of Sciences, 106(17), 7209-7214.

Fleisher, A. S., Houston, W. S., Eyler, L. T., Frye, S., Jenkins, C., Thal, L. J., & Bondi, M. W. (2005).

Identification of Alzheimer disease risk by functional magnetic resonance imaging. Archives of

geios.com doi.org/10.32388/GOY6DK 38


https://scholar.google.com/scholar_lookup?title=Somatostatin+modulates+LTP+in+hippocampal+CA1+pyramidal+neurons:+Differential+activation+conditions+in+apical+and+basal+dendrites&author=Fan,+W.&author=Fu,+T.&publication_year=2014&journal=Neurosc
https://doi.org/10.1016/j.neulet.2013.12.025
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Neurology, 62(12), 1881-1888.

Florio, T., Ventra, C., Postiglione, A., & Schettini, G. (1991). Age-related alterations of somatostatin
gene expression in different rat brain areas. Brain research, 557(1-2), 64-68.

Freedman, D. J., Riesenhuber, M., Poggio, T., & Miller, E. K. (2001). Categorical representation of
visual stimuli in the primate prefrontal cortex. Science, 291(5502), 312-316.

Frick, A., Besson, G., Salmon, E., & Delhaye, E. (2022, December). Reduced volume of perirhinal
cortex is associated with fine-grained episodic discrimination of conceptually confusable objects in
Alzheimer’s disease. In Belgian Neurological Society Meeting.

Frost, B., Jacks, R. L. & Diamond, M. L. Propagation of tau misfolding from the outside to the inside
of a cell. J. Biol. Chem. 284, 12845-12852 (2009).

Fuld, P. A., Katzman, R., Davies, P., & Terry, R. D. (1982). Intrusions as a sign of Alzheimer dementia
chemical and pathological verification. Annals of Neurology: Official Journal of the American
Neurological Association and the Child Neurology Society, 11(2), 155-159.

Funk, C. M., Peelman, K., Bellesi, M., Marshall, W., Cirelli, C., and Tononi, G. (2017). Role of
somatostatin-positive cortical interneurons in the generation of sleep slow waves. J. Neurosci. Off.
J. Soc. Neurosci. 37, 9132—9148. doi: 10.1523/JNEUROSCI.1303-17.2017

Gabitto, M., Travaglini, K., Ariza, J., Kaplan, E., Long, B., Rachleff, V.,... & Lein, E. (2023). Integrated
multimodal cell atlas of Alzheimer’s disease.

Gail Canter, R., Huang, W. C., Choi, H., Wang, J., Ashley Watson, L., Yao, C. G.,... & Tsai, L. H. (2019).
3D mapping reveals network-specific amyloid progression and subcortical susceptibility in mice.
Communications biology, 2(1), 1-12.

Gaynor, L. S., Cid, R. E. C., Penate, A., Rosselli, M., Burke, S. N., Wicklund, M.,... & Bauer, R. M.
(2019). Visual object discrimination impairment as an early predictor of mild cognitive impairment
and Alzheimer’s disease. Journal of the International Neuropsychological Society, 25(7), 688-698.
Gerashchenko, D., Schmidt, M. A., Zielinski, M. R., Moore, M. E., & Wisor, J. P. (2018). Sleep state
dependence of optogenetically evoked responses in neuronal nitric oxide synthase-positive cells of
the cerebral cortex. Neuroscience, 379, 189-201.

Gerashchenko, D., Wisor, J. P., Burns, D., Reh, R. K., Shiromani, P. J., Sakurai, T.,... & Kilduff, T. S.
(2008). Identification of a population of sleep-active cerebral cortex neurons. Proceedings of the
National Academy of Sciences, 105(29), 10227-10232.

Gilet, A. L., Evrard, C., Colombel, F., Tropée, E., Marie, C., & Corson, Y. (2017). False memories in

Alzheimer’s disease: Intact semantic priming but impaired production of critical lures. Journals of

geios.com doi.org/10.32388/GOY6DK 39


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Gerontology Series B: Psychological Sciences and Social Sciences, 72(6), 986-990.

Gillespie, A. K. et al. Apolipoprotein E/ causes age-dependent disruption of slow gamma
oscillations during hippocampal sharp-wave ripples. Neuron 90, 740-751 (2016).

Giovannetti, E. A., Poll, S., Justus, D., Kaneko, H., Fuhrmann, F., Steffen, J.,... & Fuhrmann, M.
(2018). Restoring memory by optogenetic synchronization of hippocampal oscillations in an
Alzheimer’s disease mouse model. BioRxiv, 363820.

Goetghebeur, P. J.,, Wesnes, K. A., & Targum, S. D. (2019). D-cycloserine improves difficult
discriminations in a pattern separation task in alzheimer’s disease patients with dementia. Journal
of Alzheimer's Disease, 69(2), 377-383.

Golden, H. L., Nicholas, J. M., Yong, K. X., Downey, L. E., Schott, J. M., Mummery, C. J.,... & Warren, J.
D. (2015). Auditory spatial processing in Alzheimer’s disease. Brain, 138(1), 189-202.

Goutagny, R., Gu, N., Cavanagh, C., Jackson, J., Chabot, J. G., Quirion, R.,... & Williams, S. (2013).
Alterations in hippocampal network oscillations and theta—gamma coupling arise before Ap
overproduction in a mouse model of A Izheimer's disease. European Journal of Neuroscience,
37(12),1896-1902.

Gouw, A. A,, Alsema, A. M., Tijms, B. M., Borta, A., Scheltens, P., Stam, C. J., & van der Flier, W. M.
(2017). EEG spectral analysis as a putative early prognostic biomarker in nondemented, amyloid
positive subjects. Neurobiology of aging, 57, 133-142.

Grienberger, C., Rochefort, N., Adelsberger, H. et al. Staged decline of neuronal function in vivo in
an animal model of Alzheimer's disease. Nat Commun 3, 774 (2012).
https://doi.org/10.1038/ncommsi1783

Grossman, M., Robinson, K., Bernhardt, N., & Koenig, P. (2001). A rule-based categorization deficit
in Alzheimer's disease?. Brain and Cognition, 45(2), 265-276.

Grouselle, D., Winsky-Sommerer, R., David, J. P., Delacourte, A., Dournaud, P., & Epelbaum, J.
(1998). Loss of somatostatin-like immunoreactivity in the frontal cortex of Alzheimer patients
carrying the apolipoprotein epsilon 4 allele. Neuroscience letters, 255(1), 21-24.

Grouselle, D., Winsky-Sommerer, R., David, J. P., Delacourte, A., Dournaud, P., & Epelbaum, J.
(1998). Loss of somatostatin-like immunoreactivity in the frontal cortex of Alzheimer patients
carrying the apolipoprotein epsilon 4 allele. Neuroscience letters, 255(1), 21-24.

Gu, Q. (2002). Neuromodulatory transmitter systems in the cortex and their role in cortical

plasticity. Neuroscience, 111(4), 815-835.

geios.com doi.org/10.32388/GOY6DK 40


https://doi.org/10.1038/ncomms1783
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Guetg N, Abdel Aziz S, Holbro N, Turecek R, Rose T, Seddik R et al (2010) NMDA receptor-
dependent GABAB receptor internalization via CaMKII phosphorylation of serine 867 in GABAB1.
Proc Natl Acad Sci U S A107:13924— 13929.

Hardy, J., Cowburn, R., Barton, A., Reynolds, G., Dodd, P., Wester, P.,... & Winblad, B. (1987). A
disorder of cortical GABAergic innervation in Alzheimer's disease. Neuroscience letters, 73(2), 192-
196.

Hardy, J. & Allsop, D. Amyloid deposition as the central event in the aetiology of Alzheimer’s
disease. Trends Pharmacol. Sci. 12, 383—-388 (1991).

Harnish, S. M., Neils-Strunjas, J., Eliassen, J., Reilly, J., Meinzer, M., Clark, J. G., & Joseph, J. (2010).
Visual discrimination predicts naming and semantic association accuracy in Alzheimer’s disease.
Cognitive and behavioral neurology: official journal of the Society for Behavioral and Cognitive
Neurology, 23(4), 231.

Hasselmo, M. E., Anderson, B. P., & Bower, J. M. (1992). Cholinergic modulation of cortical
associative memory function. Journal of neurophysiology, 67(5), 1230-1246.

Hasson, U., Yang, E., Vallines, I., Heeger, D. J., & Rubin, N. (2008). A hierarchy of temporal receptive
windows in human cortex. Journal of Neuroscience, 28(10), 2539-2550.

Hayashi, M., Yamashita, A., & Shimizu, K. (1997). Somatostatin and brain-derived neurotrophic
factor mRNA expression in the primate brain: decreased levels of mRNAs during aging. Brain
Research, 749(2), 283-289.

Hayashi, M., Yamashita, A., & Shimizu, K. (1997). Somatostatin and brain-derived neurotrophic
factor mRNA expression in the primate brain: decreased levels of mRNAs during aging. Brain
Research, 749(2), 283-289.

Hayden, D. J., Montgomery, D. P., Cooke, S. F., & Bear, M. F. (2021). Visual recognition is heralded by
shifts in local field potential oscillations and inhibitory networks in primary visual cortex. Journal
of Neuroscience, 41(29), 6257-6272.

Hector, A., & Brouillette, J. (2021). Hyperactivity induced by soluble amyloid-B oligomers in the
early stages of Alzheimer's disease. Frontiers in molecular neuroscience, 13, 600084.

Hellstrom, A., & Almkvist, 0. (1997). Tone duration discrimination in demented, memory-
impaired, and healthy elderly. Dementia and Geriatric Cognitive Disorders, 8(1), 49-54.

Henriques, V. J., Chiavegato, A., Carmignoto, G., & Gomez-Gonzalo, M. (2022). Astrocytes Modulate

Somatostatin Interneuron Signaling in the Visual Cortex. Cells, 11(9), 1400.

geios.com doi.org/10.32388/GOY6DK

41


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Herstel, L. J., & Wierenga, C. J. (2021). Network control through coordinated inhibition. Current
Opinion in Neurobiology, 67, 34-41.

Hirshorn, E. A., & Thompson-Schill, S. L. (2006). Role of the left inferior frontal gyrus in covert
word retrieval: neural correlates of switching during verbal fluency. Neuropsychologia, 44(12),
2547-2557.

Hofmann, G., Balgooyen, L., Mattis, J., Deisseroth, K., & Buckmaster, P. S. (2016). Hilar
somatostatin interneuron loss reduces dentate gyrus inhibition in a mouse model of temporal lobe
epilepsy. Epilepsia, 57(6), 977-983.

Homayoun, H., & Moghaddam, B. (2007). NMDA receptor hypofunction produces opposite effects
on prefrontal cortex interneurons and pyramidal neurons. Journal of Neuroscience, 27(43), 11496-
11500.

Honoré, E., & Lacaille, J. C. (2022). Object location learning in mice requires hippocampal
somatostatin interneuron activity and is facilitated by mTORC1-mediated long-term potentiation
of their excitatory synapses. Molecular Brain, 15(1), 101.

Huntenburg, J. M., Bazin, P. L., & Margulies, D. S. (2018). Large-scale gradients in human cortical
organization. Trends in cognitive sciences, 22(1), 21-31.

Hunter, J. M., Cirrito, J. R., Restivo, J. L., Kinley, R. D., Sullivan, P. M., Holtzman, D. M.,... & Paul, S.
M. (2012). Emergence of a seizure phenotype in aged apolipoprotein epsilon 4 targeted replacement
mice. Brain research, 1467, 120-132.

Ibrahim, B. A., & Llano, D. A. (2019). Aging and central auditory disinhibition: is it a reflection of
homeostatic downregulation or metabolic vulnerability?. Brain Sciences, 9(12), 351.

Insel, P. S, Mormino, E. C., Aisen, P. S.,, Thompson, W. K., & Donohue, M. C. (2020).
Neuroanatomical spread of amyloid B and tau in Alzheimer’s disease: implications for primary
prevention. Brain Communications, 2(1), fcaa007.

Irish, M., Lawlor, B. A., 0'Mara, S. M., & Coen, R. F. (2011). Impaired capacity for autonoetic reliving
during autobiographical event recall in mild Alzheimer's disease. Cortex, 47(2), 236-249.

Ito, W.; Fusco, B.; Morozov, A. Disinhibition-assisted long-term potentiation in the prefrontal-
amygdala pathway via suppression of somatostatin-expressing interneurons. Neurophotonics
2020, 7, 015007. [Google Scholar] [CrossRef] [PubMed]

Iversen, L.L.; Iversen, S.D.; Bloom, F.; Douglas, C.; Brown, M.; Vale, W. Calcium-dependent release

of somatostatin and neurotensin from rat brain in vitro. Nature 1978, 273, 161-163.

geios.com doi.org/10.32388/GOY6DK 42


https://scholar.google.com/scholar_lookup?title=Disinhibition-assisted+long-term+potentiation+in+the+prefrontal-
https://doi.org/10.1117/1.NPh.7.1.015007
http://www.ncbi.nlm.nih.gov/pubmed/32090134
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Iwata, N., Higuchi, M., & Saido, T. C. (2005). Metabolism of amyloid-p peptide and Alzheimer's
disease. Pharmacology & therapeutics, 108(2), 129-148.

Jackson, J., Ayzenshtat, 1., Karnani, M. M., & Yuste, R. (2016). VIP+ interneurons control neocortical
activity across brain states. Journal of neurophysiology, 115(6), 3008-3017.

Jelles, B., Scheltens, P., van der Flier, W. M., Jonkman, E. J., da Silva, F. H. L., and Stam, C. J. (2008).
Global dynamical analysis of the EEG in Alzheimer’s disease: frequency-specific changes of
functional interactions. Clin. Neurophysiol. 119, 837—-841. doi: 10.1016/j.clinph.2007.12.002
Jiménez-Balado, J., & Eich, T. S. (2021, August). GABAergic dysfunction, neural network
hyperactivity and memory impairments in human aging and Alzheimer’s disease. In Seminars in
cell & developmental biology (Vol. 116, pp. 146-159). Academic Press.

Ju, Y.-E. S., McLeland, J. S., Toedebusch, C. D., Xiong, C., Fagan, A. M., Duntley, S. P., et al. (2013).
Sleep quality and preclinical Alzheimer disease. JAMA Neurol. 70, 587-593. doi:
10.1001/jamaneurol.2013.2334

Jun, H., Bramian, A., Soma, S., Saito, T., Saido, T. C., & Igarashi, K. M. (2020). Disrupted place cell
remapping and impaired grid cells in a knockin model of Alzheimer's disease. Neuron, 107(6),
1095-1112.

Kagan, B. L., Hirakura, Y., Azimov, R., Azimova, R., & Lin, M. C. (2002). The channel hypothesis of
Alzheimer’s disease: current status. Peptides, 23(7), 1311-1315.

Kalweit, AN, Amanpour-Gharaei B, Colitti-Klausnitzer J, 626 Manahan-Vaughan D (2017) Changes
in neuronal oscilla- 627 tions accompany the loss of hippocampal LTP that occu

Karnani, M. M., Jackson, J., Ayzenshtat, 1., Sichani, A. H., Manoocheri, K., Kim, S., & Yuste, R.
(2016). Opening holes in the blanket of inhibition: localized lateral disinhibition by VIP
interneurons. Journal of neuroscience, 36(12), 3471-3480.

Kastanenka, K. V., Calvo-Rodriguez, M., Hou, S. S., Zhou, H., Takeda, S., Arbel-Ornath, M.,... &
Bacskai, B. J. (2019). Frequency-dependent exacerbation of Alzheimer’s disease
neuropathophysiology. Scientific reports, 9(1), 1-13.

Kastanenka, K. V., Hou, S. S., Shakerdge, N., Logan, R., Wegmann, S., Chopra, V., et al. (2017).
Optogenetic restoration of disrupted slow oscillations halts amyloid deposition and restores
calcium homeostasis in an animal model of Alzheimer’s disease. PLoS One 12:€0170275. doi:
10.1371/journal.pone.0170275

Kato, H. K., Gillet, S. N., & Isaacson, J. S. (2015). Flexible sensory representations in auditory cortex

driven by behavioral relevance. Neuron, 88(5), 1027-1039.

geios.com doi.org/10.32388/GOY6DK 43


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Keller, A. J., Dipoppa, M., Roth, M. M., Caudill, M. S., Ingrosso, A., Miller, K. D., & Scanziani, M.
(2020). A disinhibitory circuit for contextual modulation in primary visual cortex. Neuron, 108(6),
1181-1193.

Khan, U. A, Liu, L., Provenzano, F. A, Berman, D. E., Profaci, C. P., Sloan, R.,... & Small, S. A. (2014).
Molecular drivers and cortical spread of lateral entorhinal cortex dysfunction in preclinical
Alzheimer's disease. Nature neuroscience, 17(2), 304-311.

Kim, D., Jeong, H., Lee, J., Ghim, J. W., Her, E. S., Lee, S. H., & Jung, M. W. (2016). Distinct roles of
parvalbumin-and somatostatin-expressing interneurons in working memory. Neuron, 92(4), 902-
915.

Kim, Y.; Yang, G.R.; Pradhan, K.; Venkataraju, K.U.; Bota, M.; Del Molino, L.C.G.; Fitzgerald, G;
Ram, K.; He, M.; Levine, J.M.; et al. Brain-wide Maps Reveal Stereotyped Cell-Type-Based Cortical
Architecture and Subcortical Sexual Dimorphism. Cell 2017, 171, 456 —469.e22

Kimura, F., Fukuda, M., & Tsumoto, T. (1999). Acetylcholine suppresses the spread of excitation in
the visual cortex revealed by optical recording: possible differential effect depending on the source
of input. European Journal of Neuroscience, 11(10), 3597-3609.

Kimura, H., & Schubert, D. (1993). Amyloid beta-protein activates tachykinin receptors and inositol
trisphosphate accumulation by synergy with glutamate. Proceedings of the National Academy of
Sciences, 90(16), 7508-7512.

Klein, R. C., Acheson, S. K., Mace, B. E., Sullivan, P. M., & Moore, S. D. (2014). Altered
neurotransmission in the lateral amygdala in aged human apoE4 targeted replacement mice.
Neurobiology of aging, 35(9), 2046-2052.

Kluge, C.; Stoppel, C.; Szinyei, C.; Stork, O.; Pape, H.-C. Role of the somatostatin system in
contextual fear memory and hippocampal synaptic plasticity. Learn. Mem. 2008, 15, 252—260.
[Google Scholar] [CrossRef][Green Version]

Knoferle, J, Yoon SY, Walker D, Leung L, Gillespie AK, Tong LM, Bien-Ly N, Huang Y:
Apolipoprotein E4 produced in GABAergic interneurons causes learning and memory deficits in
mice. The Journal of neuroscience: the official journal of the Society for Neuroscience 2014,
34:14069—-14078.

Koelewijn, L., Lancaster, T. M., Linden, D., Dima, D. C., Routley, B. C., Magazzini, L.,... & Singh, K.
(2019). Oscillatory hyperactivity and hyperconnectivity in young APOE-g4 carriers and

hypoconnectivity in Alzheimer’s disease. Elife, 8, e36011.

geios.com doi.org/10.32388/GOY6DK 44


https://scholar.google.com/scholar_lookup?title=Role+of+the+somatostatin+system+in+contextual+fear+memory+and+hippocampal+synaptic+plasticity&author=Kluge,+C.&author=Stoppel,+C.&author=Szinyei,+C.&author=Stork,+O.&author=Pape,+H.-C.&publication
https://doi.org/10.1101/lm.793008
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Kohler, C. G., Anselmo-Gallagher, G., Bilker, W., Karlawish, J., Gur, R. E., & Clark, C. M. (2005).
Emotion-discrimination deficits in mild Alzheimer disease. The American journal of geriatric
psychiatry, 13(11), 926-933.

Koolschijn, R. S., Emir, U. E., Pantelides, A. C., Nili, H., Behrens, T. E., & Barron, H. C. (2019). The
hippocampus and neocortical inhibitory engrams protect against memory interference. Neuron,
101(3), 528-541.

Kuchibhotla, K. V., Gill, J. V., Lindsay, G. W., Papadoyannis, E. S., Field, R. E., Sten, T. A. H,,... &
Froemke, R. C. (2017). Parallel processing by cortical inhibition enables context-dependent
behavior. Nature neuroscience, 20(1), 62-71.

Kuchibhotla, K. V., Goldman, S. T., Lattarulo, C. R., Wu, H. Y., Hyman, B. T., & Bacskai, B. J. (2008).
AB plaques lead to aberrant regulation of calcium homeostasis in vivo resulting in structural and
functional disruption of neuronal networks. Neuron, 59(2), 214-225.

Kurth, S., Moyse, E., Bahri, M. A., Salmon, E., & Bastin, C. (2015). Recognition of personally familiar
faces and functional connectivity in Alzheimer's disease. Cortex, 67, 59-73.

Laurienti, P. J., Burdette, J. H., Maldjian, J. A., & Wallace, M. T. (2006). Enhanced multisensory
integration in older adults. Neurobiology of aging, 27(8), 1155-1163.

Lee, H., Stirnberg, R., Wu, S., Wang, X., Stocker, T., Jung, S.,... & Axmacher, N. (2020). Genetic
Alzheimer’s disease risk affects the neural mechanisms of pattern separation in hippocampal
subfields. Current biology, 30(21), 4201-4212.

Lee, Y. F., Gerashchenko, D., Timofeev, 1., Bacskai, B. J., & Kastanenka, K. V. (2020). Slow wave sleep
is a promising intervention target for Alzheimer’s disease. Frontiers in neuroscience, 14, 705.
Lepousez, G., Mouret, A., Loudes, C., Epelbaum, J., and Viollet, C. (2010b). Somatostatin contributes
to in vivo gamma oscillation modulation and odor discrimination in the olfactory bulb. J. Neurosci.
30, 870—875. doi: 10.1523/ JNEUROSCI.4958-09.2010

Letzkus, J.J.; Wolff, S.B.; Liithi, A. Disinhibition, a Circuit Mechanism for Associative Learning and
Memory. Neuron 2015, 88, 264—276

Leung, L., Andrews-Zwilling, Y., Yoon, S.Y,, Jain, S., Ring, K., Dai, J., etal. (2012). Apolipoprotein E4
Causes Age- and Sex-Dependent Impairments of Hilar GABAergic Interneurons and Learning and
Memory Deficits in Mice. PLoS One 7:€53569. doi:10.1371/journal.pone.0053569

Levenga J, Krishnamurthy P, Rajamohamedsait H, Wong H, Franke TF, Cain P, Sigurdsson EM,
Hoeffer CA, Tau pathology induces loss of GABAergic interneurons leading to altered synaptic

plasticity and behavioral impairments, Acta Neuropathol. Commun 1 (34) (2013) 2051-5960.

geios.com doi.org/10.32388/GOY6DK 45


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Li, G., Bien-Ly, N., Andrews-Zwilling, Y., Xu, Q., Bernardo, A., Ring, K.,... & Huang, Y. (2009).
GABAergic interneuron dysfunction impairs hippocampal neurogenesis in adult apolipoprotein E4
knockin mice. Cell stem cell, 5(6), 634-645.

Li, J., Mountz, E. J., Mizuno, A., Shah, A. M., Weinstein, A., Cohen, A. D.,... & Karim, H. T. (2021).
Neural asymmetry during memory encoding and its association with markers of preclinical
Alzheimer’s Disease. medRxiv, 2021-06.

Li, Y., Sun, H., Chen, Z., Xu, H., Bu, G., & Zheng, H. (2016). Implications of GABAergic
neurotransmission in Alzheimer’s disease. Frontiers in aging neuroscience, 8, 31.

Liguz-Lecznar, M.; Urban-Ciecko, J.; Kossut, M. Somatostatin and Somatostatin-Containing
Neurons in Shaping Neuronal Activity and Plasticity. Front. Neural Circuits 2016, 10, 48.

Liu, P. P., Xie, Y., Meng, X. Y., & Kang, J. S. (2019). History and progress of hypotheses and clinical
trials for Alzheimer’s disease. Signal transduction and targeted therapy, 4(1), 29.

Lo, CY, Wang PN, Chou KH, Wang J, He Y et al (2010) Diffusion tensor tractography reveals
abnormal topological organization in structural cortical networks in Alzheimer’s disease. ]
Neurosci 30: 16876—-16885.

Lovett-Barron, M.; Kaifosh, P.; Kheirbek, M.A.; Danielson, N.; Zaremba, J.D.; Reardon, T.R.; Turi,
G.F.; Hen, R.; Zemelman, B.V.; Losonczy, A. Dendritic Inhibition in the Hippocampus Supports Fear
Learning. Science 2014, 343, 857—863

Lu, W., and Goder, R. (2012). Does abnormal non-rapid eye movement sleep impair declarative
memory consolidation? Disturbed thalamic functions in sleep and memory processing. Sleep Med.
Rev. 16, 389—-394. doi: 10.1016/j.smrv.2011.08.001

Lunden, J. W., Durens, M., Phillips, A. W., & Nestor, M. W. (2019). Cortical interneuron function in
autism spectrum condition. Pediatric research, 85(2), 146-154.

Luo, F., Wang, T., Deng, J. Y., & Luo, X. D. (2023). T-type Ca2+ channels and inward rectifier K+
channels contribute to the orexin-induced facilitation of GABAergic transmission onto pyramidal
neurons in the prefrontal cortex of juvenile mice. Experimental Neurology, 359, 114250.

Luong, K. V. Q, & Nguyén, L. T. H. (2013). The role of beta-adrenergic receptor blockers in
Alzheimer’s disease: potential genetic and cellular signaling mechanisms. American Journal of
Alzheimer's Disease & Other Dementias®, 28(5), 427-439.

Lynch et al., 2016b J.F. Lynch, P. Winiecki, T.L. Gilman, J.M. Adkins, A.M. Jasnow Hippocampal

GABAB(1a) receptors constrain generalized contextual fear Neuropsychopharmacology (2016)

geios.com doi.org/10.32388/GOY6DK 46


https://www.sciencedirect.com/science/article/pii/S0306453019301751
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Maass, A., Berron, D., Harrison, T. M., Adams, J. N., La Joie, R., Baker, S.,... & Jagust, W. J. (2019).
Alzheimer’s pathology targets distinct memory networks in the ageing brain. brain, 142(8), 2492-
25009.

Mably, A.J., Gereke, B.]., Jones, D. T., & Colgin, L. L. (2017). Impairments in spatial representations
and rhythmic coordination of place cells in the 3xTg mouse model of Alzheimer's disease.
Hippocampus, 27(4), 378-392.

Maestd, F., de Haan, W., Busche, M. A., & DeFelipe, J. (2021). Neuronal excitation/inhibition
imbalance: core element of a translational perspective on Alzheimer pathophysiology. Ageing
Research Reviews, 69, 101372.

Maier, P. J., Marin, 1., Grampp, T., Sommer, A., & Benke, D. (2010). Sustained glutamate receptor
activation down-regulates GABAB receptors by shifting the balance from recycling to lysosomal
degradation. Journal of Biological Chemistry, 285(46), 35606-35614.

Mander, B. A., Marks, S. M., Vogel, J. W., Rao, V., Lu, B., Saletin, J. M.,... & Walker, M. P. (2015). p-
amyloid disrupts human NREM slow waves and related hippocampus-dependent memory
consolidation. Nature neuroscience, 18(7), 1051-1057.

Marchionni, I., Pilati, N., Forli, A., Sessolo, M., Tottene, A., & Pietrobon, D. (2022). Enhanced
feedback inhibition due to increased recruitment of somatostatin-expressing interneurons and
enhanced cortical recurrent excitation in a genetic mouse model of migraine. Journal of
Neuroscience, 42(34), 6654-6666.

Mariotti, L., Losi, G., Lia, A., Melone, M., Chiavegato, A., Gomez-Gonzalo, M.,... & Carmignoto, G.
(2018). Interneuron-specific signaling evokes distinctive somatostatin-mediated responses in
adult cortical astrocytes. Nature communications, 9(1), 82.

Marshall, L., Helgaddttir, H., Mélle, M., and Born, J. (2006). Boosting slow oscillations during sleep
potentiates memory. Nature 444, 610—613. doi: 10.1038/nature05278

Martin-Belmonte, A., Aguado, C., Alfaro-Ruiz, R., Moreno-Martinez, A. E., De La Ossa, L.,
Martinez-Hernandez, J.,... & Lujan, R. (2020). Density of GABAB receptors is reduced in granule
cells of the hippocampus in a mouse model of Alzheimer’s disease. International journal of
molecular sciences, 21(7), 2459.

Martin-Belmonte, A., Aguado, C., Alfaro-Ruiz, R., Moreno-Martinez, A. E., De La Ossa, L., Martinez-
Hernandez, J.,... & Lujan, R. (2020). Reduction in the neuronal surface of post and presynaptic
GABAB receptors in the hippocampus in a mouse model of Alzheimer's disease. Brain Pathology,

30(3), 554-575.

geios.com doi.org/10.32388/GOY6DK 47


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Martinez-Losa, M, Tracy TE, Ma K, Verret L, Clemente-Perez A, Khan AS, Cobos I, Ho K, Gan L,
Mucke L, et al.: Navi.i-Overexpressing Interneuron Transplants Restore Brain Rhythms and
Cognition in a  Mouse Model of  Alzheimer’s Disease. = Neuron 2018,

https://d0i.Org/10.1016/j.neuron.2018.02.029

Martorell, A. J., Paulson, A. L., Suk, H. J., Abdurrob, F., Drummond, G. T., Guan, W.,... & Tsai, L. H.
(2019). Multi-sensory gamma stimulation ameliorates Alzheimer’s-associated pathology and
improves cognition. Cell, 177(2), 256-271.

Matos, M., Bosson, A., Riebe, I., Reynell, C., Vallée, J., Laplante, I.,.. & Lacaille, J. C. (2018).
Astrocytes detect and upregulate transmission at inhibitory synapses of somatostatin interneurons
onto pyramidal cells. Nature communications, 9(1), 4254.

Matsuoka, N.; Kaneko, S.; Satoh, M. A facilitatory role of endogenous somatostatin in long-term
potentiation of the mossy fiber-CA3 system in guinea-pig hippocampus. Neurosci. Lett. 1991, 129,

177-180. [Google Scholar] [CrossRef]

Mattson, M. P. (2020). Involvement of GABAergic interneuron dysfunction and neuronal network
hyperexcitability in Alzheimer's disease: Amelioration by metabolic switching. International
Review of Neurobiology, 154, 191-205.

Mattson, M. P. et al. beta-Amyloid peptides destabilize calcium homeostasis and render human
cortical neurons vulnerable to excitotoxicity. J. Neurosci. 12, 376 -389 (1992)

May CP, Hasher L (1998) Synchrony effects in inhibitory control over thought and action. J Exp
Psychol Hum Percept Perform 24(2):363-379

McHugh, TJ., Jones, M.W., Quinn, J.J., Balthasar, N., Coppari, R., Elmquist, J.K., Lowell, B.B.,
Fanselow, M.S., Wilson, M.A. and Tonegawa, S. (2007) Dentate gyrus NMDA receptors mediate
rapid pattern separation in the hippocampal network. Science 317, 94—99

McKay BM, Oh MM, Disterhoft JF. 2013. Learning increases intrinsic excitability of hippocampal
interneurons. ] Neurosci 33(13):5499—-506.

Meck, W. H., & Williams, C. L. (1999). Choline supplementation during prenatal development
reduces proactive interference in spatial memory. Developmental Brain Research, 118(1-2), 51-59.
Melnik, N., Mapelli, I., & Ozkurt, T. E. (2017). Modulation of alpha oscillations is required for the
suppression of semantic interference. Neurobiology of Learning and Memory, 144, 11-18.

Miao, C., Cao, Q., Moser, M. B., & Moser, E. I. (2017). Parvalbumin and somatostatin interneurons

control different space-coding networks in the medial entorhinal cortex. Cell, 171(3), 507-521.

geios.com doi.org/10.32388/GOY6DK 48


https://doi.org/10.1016/j.neuron.2018.02.029
https://scholar.google.com/scholar_lookup?title=A+facilitatory+role+of+endogenous+somatostatin+in+long-term+potentiation+
https://doi.org/10.1016/0304-3940(91)90455-3
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Mohan, A., Thalamuthu, A., Mather, K. A., Zhang, Y., Catts, V. S., Weickert, C. S., & Sachdev, P. S.
(2018). Differential expression of synaptic and interneuron genes in the aging human prefrontal
cortex. Neurobiology of aging, 70, 194-202.

Morales, C., Morici, J. F., Espinosa, N., Sacson, A., Lara-Vasquez, A., Garcia-Pérez, M. A.,... &
Fuentealba, P. (2021). Dentate gyrus somatostatin cells are required for contextual discrimination
during episodic memory encoding. Cerebral Cortex, 31(2), 1046-1059.

Morales, C., Morici, J. F., Espinosa, N., Sacson, A., Lara-Vasquez, A., Garcia-Pérez, M. A.,... &
Fuentealba, P. (2021). Dentate gyrus somatostatin cells are required for contextual discrimination
during episodic memory encoding. Cerebral Cortex, 31(2), 1046-1059.

Morrone, C. D., Lai, A. Y., Bishay, J., Hill, M. E., & McLaurin, J. (2022). Parvalbumin neuroplasticity
compensates for somatostatin impairment, maintaining cognitive function in Alzheimer’s disease.
Translational neurodegeneration, 11(1), 1-22.

Moulin, C.J. A, Perfect, T. J., Conway, M. A., North, A. S., Jones, R. W., & James, N. (2002). Retrieval-
induced  forgetting in  Alzheimer's disease. = Neuropsychologia, 40, 862-867.

https://doi.org/10.1016/S0028-3932(01)00168-3

Murayama, K., Miyatsu, T., Buchli, D., & Storm, B. C. (2014). Forgetting as a consequence of
retrieval: A meta-analytic review of retrieval-induced forgetting. Psychological Bulletin, 140,
1383-409. https://doi.org/10.1037/20037505

Murayama, M.; Pérez-Garci, E.; Nevian, T.; Bock, T.; Senn, W.; Larkum, M.E. Dendritic encoding of
sensory stimuli controlled by deep cortical interneurons. Nature 2009, 457, 1137—-1141

Murray, M. M., Eardley, A. F., Edginton, T., Oyekan, R., Smyth, E., & Matusz, P. J. (2018). Sensory
dominance and multisensory integration as screening tools in aging. Scientific reports, 8(1), 1-11.

N. Mammarella, B. Fairfield, and A. Di Domenico, “Comparing different types of source memory
attributes in dementia of Alzheimer's type,” International Psychogeriatrics, vol. 24, no. 4, pp.
666-673,2012

Nabavi S, et al. (2014) Engineering a memory with LTD and LTP. Nature 511:348—352.

Nahm M, Greyson B. Terminal lucidity in patients with chronic schizophrenia and dementia: a
survey of the literature. ] Nerv Ment Dis. 2009;197:942-944.

Najm R, Jones EA, Huang Y, Apolipoprotein E4, inhibitory network dysfunction, and Alzheimer’s
disease, Mol. Neurodegener 14 (1) (2019) 019—0324.

Nakata, A.; Saito, H.; Nishiyama, N. Facilitatory role of somatostatin via muscarinic cholinergic

system in the generation of long-term potentiation in the rat dentate gyrus in vivo. Brain Res.

geios.com doi.org/10.32388/GOY6DK 49


https://doi.org/10.1016/S0028-3932(01)00168-3
https://doi.org/10.1037/a0037505
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

1996, 723, 135—-140. [Google Scholar] [CrossRef]

Ness, N., & Schultz, S. R. (2021). A computational grid-to-place-cell transformation model
indicates a synaptic driver of place cell impairment in early-stage Alzheimer’s Disease. PLoS
Computational Biology, 17(6), €1009115.

Niethard, N., Ngo, H.-V. V., Ehrlich, I., and Born, J. (2018). Cortical circuit activity underlying sleep
slow oscillations and spindles. Proc. Natl. Acad. Sci. US.A. 115, E9220-E9229. doi:
10.1073/pnas.1805517115

Nimmrich, V., Draguhn, A., & Axmacher, N. (2015). Neuronal network oscillations in
neurodegenerative diseases. Neuromolecular medicine, 17, 270-284.

Nuriel, T., Angulo, S. L., Khan, U., Ashok, A., Chen, Q., Figueroa, H. Y.,... & Duff, K. E. (2017).
Neuronal hyperactivity due to loss of inhibitory tone in APOE4 mice lacking Alzheimer’s disease-
like pathology. Nature communications, 8(1), 1-14.

O'brien, J. L., O'keefe, K. M., LaViolette, P. S., DeLuca, A. N., Blacker, D., Dickerson, B. C., & Sperling,
R. (2010). Longitudinal fMRI in elderly reveals loss of hippocampal activation with clinical decline.
Neurology, 74(24),1969-1976.

Oh, M. M., Disterhoft, J. F. (2015). Increased Excitability of Both Principal Neurons and
Interneurons  during Associative Learning. The Neuroscientist, 21(4), 372-384.
doi:10.1177/1073858414537382

Osse, A. M. L., Pandey, R. S., Wirt, R. A, Ortiz, A. A., Salazar, A., Kimmich, M.,... & Kinney, J. (2023).
Reduction in GABAB on glia induce Alzheimer’s disease related changes. Brain, behavior, and
immunity, 110, 260-275.

Palmer, A., & Good, M. (2011). Hippocampal synaptic activity, pattern separation and episodic-like
memory: implications for mouse models of Alzheimer's disease pathology. Biochemical Society
Transactions, 39(4), 902-909.

Palop JJ, Mucke L. 2009. Epilepsy and cognitive impairments in Alzheimer disease. Arch Neurol 66:
435-40.

Parizkova, M., Lerch, O., Andel, R., Kalinova, J., Markova, H., Vyhnalek, M.,... & Laczd, ]J. (2020).
Spatial pattern separation in early Alzheimer’s disease. Journal of Alzheimer's Disease, 76(1), 121-
138.

Perusini, J. N., Cajigas, S. A., Cohensedgh, O., Lim, S. C., Pavlova, I. P., Donaldson, Z. R., & Denny, C.
A. (2017). Optogenetic stimulation of dentate gyrus engrams restores memory in Alzheimer's

disease mice. Hippocampus, 27(10), 1110-1122.

geios.com doi.org/10.32388/GOY6DK 50


https://scholar.google.com/scholar_lookup?title=Facilitatory+role+of+somatostatin
https://doi.org/10.1016/0006-8993(96)00233-8
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Pi, H. J., Hangya, B., Kvitsiani, D., Sanders, J. 1., Huang, Z. J., & Kepecs, A. (2013). Cortical
interneurons that specialize in disinhibitory control. Nature, 503(7477), 521-524.

Pierce, B. H., Waring, J. D., Schacter, D. L., & Budson, A. E. (2008). Effects of distinctive encoding on
source-based false recognition: further examination of recall-to-reject processes in aging and
Alzheimer disease. Cognitive and behavioral neurology: official journal of the Society for
Behavioral and Cognitive Neurology, 21(3), 179.

Pini, L., Pievani, M., Bocchetta, M., Altomare, D., Bosco, P., Cavedo, E.,... & Frisoni, G. B. (2016).
Brain atrophy in Alzheimer’s disease and aging. Ageing research reviews, 30, 25-48.

Plancher G, Guyard A, Nicolas S, Piolino P (2009) Mechanisms underlying the production of false
memories for famous people’s names in aging and Alzheimer’s disease. Neuropsychologia
£47(12):2527-2536. d0i:10.1016/j.neuropsychologia.2009.04.026

Poll, S., Mittag, M., Musacchio, F., Justus, L. C., Giovannetti, E. A., Steffen, J.,... & Fuhrmann, M.
(2020). Memory trace interference impairs recall in a mouse model of Alzheimer’s disease. Nature
neuroscience, 23(8), 952-958.

Pooler, A. M., Phillips, E. C., Lau, D. H., Noble, W., & Hanger, D. P. (2013). Physiological release of
endogenous tau is stimulated by neuronal activity. EMBO reports, 14(4), 389-394.

Putcha, D., Brickhouse, M., O'Keefe, K., Sullivan, C., Rentz, D., Marshall, G.,... & Sperling, R. (2011).
Hippocampal hyperactivation associated with cortical thinning in Alzheimer's disease signature
regions in non-demented elderly adults. Journal of Neuroscience, 31(48), 17680-17688.
Raaijmakers, J. G. W. (2018). Inhibition in memory. In J. T. Wixted (Ed.), Stevens’ Handbook of
experimental psychology and cognitive neuroscience. Vol. 1: Learning and memory (pp. 251— 84).
New York, NY: John Wiley & Sons

Racine, A.-S.; Michon, F.-X.; Laplante, I.; Lacaille, J.-C. Somatostatin contributes to long-term
potentiation at excitatory synapses onto hippocampal somatostatinergic interneurons. Mol. Brain

2021, 14, 1-20. [Google Scholar] [CrossRef]

Ramos, B., Baglietto-Vargas, D., del Rio, J. C., Moreno-Gonzalez, 1., Santa-Maria, C., Jimenez, S.,...
& Vitorica, J. (2006). Early neuropathology of somatostatin/NPY GABAergic cells in the
hippocampus of a PS1x APP transgenic model of Alzheimer's disease. Neurobiology of aging, 27(11),
1658-1672.

Ramos B, Baglietto-Vargas D, del Rio JC, Moreno-Gonzalez I, Santa-Maria C, Jimenez S, Caballero

C, Lopez-Tellez JF, Khan ZU, Ruano D, Gutierrez A, Vitorica J, Early neuropathology of

geios.com doi.org/10.32388/GOY6DK

51


https://sch/
https://doi.org/10.1186/s13041-021-00830-6
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

somatostatin/NPY GABAergic cells in the hippocampus of a PSixAPP transgenic model of
Alzheimer’s disease, Neurobiol. Aging 27 (11) (2006) 1658—-1672.

Ramos B, Baglietto-Vargas D, del Rio JC, Moreno-Gonzalez I, Santa-Maria C, Jimenez S, et al. Early
neuropathology of somatostatin/NPY GABAergic cells in the hippocampus of a PS1 x APP transgenic
model of Alzheimer’s disease. Neurobiol Aging. 2006;27: 1658—1672. Pmid:16271420

Ranasinghe, KG, Cha J, Iaccarino L, et al. Neurophysiological signatures in Alzheimer’s disease are
distinctly associated with TAU, amyloid-b accumulation, and cognitive decline. Sci Transl Med.
2020;12(534):€aaz4069

Ranasinghe, KG, Petersen C, Kudo K, et al. Reduced synchrony in alpha oscillations during life
predicts post mortem neurofibrillary tangle density in early-onset and atypical Alzheimer’s
disease. Alzheimer’s Dement. 2021.

Rempe, M. P., Wiesman, A. L., Murman, D. L., May, P. E., Christopher—Hayes, N. J., Wolfson, S. L.,...
& Wilson, T. W. (2023). Sleep quality differentially modulates neural oscillations and proteinopathy
in Alzheimer's disease. EBioMedicine, 92.

Rice, H. C., De Malmazet, D., Schreurs, A., Frere, S., Van Molle, I., Volkov, A. N.,... & De Wit, J. (2019).
Secreted amyloid-B precursor protein functions as a GABABRia ligand to modulate synaptic
transmission. Science, 363(6423), eaa04827.

Richter, L. M., & Gjorgjieva, J. (2022). A circuit mechanism for independent modulation of
excitatory and inhibitory firing rates after sensory deprivation. Proceedings of the National
Academy of Sciences, 119(32), €2116895119.

Riedemann, T. (2019). Diversity and function of somatostatin-expressing interneurons in the
cerebral cortex. International journal of molecular sciences, 20(12), 2952.

Roe, J. M., Vidal-Piiieiro, D., S¢rensen, @., Brandmaier, A. M., Diizel, S., Gonzalez, H. A.,... &
Westerhausen, R. (2021). Asymmetric thinning of the cerebral cortex across the adult lifespan is
accelerated in Alzheimer’s disease. Nature communications, 12(1), 1-11.

Roethler, 0., Zohar, E., Malina, K. C. K., Bitan, L., Gabel, H. W., & Spiegel, I. (2023). Single genomic
enhancers drive experience-dependent GABAergic plasticity to maintain sensory processing in the
adult cortex. Neuron.

Rossor, M. N., Emson, P. C., Mountjoy, C. Q., Roth, M., & Iversen, L. L. (1980). Reduced amounts of
immunoreactive somatostatin in the temporal cortex in senile dementia of Alzheimer type.

Neuroscience letters, 20(3), 373-377.

geios.com doi.org/10.32388/GOY6DK 52


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Roudier, M., Marcie, P., Grancher, A. S., Tzortzis, C., Starkstein, S., & Boller, F. (1998).
Discrimination of facial identity and of emotions in Alzheimer's disease. Journal of the
Neurological Sciences, 154(2), 151-158.

Roy, D. S., Arons, A., Mitchell, T. I., Pignatelli, M., Ryan, T. J., & Tonegawa, S. (2016). Memory
retrieval by activating engram cells in mouse models of early Alzheimer’s disease. Nature,
531(7595), 508-512.

Ruiter, M., Herstel, L. J., & Wierenga, C. J. (2020). Reduction of dendritic inhibition in CA1 pyramidal
neurons in amyloidosis models of early Alzheimer’s disease. Journal of Alzheimer's Disease, 78(3),
951-964.

Sabuncu, M. R., Desikan, R. S., Sepulcre, J., Yeo, B. T. T., Liu, H., Schmansky, N. J.,... & Alzheimer's
Disease Neuroimaging Initiative. (2011). The dynamics of cortical and hippocampal atrophy in
Alzheimer disease. Archives of neurology, 68(8), 1040-1048.

Saito, T., Iwata, N., Tsubuki, S., Takaki, Y., Takano, J., Huang, S. M.,... & Saido, T. C. (2005).
Somatostatin regulates brain amyloid B peptide AB42 through modulation of proteolytic
degradation. Nature medicine, 11(4), 434-439.

Saiz-Sanchez, Daniel; De la Rosa-Prieto, Carlos; Ubeda-Banon, Isabel; Martinez-Marcos, Alino
(2015). Interneurons, tau and amyloid-p in the piriform cortex in Alzheimer’s disease. Brain
Structure and Function, 220(4), 2011—2025. d0i:10.1007/S00429-014-0771-3

Saiz-Sanchez D, De la Rosa-Prieto C, Ubeda-Banon I, Martinez-Marcos A. Interneurons, tau and
amyloid-beta in the piriform cortex in Alzheimer's disease. Brain Struct Funct 2015, 220(4): 2011-
2025.

Saiz-Sanchez D, Ubeda-Banon I, de la Rosa-Prieto C, Argandona-Palacios L, Garcia- Munozguren
S, Insausti R, Martinez-Marcos A. Somatostatin, tau, and beta-amyloid within the anterior
olfactory nucleus in Alzheimer disease. Exp Neurol 2010, 223(2): 347- 350.

Salamone, G., Di Lorenzo, C., Mosti, S., Lupo, F., Cravello, L., Palmer, K.,... & Caltagirone, C. (2009).
Color discrimination performance in patients with Alzheimer’s disease. Dementia and Geriatric
Cognitive Disorders, 27(6), 501-507.

Salmon, DP, Bondi MW. 2009. Neuropsychological assessment of dementia. Annu Rev Psychol
60:257—82. doi: 10.1146/annurev.psych.57.102904.190024.

Sanchez, PE, Zhu L, Verret L, Vossel KA, Orr AG, Cirrito JR, et al. Levetiracetam suppresses neuronal
network dysfunction and reverses synaptic and cognitive deficits in an Alzheimer’s disease model.

Proc Natl Acad Sci U S A. 2012;109:E2895-903.

geios.com doi.org/10.32388/GOY6DK 53


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Sanchez, S. M., Abulafia, C., Duarte-Abritta, B., de Guevara, M., Castro, M. N., Drucaroff, L.,... &
Guinjoan, S. M. (2017). Failure to recover from proactive semantic interference and abnormal
limbic connectivity in asymptomatic, middle-aged offspring of patients with late-onset
Alzheimer’s disease. Journal of Alzheimer's Disease, 60(3), 1183-1193.

Sanchez, S. M., Abulafia, C., Duarte-Abritta, B., de Guevara, M., Castro, M. N., Drucaroff, L.,... &
Guinjoan, S. M. (2017). Failure to recover from proactive semantic interference and abnormal
limbic connectivity in asymptomatic, middle-aged offspring of patients with late-onset
Alzheimer’s disease. Journal of Alzheimer's Disease, 60(3), 1183-1193.

Sanchez PE, Zhu L, Verret L, Vossel KA, et al. 2012. Levetiracetam suppresses neuronal network
dysfunction and reverses synaptic and cognitive deficits in an Alzheimer’s disease model. Proc Natl
Acad of Sci USA109: E2895—-903.

Schapiro, A. C., Rogers, T. T., Cordova, N. L., Turk-Browne, N. B., & Botvinick, M. M. (2013). Neural
representations of events arise from temporal community structure. Nature neuroscience, 16(4),
486-1492.

Scheggia, D., Manago, F., Maltese, F., Bruni, S., Nigro, M., Dautan, D.,... & Papaleo, F. (2020).
Somatostatin interneurons in the prefrontal cortex control affective state discrimination in mice.
Nature neuroscience, 23(1), 47-60.

Schmid LC, M. Mittag, S. Poll, J. Steffen, J. Wagner, H.R. Geis, I. Schwarz, B. Schmidt, M.K. Schwarz,
S. Remy, et al. Dysfunction of somatostatin-positive interneurons associated with memory deficits
in an Alzheimer's disease model Neuron, 92 (2016), pp. 114-125

Schultz, A. P, Chhatwal, J. P., Hedden, T., Mormino, E. C., Hanseeuw, B.J., Sepulcre, J.,... & Sperling,
R. A. (2017). Phases of hyperconnectivity and hypoconnectivity in the default mode and salience
networks track with amyloid and tau in clinically normal individuals. Journal of Neuroscience,
37(16), 4323-4331.

Schulz, J. M., Knoflach, F., Hernandez, M. C., & Bischofberger, J. (2018). Dendrite-targeting
interneurons control synaptic NMDA-receptor activation via nonlinear o5-GABAA receptors.
Nature communications, 9(1), 3576.

Schulz, J. M., Knoflach, F., Hernandez, M. C., & Bischofberger, J. (2019). Enhanced dendritic
inhibition and impaired NMDAR activation in a mouse model of down syndrome. Journal of
Neuroscience, 39(26), 5210-5221.

Seybold, B. A., Stanco, A., Cho, K. K., Potter, G. B., Kim, C., Sohal, V. S.,... & Schreiner, C. E. (2012).

Chronic reduction in inhibition reduces receptive field size in mouse auditory cortex. Proceedings

geios.com doi.org/10.32388/GOY6DK 54


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

of the National Academy of Sciences, 109(34), 13829-13834.

Shen, W., Li, Z., Tang, Y., Han, P., Zhu, F., Dong, J.,.. & Zeng, L. H. (2022). Somatostatin
interneurons inhibit excitatory transmission mediated by astrocytic GABAB and presynaptic
GABAB and adenosine A1 receptors in the hippocampus. Journal of Neurochemistry, 163(4), 310-
326.

Shi, D., Nikodijevi¢, O., Jacobson, K. A., & Daly, J. W. (1993). Chronic caffeine alters the density of
adenosine, adrenergic, cholinergic, GABA, and serotonin receptors and calcium channels in mouse
brain. Cellular and molecular neurobiology, 13, 247-261.

Silva, C. G., Métin, C., Fazeli, W., Machado, N. J., Darmopil, S., Launay, P. S.,... & Bernard, C. (2013).
Adenosine receptor antagonists including caffeine alter fetal brain development in mice. Science
translational medicine, 5(197), 197ra104-197ra104.

Sinha, N., Berg, C. N., Tustison, N. J., Shaw, A., Hill, D., Yassa, M. A., & Gluck, M. A. (2018). APOE ¢4
status in healthy older African Americans is associated with deficits in pattern separation and
hippocampal hyperactivation. Neurobiology of aging, 69, 221-229.

Siskova’, Z., Justus, D., Kaneko, H., Friedrichs, D., Henneberg, N., Beutel, T., Pitsch, J., Schoch, S.,
Becker, A., von der Kammer, H., and Remy, S. (2014). Dendritic structural degeneration is
functionally linked to cellular hyperexcitability in a mouse model of Alzheimer’s disease. Neuron
84,1023-1033.

Siwek, M. E., Miiller, R., Henseler, C., Trog, A., Lundt, A., Wormuth, C., Broich, K., Ehninger, D.,
Weiergrdber, M., & Papazoglou, A. (2015). Altered theta oscillations and aberrant cortical excitatory
activity in the 5XFAD model of Alzheimer’s disease. Neural Plasticity, 2015, Article 781731.
https://doi.org/10.1155/2015/781731

Skaria, A. P. (2022). The economic and societal burden of Alzheimer disease: managed care
considerations. The American Journal of Managed Care, 28(10 Suppl), S188-5196.

Small, D. H. (2008). Network dysfunction in Alzheimer's disease: does synaptic scaling drive
disease progression?. Trends in molecular medicine, 14(3), 103-108.

Soininen, H. S., Jolkkonen, J. T., Reinikainen, K. J., Halonen, T. O., & Riekkinen, P. J. (1984). Reduced
cholinesterase activity and somatostatin-like immunoreactivity in the cerebrospinal fluid of
patients with dementia of the Alzheimer type. Journal of the neurological sciences, 63(2), 167-172.
Solarski, M., Wang, H., Wille, H., & Schmitt-Ulms, G. (2018). Somatostatin in Alzheimer's disease:

A new Role for an Old Player. Prion, 12(1), 1-8.

geios.com doi.org/10.32388/GOY6DK 55


https://psycnet.apa.org/doi/10.1155/2015/781731
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Sperling RA, Laviolette PS, O’Keefe K, O’Brien J, et al. 2009. Amyloid deposition is associated with
impaired default network function in older persons without dementia. Neuron 63: 178—-88.

Spira, A. P., Gamaldo, A. A,, An, Y., Wu, M. N,, Simonsick, E. M., Bilgel, M., et al. (2013). Self-
reported sleep and B-amyloid deposition in community-dwelling older adults. JAMA Neurol. 70,
1537—1543. doi: 10.1001/jamaneurol.2013.4258

Spironelli, C., Bergamaschi, S., Mondini, S., Villani, D., & Angrilli, A. (2013). Functional plasticity in
Alzheimer's disease: effect of cognitive training on language-related ERP components.
Neuropsychologia, 51(8), 1638-1648.

Stam, C. J., van Nifterick, A. M., de Haan, W., & Gouw, A. A. (2023). Network Hyperexcitability in
Early Alzheimer’s Disease: Is Functional Connectivity a Potential Biomarker?. Brain Topography, 1-
18.

Stam, C. J. et al. Generalized synchronization of MEG recordings in Alzheimer’s disease: evidence
for involvement of the gamma band. J. Clin. Neurophysiol. 19, 562-574 (2002).

Stam, CJ, de Haan W, Daffertshofer A, Jones BF, Manshanden I, et al (2009) Graph theoretical
analysis of magnetoencephalographic functional connectivity in Alzheimer’s disease. Brain 132:
213-224.

Stam, CJ, van Capellen van Walsum AM, Pijnenburg YA, Berendse HW, de Munck JC, Scheltens P, et
al. Generalized synchronization of MEG recordings in Alzheimer’s disease: evidence for
involvement in the gamma band. J Clin Neurophysiol 2002;19:562—74.

Stanley, E. M., Fadel, J. R., & Mott, D. D. (2012). Interneuron loss reduces dendritic inhibition and
GABA release in hippocampus of aged rats. Neurobiology of aging, 33(2), 431-e1.

Stargardt, A., Swaab, D. F., & Bossers, K. (2015). The storm before the quiet: neuronal hyperactivity
and A in the presymptomatic stages of Alzheimer's disease. Neurobiology of aging, 36(1), 1-11.
Staudigl, T., Hanslmayr, S., & Bauml, K. H. T. (2010). Theta oscillations reflect the dynamics of
interference in episodic memory retrieval. Journal of Neuroscience, 30(34), 11356-11362.

Stefanelli, T, Bertollini C, Luscher C, Muller D, Mendez P. 2016. Hippocampal somatostatin
interneurons control the size of neuronal memory ensembles. Neuron. 89:1—-12.

Steriade, M., and Timofeev, I. (2003). Neuronal plasticity in thalamocortical networks during sleep
and waking oscillations. Neuron 37, 563—576. doi: 10.1016/S0896-6273(03)00065-5

Su, J. H., Cummings, B. J.,, & Cotman, C. W. (1993). Identification and distribution of axonal

dystrophic neurites in Alzheimer's disease. Brain research, 625(2), 228-237.

geios.com doi.org/10.32388/GOY6DK 56


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Swerdlow, R. H. & Khan, S. M. A “mitochondrial cascade hypothesis” for sporadic Alzheimer’s
disease. Med. Hypotheses 63, 8—20 (2004).

Szadai, Z., Pi, H. J., Chevy, Q., Ocsai, K., Albeanu, D. F., Chiovini, B.,... & Rdzsa, B. (2022). Cortex-
wide response mode of VIP-expressing inhibitory neurons by reward and punishment. Elife, 11,
e78815.

Tallent, M. K. (2007). Somatostatin in the dentate gyrus. Progress in brain research, 163, 265-284.
Tamminga, C. A., Foster, N. L., Fedio, P., Bird, E. D., & Chase, T. N. (1987). Alzheimer's disease: low
cerebral somatostatin levels correlate with impaired cognitive function and cortical metabolism.
Neurology, 37(1), 161-161.

Targa Dias Anastacio, H., Matosin, N., & Ooi, L. (2022). Neuronal hyperexcitability in Alzheimer’s
disease: what are the drivers behind this aberrant phenotype?. Translational Psychiatry, 12(1), 257.
Tatum, W.O. Mesial temporal lobe epilepsy. J Clin Neurophysiol. 2012;29:356—-65.

Tempel, T., Ludwig, M., & Stolte, J. (2021). Disrupted memory inhibition in dementia of Alzheimer’s
type. Journal of Neuropsychology, 15(2), 151-161.

Terunuma M, Vargas KJ, Wilkins ME, Ramirez OA, Jaureguiberry-Bravo M, Pangalos MN et al
(2010) Prolonged activation of NMDA receptors promotes dephosphorylation and alters
postendocytic sorting of GABAB receptors. Proc Natl Acad Sci U S A 107: 13918— 13923.

Tian, T., Qin, X., Wang, Y., Shi, Y., & Yang, X. (2021). 40 Hz Light Flicker Promotes Learning and
Memory via Long Term Depression in Wild-Type Mice. Journal of Alzheimer's Disease, 84(3), 983-
993.

Tomidokoro, Y., Harigaya, Y., Matsubara, E., Ikeda, M., Kawarabayashi, T., Okamoto, K., & Shoji, M.
(2000). Impaired neurotransmitter systems by AB amyloidosis in APPsw transgenic mice
overexpressing amyloid p protein precursor. Neuroscience letters, 292(3), 155-158.

Tong, L. M., Djukic, B., Arnold, C., Gillespie, A. K., Yoon, S. Y., Wang, M. M.,... & Huang, Y. (2014).
Inhibitory interneuron progenitor transplantation restores normal learning and memory in ApoE4
knock-in mice without or with Ap accumulation. Journal of Neuroscience, 34(29), 9506-9515.
Traikapi, A., & Konstantinou, N. (2021). Gamma oscillations in Alzheimer’s disease and their
potential therapeutic role. Frontiers in Systems Neuroscience.

Urban-Ciecko, J., Fanselow, E. E., & Barth, A. L. (2015). Neocortical somatostatin neurons reversibly
silence excitatory transmission via GABAD receptors. Current Biology, 25(6), 722-731.

Vallentin D, Kosche G, Lipkind D, Long MA (2016) Neural circuits. Inhibition protects acquired song

segments during vocal learning in zebra finches. Science 351:267—-271.

geios.com doi.org/10.32388/GOY6DK

57


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

van Nifterick, A. M., Gouw, A. A,, van Kesteren, R. E., Scheltens, P., Stam, C. J., & de Haan, W. (2022).
A multiscale brain network model links Alzheimer’s disease-mediated neuronal hyperactivity to
large-scale oscillatory slowing. Alzheimer's research & therapy, 14(1), 1-20.

Varela, E. V., Etter, G., & Williams, S. (2019). Excitatory-inhibitory imbalance in Alzheimer's
disease and therapeutic significance. Neurobiology of disease, 127, 605-615.

Vasuta, C.; Artinian, J.; Laplante, I.; Hébert-Seropian, S.; Elayoubi, K.; Lacaille, J.-C. Metaplastic
Regulation of CA1 Schaffer Collateral Pathway Plasticity by Hebbian MGluR1a-Mediated Plasticity
at Excitatory Synapses onto Somatostatin-Expressing Interneurons. eNeuro 2015, 2.

Verret, L., Mann, E. O., Hang, G. B., Barth, A. M., Cobos, 1., Ho, K.,... & Palop, J. J. (2012). Inhibitory
interneuron deficit links altered network activity and cognitive dysfunction in Alzheimer model.
Cell, 149(3), 708-721.

Vossel, K. A., Ranasinghe, K. G., Beagle, A. J., Mizuiri, D., Honma, S. M., Dowling, A. F.,.. &
Nagarajan, S. S. (2016). Incidence and impact of subclinical epileptiform activity in Alzheimer's
disease. Annals of neurology, 80(6), 858-870.

Vossel KA, Beagle AJ, Rabinovici GD, Shu H, et al. 2013. Seizures and epileptiform activity in the
early stages of Alzheimer disease. JAMA Neurol 70: 1158—-66

Waldholz M (1993) FDA approves sale of Cognex for Alzheimer’s: Warner-Lambert drug is sole
treatment, could produce huge revenue. Wall St J (East Ed) 85.

Walker, M. P. (2009). The role of slow wave sleep in memory processing. J. Clin. Sleep Med. JCSM
Off. Publ. Am. Acad. Sleep Med. 5, S20—S26.

Wang, C., Wilson, W. A., Moore, S. D., Mace, B. E., Maeda, N., Schmechel, D. E., & Sullivan, P. M.
(2005). Human apoE/-targeted replacement mice display synaptic deficits in the absence of
neuropathology. Neurobiology of disease, 18(2), 390-398.

Wang, H., Muiznieks, L. D., Ghosh, P., Williams, D., Solarski, M., Fang, A.,... & Schmitt-Ulms, G.
(2017). Somatostatin binds to the human amyloid B peptide and favors the formation of distinct
oligomers. Elife, 6, e28401.

Wang, K. W, Ye, X. L., Huang, T., Yang, X. F., & Zou, L. Y. (2019). Optogenetics-induced activation of
glutamate receptors improves memory function in mice with Alzheimer’s disease. Neural
Regeneration Research, 14(12), 2147.

Warrington, E. K., & Weiskrantz, L. (1968). A study of learning and retention in amnesic patients.

Neuropsychologia, 6(3), 283-291.

geios.com doi.org/10.32388/GOY6DK 58


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

Wiesman, A. 1., Murman, D. L., Losh, R. A., Schantell, M., Christopher-Hayes, N. J., Johnson, H.J.,...
& Wilson, T. W. (2022). Spatially resolved neural slowing predicts impairment and amyloid burden
in Alzheimer’s disease. Brain, 145(6), 2177-2189.

Wiesman, A. L., Murman, D. L., Losh, R. A, Schantell, M., Christopher-Hayes, N.J., Johnson, H. J.,...
& Wilson, T. W. (2022). Spatially resolved neural slowing predicts impairment and amyloid burden
in Alzheimer’s disease. Brain.

Williams, L.E.; Holtmaat, A. Higher-Order Thalamocortical Inputs Gate Synaptic Long-Term
Potentiation via Disinhibition. Neuron 2019, 101, 91-102.€4.

Wilson, I.A., Tkonen, S., Gallagher, M., Eichenbaum, H. and Tanila, H. (2005) Age-associated
alterations of hippocampal place cells are subregion specific. J. Neurosci. 25, 6877-6886

Wilson IA, Gallagher M, Eichenbaum H, Tanila H. 2006. Neurocognitive aging: prior memories
hinder new hippocampal encoding. Trends Neurosci 29: 662—70.

Wilson IA, Ikonen S, Gallagher M, Eichenbaum H, et al. 2005. Agea-ssociated alterations of
hippocampal place cells are subregion specific. ] Neurosci 25: 6877—-86

Wimber, M., Alink, A., Charest, L., Kriegeskorte, N., & Anderson, M. C. (2015). Retrieval induces
adaptive forgetting of competing memories via cortical pattern suppression. Nature neuroscience,
18(4), 582-589.

Winer, J. R., Mander, B. A., Kumar, S., Reed, M., Baker, S. L., Jagust, W. J., & Walker, M. P. (2020).
Sleep disturbance forecasts p-amyloid accumulation across subsequent years. Current Biology,
30(21), 4291-4298.

Wishart, H. A,, Saykin, A. J., Rabin, L. A., Santulli, R. B., Flashman, L. A., Guerin, S. J.,... & McAllister,
T. W. (2006). Increased brain activation during working memory in cognitively intact adults with
the APOE ¢4 allele. American Journal of Psychiatry, 163(9), 1603-1610.

Wu, J. W., Hussaini, S. A., Bastille, I. M., Rodriguez, G. A., Mrejeru, A., Rilett, K.,... & Duff, K. E.
(2016). Neuronal activity enhances tau propagation and tau pathology in vivo. Nature neuroscience,
19(8),1085-1092.

Wutzler A, Mavrogiorgou P, Winter C, Juckel G. Elevation of brain serotonin during dying. Neurosci
Lett. 2011;498:20-21.

Xu H et al. A Disinhibitory Microcircuit Mediates Conditioned Social Fear in the Prefrontal Cortex.
Neuron 102, 668—-682 €665, doi: 10.1016/j.neuron.2019.02.026 (2019).

Yamamoto, K., Tanei, Z. 1., Hashimoto, T., Wakabayashi, T., Okuno, H., Naka, Y.,... & Iwatsubo, T.

(2015). Chronic optogenetic activation augments AB pathology in a mouse model of Alzheimer

geios.com doi.org/10.32388/GOY6DK 59


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

disease. Cell reports, 11(6), 859-865.

Yang, J., Ogasa, T., Ohta, Y., Abe, K., & Wu, J. (2010). Decline of human tactile angle discrimination
in patients with mild cognitive impairment and Alzheimer's disease. Journal of Alzheimer's
Disease, 22(1), 225-234.

Yassa, M. A., Stark, S. M., Bakker, A., Albert, M. S., Gallagher, M., & Stark, C. E. (2010). High-
resolution structural and functional MRI of hippocampal CA3 and dentate gyrus in patients with
amnestic mild cognitive impairment. Neuroimage, 51(3), 1242-1252.

Yuan, P., & Grutzendler, J. (2016). Attenuation of p-amyloid deposition and neurotoxicity by
chemogenetic modulation of neural activity. Journal of Neuroscience, 36(2), 632-641.

Zappettini S., Faivre E., Ghestem A., Carrier S., Buée L., Blum D., Esclapez M., Bernard C. Caffeine
consumption during pregnancy accelerates the development of cognitive deficits in offspring in a
model of tauopathy. Front. Cell. Neurosci. 2019;13:438. doi: 10.3389/fncel.2019.00438.

Zhang, W., Zhang, L., Liang, B., Schroeder, D., Zhang, Z. W., Cox, G. A.,... & Lin, D. T. (2016).
Hyperactive somatostatin interneurons contribute to excitotoxicity in neurodegenerative
disorders. Nature neuroscience, 19(4), 557-559.

Zhang, W., Zhang, L., Liang, B. et al. Hyperactive somatostatin interneurons contribute to
excitotoxicity in neurodegenerative disorders. Nat Neurosci 19, 557-559 (2016).
https://doi.org/10.1038/nn.4257

Zhang, Z.]., Lappi, D. A., Wrenn, C. C., Milner, T. A., & Wiley, R. G. (1998). Selective lesion of the
cholinergic basal forebrain causes a loss of cortical neuropeptide Y and somatostatin neurons.
Brain research, 800(2), 198-206.

Zhao, R., Fowler, S. W., Chiang, A. C., Ji, D., & Jankowsky, J. L. (2014). Impairments in experience-
dependent scaling and stability of hippocampal place fields limit spatial learning in a mouse model
of Alzheimer's disease. Hippocampus, 24(8), 963-978.

Zhu, H,, Yan, H,, Tang, N. A, Li, X, Pang, P., Li, H.,... & Lu, Y. (2017). Impairments of spatial
memory in an Alzheimer’s disease model via degeneration of hippocampal cholinergic synapses.
Nature communications, 8(1), 1-13.

Zielinski, M. R., Atochin, D. N., McNally, J. M., McKenna, J. T., Huang, P. L., Strecker, R. E., &
Gerashchenko, D. (2019). Somatostatin+/nNOS+ neurons are involved in delta
electroencephalogram activity and cortical-dependent recognition memory. Sleep, 42(10), zsz143.
Zorrilla de San Martin, J., Donato, C., Peixoto, J., Aguirre, A., Choudhary, V., De Stasi, A. M.,... &

Bacci, A. (2020). Alterations of specific cortical GABAergic circuits underlie abnormal network

geios.com doi.org/10.32388/GOY6DK 60


https://doi.org/10.1038/nn.4257
https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

activity in a mouse model of Down syndrome. Elife, 9, e58731.
e Zott, B.; Simon, M.M.; Hong, W.; Unger, F.; Chen-Engerer, H.J.; Frosch, M.P.; Sakmann, B.; Walsh,
D.M.; Konnerth, A. A vicious cycle of 8 amyloid-dependent neuronal hyperactivation. Science 2019,

365, 559—-565.

Declarations

Funding: No specific funding was received for this work.

Potential competing interests: No potential competing interests to declare.

geios.com doi.org/10.32388/GOY6DK

61


https://www.qeios.com/
https://doi.org/10.32388/GOY6DK

