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Abstract: Alzheimer’s disease (AD) is the most common form of dementia, resulting in disability
and mortality. The global incidence of AD is consistently surging. Although numerous therapeutic
agents with promising potential have been developed, none have successfully treated AD to date.
Consequently, the pursuit of novel methodologies to address neurodegenerative processes in AD
remains a paramount endeavor. A particularly promising avenue in this search is optogenetics,
enabling the manipulation of neuronal activity. In recent years, research attention has pivoted from
neurons to glial cells. This review aims to consider the potential of the optogenetic correction of
astrocyte metabolism as a promising strategy for correcting AD-related disorders. The initial segment
of the review centers on the role of astrocytes in the genesis of neurodegeneration. Astrocytes have
been implicated in several pathological processes associated with AD, encompassing the clearance
of B-amyloid, neuroinflammation, excitotoxicity, oxidative stress, and lipid metabolism (along with
a critical role in apolipoprotein E function). The effect of astrocyte-neuronal interactions will also
be scrutinized. Furthermore, the review delves into a number of studies indicating that changes in
cellular calcium (Ca?*) signaling are one of the causes of neurodegeneration. The review’s latter
section presents insights into the application of various optogenetic tools to manipulate astrocytic
function as a means to counteract neurodegenerative changes.
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1. Introduction

Alzheimer’s disease (AD) is a prevailing neurodegenerative condition that is predom-
inantly observed in the elderly population. Its pathogenesis is marked by an aberrant
accumulation of 3-amyloid (Af), resulting from the sequential enzymatic cleavage of the
amyloid precursor protein (APP) by 3- and y-secretase enzymes. Notably, the y-secretase
complex’s principal constituents are presenilin (PS) 1 and PS2, mutations of which manifest
in the familial variant of AD [1]. A oligomers aggregate within the brain parenchyma,
leading to the development of extracellular amyloid plaques. The amyloidogenic hypothe-
sis presently stands as the principal AD causative model and maintains its pivotal status.
Notably, it is intriguing that 3-amyloid deposition can also manifest in the elderly without
concomitant AD. It has been suggested that prior to amyloid plaque formation, prefibrillar
oligomers influenced calcium homeostasis and synaptic transmission [2].

Aside from -amyloid accumulation, the most important marker of AD is the presence
of neurofibrillary tangles (NFTs), comprising the highly phosphorylated microtubule-
associated protein tau (MAPT) [3]. Normally, the tau protein functions to stabilize micro-
tubules and is vital for axonal transport. However, when subjected to hyperphosphoryla-
tion by tau kinases, it undergoes structural alterations, rendering it incapable of binding
microtubules. The caspase 3 C-terminal truncation of tau and the N-terminal truncation ac-
celerate the aggregation of the unbound tau. The resultant tau oligomers exhibit neurotoxic-
ity, with the ensuing aggregation culminating in the formation of neurofibrillary tangles [4].
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The prominent characteristic observed in individuals with AD is the gradual deteriora-
tion of cognitive and memory functions, predominantly linked to the depletion of neurons
and synapses in the hippocampal formation and neighboring regions [5]. Furthermore,
neuroinflammation, impaired mitochondrial function, and oxidative stress increase in the
brains of AD patients constitute significant pathogenetic components of this disorder [6].

Among the promising approaches for influencing cells, optogenetics emerges as a
notable contender. Optogenetics, a modern technique, amalgamates optical methodologies,
genetic engineering, and electrophysiology to regulate specific cellular activities through
diverse photosensitive proteins [7]. The application of optogenetics within the brain gar-
ners significant interest, given its potential to precisely modulate the activity of specific
neuron and astrocyte subsets, thereby offering novel avenues for neurodegenerative dis-
ease intervention. Optogenetic studies often employ microbial opsins, light-responsive
proteins that can initiate ionic currents, altering the membrane potential in response to
different wavelengths of electromagnetic light [8]. Optogenetics encompasses both con-
structs, enabling cell activation and light-sensitive proteins that can inhibit neuronal activity.
Optogenetic tools empower researchers to regulate diverse biological processes within
a cell, from intercellular signal transmission, protein expression, and oligomerization to
the modulation of gene expression [9]. The hallmark of optogenetics lies in its selectiv-
ity, enabling the insertion of light-sensitive transgenic proteins into highly specific cell
populations [10]. Consequently, this technique has evolved into a crucial instrument in
neurobiology, facilitating the modulation of neural networks governing intricate cognitive
and behavioral functions [11,12].

In recent years, optogenetics has seen rapid development, prompting its exploration
for in vivo and in vitro applications aimed at modulating nerve cells to address neurodegen-
erative processes. It has been posited that optogenetics holds the potential for mitigating
and potentially reversing neural network dysfunction in AD. Nevertheless, current at-
tempts to manipulate neurons in AD have not yielded groundbreaking success in disease
correction. Besides neurons, glial cells, particularly astrocytes, are affected by AD. Astro-
cytes represent promising candidates for ameliorating nervous system function amidst
neurodegeneration. This review centers on contemporary approaches and future prospects
regarding the utilization of optogenetic methodologies to restore brain function in AD,
with a particular emphasis on the role of astrocytes.

Astrocytes are pivotal homeostatic regulators of the central nervous system (CNS) [13].
They execute numerous essential functions within the brain, including furnishing metabolic
substrates to neurons and other glial cells [14], maintaining extracellular ion homeostasis,
providing structural support, and participating in neurovascular interactions [13,15,16].
Through ion channels, neurotransmitter receptors, and transporters, as well as intracellular
signaling pathways, astrocytes can perceive and integrate neural information [17]. Further-
more, astrocytes play a role in regulating neuronal synaptic plasticity and excitability by
releasing neuroactive agents known as gliotransmitters [18].

Recent investigations have underscored the pivotal involvement of astrocytes in
developing neuroinflammation and oxidative stress in AD [19,20], as well as in the synthesis
and clearance of amyloid proteins [21]. In AD, various dimensions of astrocytic function
suffer impairment, encompassing calcium signaling, the metabolism of glutamate and other
neuro- and gliotransmitters, extracellular potassium buffering, and energy metabolism [22].
Schematically, the role of glial cells in AD is shown in Figure 1.

Hence, astrocytes emerge as highly promising targets for addressing neurodegenera-
tive alterations. The potential therapeutic efficacy of astrocytes in AD, attributable to their
involvement in aging, neuroinflammation, the release of neurotrophic factors, and A clear-
ance, has been extensively elucidated [20,23]. The application of optogenetic techniques
to activate astrocytes, thereby restoring their functional status and rectifying astrocyte—
neuronal interactions, as well as neuron-glial network operations, holds significant promise.
In this review, we have endeavored to consolidate existing knowledge regarding the uti-
lization of optogenetics for AD correction, with a specific focus on modulating astrocytic
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metabolism. An imperative facet is the critical evaluation of translational challenges linked
to the potential medical applications of optogenetic tools. Foremost among these are the
invasiveness associated with optical fiber implantation for light stimulation and safety
concerns concerning the viral delivery of opsin genes. These aspects are comprehensively
addressed in the final section of this review.
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Figure 1. Schematic diagram showing the interaction between different types of cells contributing
to the progress of AD pathogenesis. BBB—brain-blood barrier, GSH—glutathione, GFAP—glial
fibrillary acidic protein.
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2. Optogenetics as a Tool for Regulating the Activity of Nerve Cells

Optogenetics represents a combination of optical techniques and genetic technologies,
harnessing genetically encoded light-sensitive protein-ion channels or opsins, for instance,
halorhodopsin, channelrhodopsin, and archaerhodopsin. These opsins induce either cell
membrane depolarization or hyperpolarization in response to specific wavelengths of
light [24]. By selectively expressing these exogenous photosensitive proteins, it becomes
possible to modulate neuronal activity, intracellular signaling pathways, or gene expres-
sions with spatial and temporal specificity. Excitatory opsins can stimulate cellular activity,
whereas inhibitory opsins can suppress it. Opsins exhibit variability in their mode of
operation and response rates, offering the capability to regulate neuronal activity with
remarkable precision.

Optogenetics offers a key advantage in its ability to induce opsin expression within
specific cell types. For this purpose, viral vectors are used, that is, the transduction method.
Viral vectors are viruses (such as adeno-associated virus (AAV) or lentivirus) that have
been modified to carry the desired gene sequence. These modifications render the viral
vectors incapable of replication and enhance their safety. By employing promoter sequences
specific to neuronal subtypes, opsin expression can be precisely targeted to particular cell
types, such as inhibitory or excitatory neurons [25].

The primary families of opsins used in optogenetics include the non-selective cation
channel family, which originates from the wild-type Channelrhodopsin 2 (ChR2) initially
found in Chlamydomonas reinhardtii. These channels provide a passive flow of protons
and positively charged K*, Na*, and Ca?* ions along an electrochemical gradient when



Antioxidants 2023, 12, 1856

4 0f 26

photostimulated with light at a wavelength of approximately 470 nm (blue light) through
photoisomerization: the light induces a conformational change in the all-trans-retinal
13-cis configuration. In mammalian neurons, the activation of these channels leads to
membrane depolarization and an increased likelihood of generating action potentials. One
limitation to the use of these opsins is that blue light possesses a relatively short wavelength
and does not deeply penetrate tissues. The utilization of high-intensity light can induce
tissue heating, potentially causing unpredictable effects on cell physiology, including tissue
damage [26].

Inwardly directed chloride pumps are a family of inhibitory opsins, with some being
wild-type variants of Halorhodopsin (HR), originally discovered in Natronomonas pharao-
nis. These channels are activated by light with a wavelength of 580 nm. When activated,
they pump one chloride ion into the cell for each photon of light, elevating the intracellular
concentration of Cl1~ ions. This action results in membrane hyperpolarization, reducing the
likelihood of action potential generation [27].

Outward proton pumps also inhibit neuronal activity. Upon activation, these opsins
pump protons out of the cell, leading to membrane hyperpolarization. This process also
causes an increase in intracellular pH, which is a crucial consideration when designing
experiments. Proton pump opsins are derived from natural archaerhodopsin-3 (Arch),
originally identified in Halorubrum sodomense [26]. Various modified versions of this type
of opsin have been developed, including ArchT [28], eArch3.0, eArchT3.0, eMac3.0 [29],
and so on.

Opto-XRs represent a family of opsins associated with GPCRs, including specific
variants linked to Gq and Gs proteins. G-protein-coupled receptors indirectly influence
neuronal activity by directly activating G-proteins and their downstream targets, thereby
regulating signaling cascades [30].

Ongoing research continually develops novel approaches and tools for controlling
various aspects of cellular activity. For instance, the photocleavable protein PhoCl is utilized
to create light-activated Cre recombinase, the Gal4 transcription factor, and viral protease,
which can subsequently activate the Pannexin-1 ion channel [31]. Reference may also be
made of the tool Opto-SOS, which enables the light activation of Ras and activates the
Ras/Erk kinase pathway [32]; light-inducible transcriptional effectors, LITE, an optogenetic
system that integrates the customizable TALE DNA-binding domain with the light-sensitive
cryptochrome 2 protein and its interacting partner CIB1 [33]; VP-EL222, a modified version
of the bacterial protein EL222 that binds to DNA under blue light [34]; the blue-light-gated
potassium channel BLINKT1 [35]; and various similar approaches.

Optogenetic technologies have primarily been applied to neurons, but they are evolv-
ing and expanding their applicability. The activation of ChR2 in astrocytes can lead to
depolarization, intracellular pH reduction, and an increase in [Ca?*]. These changes
can significantly influence astrocyte activity and modulate the release of gliotransmitters
(Figure 2) [36].

One notable study demonstrated that by employing ChR2 and the optogenetic stim-
ulation of astrocytes, it was possible to induce an increase in [Ca?*] in response to a
decrease in pH, which subsequently triggered chemoreceptors in the brainstem through an
ATP-dependent mechanism, leading to respiratory responses in vivo [37].

In a highly valuable work, Gerasimov et al. performed a light stimulation of astrocytes
expressing either ChR2 (ionotropic opsin) or Opto-a«1AR (metabotropic opsin) to determine
the effect of activated astrocytes on the functioning of neurons. Together with the stimula-
tion of astrocytes using patch clamps, the activity of pyramidal neurons of the hippocampus
was recorded. The activation of ionotropic opsin ChR2 in astrocytes appeared to have a
positive effect on the excitability of interneurons but had a negative effect on the activity
of pyramidal neurons, leading to a reduction in the frequency of their action potentials.
This dual effect might be attributed to variations in light stimulation patterns and neuronal
activity states. The stimulation of the metabotropic opsin Opto-a1AR was suggested to
enhance long-term synaptic plasticity in mice, which is associated with the secretion of



Antioxidants 2023, 12, 1856

50f26

D-serine and glutamate by astrocytes due to an increase in intracellular calcium concentra-
tion. When recording spontaneous activity in slices of hippocampal pyramidal neurons,
the optimal parameters of optogenetic stimulation were determined [38]. This study holds
promise for normalizing synaptic transmission and plasticity in various neuropathologies,
including AD.
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Figure 2. Optogenetic stimulation of astrocytes. A variety of genetically encoded effector molecules
for optogenetics have been employed to manipulate intracellular ionic concentrations (H*, Na*, Ca®*,
K*) and signaling cascades (Gq, Gs, IP3, cAMP) in astrocytes, which evoke the release of gliotransmit-
ters (glutamate, ATP, etc.) and the modulation of synaptic transmission. ChR2—channelrhodopsin-2;
OptoXRs—light-driven chimeric G-protein-coupled receptors; NMDAR—N-methyl-D-aspartate receptor;
AMPAR—o-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; ATP—adenosine triphos-
phate; IP3—inositol 1,4,5-trisphosphate; cAMP—cyclic adenosine monophosphate; mGluR—metabotropic
glutamate receptor; RyR—ryanodine receptor.

In a recent study by Maltsev et al. [39], the impact of hippocampal astrocyte activation
achieved using two distinct optogenetic tools (the ionotropic AAV-ChR2-mCherry and
the metabotropic AAV-Opto-alAR-EYFP (Gg-linked opsin Opto-alAR) expressed under
the truncated GFAP promoter) on hippocampal neuron activity in mice and rats was
investigated using the patch clamp technique. The study elucidated contrasting outcomes
associated with these constructs. The activation of ChR2 induced a reduction in the basal
field excitatory postsynaptic potentials (fEPSPs) in the CA1 region of the hippocampus
following a light stimulation of astrocytic ChR2. Notably, this effect was contingent upon
the activity of type 2 purinergic receptors, and the involvement of GABA receptors in
mediating these effects was also demonstrated. Conversely, a light stimulation of Opto-
alAR expressed in astrocytes resulted in an augmentation of basal fEPSPs and a significant
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enhancement in synaptic responses to TBS. This effect was mediated through the activation
of the Gq protein and subsequent activation of phospholipase C. Importantly, only the
stimulation of Opto-alAR and not ChR?2 elicited the upregulation of early response genes,
including cRel, Arc, Fos, JunB, and Egrl [39]. These findings highlight the capacity of
distinct optogenetic constructs expressed in astrocytes to exert opposing effects on synaptic
transmission, offering a versatile approach to address a wide spectrum of research inquiries
and modulate information processing within the hippocampus.

3. The Role of Astrocytes in the Pathogenesis of Alzheimer’s Disease
3.1. Production and Clearance of Amyloid Proteins

As per the prevailing hypotheses, 3-amyloid (Af) assumes a pivotal role in the
pathogenesis of AD. While neurons are the primary source of A in the brain, astrocytes are
also implicated in its synthesis and processing. Even a minor alteration in A3 production
by astrocytes can exert a notable influence on the amyloid burden. BACEL1 secretase cleaves
the 3 site of the amyloid precursor protein (APP) and initiates A production. A study [40]
demonstrated that in transgenic mice overexpressing the London mutant of APP [V7171],
the focal activation of astrocytes occurs prior to amyloid plaque formation, concomitant
with an elevation in BACEL activity. This astrocytic activation followed an inflammatory
Al pattern [41].

Apolipoprotein E (APOE) is a multifunctional protein pivotal in lipid metabolism
and neurodegenerative disease development. It is involved in the homeostatic control of
plasma and tissue lipids, is produced predominantly by astrocytes and microglia, and has
three main isoforms: APOE-¢2, APOE-¢3, and APOE-¢4, among which APOE-¢€3 is the
most frequently expressed [42]. Nevertheless, inflammation’s presence can impact APOE
expression and secretion at both isoform and cellular levels. Notably, human astrocytes
bearing the APOE-¢4 allele manifest a pro-inflammatory phenotype featuring heightened
nuclear factor (NF-«B) activity [43]. The APOE-¢4 isoform is recognized as a significant
genetic risk factor for sporadic late-onset AD, and its role as a biomarker for AD risk is
under current investigation [44].

The excessive accumulation of toxic forms of A3 stems from an imbalance between pro-
duction and clearance. The removal of soluble Af3 peptides occurs through various mecha-
nisms, such as glial phagocytes, enzymatic degradation, and transport across brain barriers.

Astrocytes transfer amyloid from the brain parenchyma into the cerebrospinal fluid via
aquaporin-4-dependent perivascular drainage. Aquaporin 4 (AQP4) is a protein that forms
water channels in the cell membrane; it resides predominantly in perivascular endfeet and
astrocytic membranes, contributing to CNS water homeostasis. Its densest presence is in
astrocytes adjacent to vessels [45,46]. AQP4 knockout mice exhibited a 70% reduction in
amyloid elimination [47] and exacerbated cognitive deficits [48].

Beyond the mechanical removal of A from the brain, astrocytes possess the capa-
bility to internalize and enzymatically degrade Af3, as observed in both mouse models
in vivo [49], and in primary cultures of mouse astrocytes in vitro [50] as well as human as-
trocyte cultures [51]. The intracellular degradation of A within astrocytes occurs through
lysosomal pathways, while extracellular degradation involves the release of proteases. For
instance, astrocytes surrounding amyloid plaques in older mice demonstrated elevated
expression of matrix metalloproteinases MMP 2 and 9, which degrade amyloid [52].

3.2. Neuroinflammation and Reactive Astrogliosis

In AD, a cascade of pathological processes occurs, including neuroinflammation.
Astrocytes are significant contributors to the development of inflammation in neural tissues.
They can trigger inflammatory processes by activating various intracellular pathways,
such as the NF-kB pathway, the production of nitric oxide (NO) and reactive oxygen
species (ROS), as well as the release of several pro-inflammatory cytokines, including
IL-1B, IL-6, and TNF [19]. Nevertheless, astrocytes also have the capacity to express
and release anti-inflammatory and neuroprotective factors [53], indicating their potential
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pivotal role in regulating the neuroinflammatory processes observed in AD. Furthermore,
the dysregulation of astrocytes contributes to increased cytotoxicity and oxidative stress by
promoting amyloid protein production and Ap plaque aggregation in AD [54].

Maladaptive inflammation can be mediated by the complement system (CS), which
operates with the involvement of extracellular vesicles (EVs) of neuronal and astrocytic
origin. In the brain, EVs facilitate the exchange of molecules between cells and can traverse
the blood-brain barrier to enter the periphery [55]. Notably, AD patients exhibited signifi-
cantly elevated levels of CS components related to the classical and alternative pathways,
including C1q, C4b, C3d, factor B, factor D, Bb, C3b, and C5b-C9, as well as the membrane
attack complex (MAC). Conversely, the levels of regulatory proteins such as CD59, DAF,
and CD56 were reduced in AD patients [56]. When neurons were exposed to astrocyte-
derived vesicles obtained from AD patients, it led to an increase in markers associated with
necroptosis, suggesting neurotoxicity mediated by the MAC. However, further treatment
of these neurons with CD59 prevented their death, which again indicates MAC-mediated
toxicity [55,57]. In the astrocytic vesicles from the AD patients, the levels of BACE-1 and
sAPP[3 were significantly increased, while the levels of GDNF were decreased compared to
the control group [58].

An important pathogenetic component of neurodegenerative processes, as well as
CNS damage of various etiologies (ischemia, trauma, infection, etc.), is the transition of
astrocytes to a state called reactive astrogliosis.

Astrocyte reactivity is initially characterized by soma hypertrophy and the production
of pro-inflammatory molecules. Furthermore, there is an increased expression of inter-
mediate filament proteins such as glial fibrillary acidic protein (GFAP), vimentin, and
nestin [59]. In AD, there is a notable increase in the population of reactive astrocytes,
particularly in the vicinity of amyloid plaques. They are discernible even in the early stages
of AD, preceding neuronal degeneration, and persist throughout the progression of the
disease [60,61]. Research indicates that the activation of microglia, leading to the release of
inflammatory cytokines such as IL-lalpha (IL-1«), IL-1beta (IL-13), IL-6, tumor necrosis
factor-o (TNF-«), and complement component 1q (C1q), induces the formation of reactive
astrocytes [62]. Moreover, these cytokines can stimulate the activity of 3-secretase and
y-secretase, promoting the cleavage of amyloid precursor protein (APP) and enhancing the
production of 3-amyloid by astrocytes, thus contributing to the overall load of neuronal
-amyloid [63].

The understanding of astrocyte reactivity has undergone significant evolution in the
past decade. Initially, they were regarded as a homogeneous group, but ongoing research
is now actively exploring their diverse subpopulations and heterogeneity. In 2021, a
comprehensive definition was established, characterizing reactive astrogliosis as a process
wherein astrocytes engage in specific molecular programs. These programs encompass
alterations in transcriptional regulation, as well as biochemical, morphological, metabolic,
and physiological transformations. Ultimately, these changes result in the acquisition of
new functions, or the reduction or augmentation of their homeostatic functions, all in
response to pathological conditions [64].

Reactive astrocytes represent a diverse group of cells whose characteristics are con-
tingent upon the specific conditions and events within CNS pathologies. In an effort to
distinguish between various cell phenotypes, reactive astrocytes are commonly categorized
into two primary types: Al, which are perceived as potentially destructive and neurotoxic,
and A2, which are deemed to support neuron survival and maintenance, thereby possessing
neuroprotective qualities (Figure 3) [53,60].

The predominately adverse effects of reactive astrocytes on AD are frequently em-
phasized. For instance, in the GiD reactive astrocyte model, an excessive generation of
hydrogen peroxide by monoamine oxidase B (MaoB) has been observed, subsequently
giving rise to tautopathy, glial activation, neuronal death, brain atrophy, and cognitive
decline [65]. Furthermore, in an APP/PS1 mouse model, it has been demonstrated that
astrocytes located in proximity to amyloid plaques and converted into a reactive form
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produce elevated quantities of GABA. GABA is released through the bestrophin 1 (Best1)
channel and activates neuronal GABAA and GABAB receptors, ultimately suppressing
the release of mediators into the synaptic cleft. This resulted in a reduction in the num-
ber of spikes in the perforant pathway to the dentate gyrus, impaired synaptic plasticity,
and memory deficits [66]. Reactive astrocytes are also implicated in GABA accumulation
that culminates in tonic inhibition, the suppression of long-term potentiation (LTP), and
consequently, cognitive impairment [67].

Astrocytes in AD

A1 A2

Glutamate
releasing

cs
[ C1q, C4b, C3d
factor B, factor D

bFGFt antioxidants t
Nrf2
arginase 1
Microglia /|
'8
/
Neurotransmitter release disoder :

Tonic inhibition Neuronal survival #
LTP supression

l Synaptogenesis !

Cognitive impairments

Figure 3. Reactive astrogliosis in neurodegenerative disease and polarization of astrocytes ac-
cording to the bidirectional (A1,A2) or neurotoxic—neuroprotective model. BDNF—brain-derived
neurotrophic factor, bFEGF—basic fibroblast growth factor, CS—complement system, DAF—decay-
accelerating factor (CD55), GFAP—glial fibrillary acidic protein, GLAST—glutamate aspartate
transporter, IL—interleukin, MAC—membrane attack complex, Nrf2—nuclear factor erythroid
2-related factor 2, PK2—prokineticin 2, ROS—reactive oxygen species, TNF—tumor necrosis factor,
TRPA—transient receptor potential ion channels, VEGF—vascular endothelial growth factor. Up
arrows—increased expression or concentration of a compound, or increased some process, down

arrows—decrease in expression or concentration of a compound or weakening some process.

The transformation of astrocytes into a reactive state can disrupt the activity of tran-
sient receptor potential (TRP) channels, thereby causing disturbances in calcium home-
ostasis. For instance, in an animal model (APP/PS1 Tg), astrocytes exhibited an overex-
pression of TRPA1. Through these channels, an Ap-mediated increase in calcium influx
into the cell occurred. Consequently, it stimulated protein phosphatase 2B (PP2B) along
with the transcription factors NE-kB and NFAT, ultimately resulting in the production of
pro-inflammatory cytokines. The functional loss of TRPA1 had a positive impact on the
cognitive abilities of mice. These findings suggest the involvement of astrocytic TRPA1
in AB-triggered inflammatory responses in astrocytes and the progression of AD [68].
Additionally, in dissociated cultures of the rat hippocampus, A was found to elevate the
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expression of TRPV4 and GFAP in astrocytes. This was accompanied by an increase in
the intracellular Ca?* levels in astrocytes, the generation of ROS, and significant neuronal
damage. However, the inhibition of TRPV4 effectively reduced cell death [69].

Type A2 astrocytes have been comparatively less explored. However, it has been
observed that they can reduce extracellular glutamate levels, thus mitigating excitotoxi-
city. When exposed to prokineticin-2 (PK2), astrocytes adopt the A2 phenotype, leading
to increased expression of the glutamate—-aspartate transporter (GLAST) and enhanced
glutamate uptake by primary mouse astrocytes. This shift is accompanied by a decreased
expression of pro-inflammatory factors (IL-1§3, IL-6, TNF«, and iNOS) and an increased
expression of antioxidant factors (arginase-1 and Nrf2) [70]. A2-reactive astrocytes (A2) are
also known to enhance the production of numerous neurotrophic factors (BDNF, VEGE, and
bFGF), which promote the survival of neuronal cells and synaptogenesis [60]. Therefore,
reactive astrogliosis can exhibit both neuroprotective and potentially disease-promoting
effects in AD. The specific signaling pathways involved in the induction of the A1 and A2
phenotypes in CNS damage and neurodegeneration remain to be elucidated.

3.3. Oxidative Stress

Oxidative stress arises from an imbalance between the production of free radicals and
antioxidants within mitochondria. An excessive production of free radicals, particularly
reactive oxygen and nitrogen species, combined with disruptions in the body’s antioxidant
enzyme systems, results in the damage of cellular structures, lipids, proteins, and nucleic
acids. It is widely acknowledged that oxidative stress is linked to the etiology of nearly
all neurodegenerative diseases [71]. Under normal physiological conditions, astrocytes
play a critical role in producing antioxidants within neurons. They synthesize and provide
amino acids such as glycine and cysteine, which are essential for generating one of the
primary antioxidants, glutathione (GSH), in neurons [72]. Additionally, astrocytes are
actively involved in synthesizing glutathione and transporting it to neurons through the
ABCC1 transporter [73]. The presence of Af3 plaques can influence the antioxidant function
of astrocytes. Both in vivo and in vitro studies have demonstrated that monomeric forms of
A3 enhance the expression of ABCC1 during the acute and late stages of AD, which serves
as a compensatory mechanism against oxidative stress. However, prolonged exposure to
fibrillar forms of A results in reduced ABCC1 transporter expression in the cerebral cortex
of 5xFAD mice [72,73].

There is substantial evidence indicating a direct correlation between Af levels and the
production of ROS due to the expression of inducible nitric oxide synthase (iNOS), resulting
in nitrosative stress within neurons [74]. Research has demonstrated that the activation
of astrocytic iNOS by A3 is contingent on pro-inflammatory cytokines such as IL-1f3 and
TNEF, facilitated through an NF-kB-dependent signaling pathway that triggers NIK kinase.
It is possible that the activation of reactive astrocytes according to the neurotoxic and
neuroprotective profile correlates with the level of ROS production [20].

Reactive oxygen species (ROS) originate from various cellular sources. Notably, en-
zymes involving cyclooxygenase, lipoxygenase, xanthine oxidase, and cytochrome P450-
dependent oxygenases contribute to ROS generation [75]. Additionally, NADPH oxidases
(NOX), a distinct group of enzymes solely dedicated to ROS production, warrant men-
tion [76]. In neurovascular units, NOX emerges as a pivotal ROS source [77]. The excessive
production of ROS by the NOX family has significant implications, disrupting oxidative
homeostasis and contributing to the pathogenesis of neurodegenerative disorders. This
enzyme family comprises seven isoenzymes, including NOX1-5, along with two dual
oxidases, DUOX1 and DUOX2. NOX is responsible for the formation of superoxide radicals
(O?*7) by transferring electrons from NADPH through FAD and two heme residues to
molecular oxygen. Subsequently, O?*~ radicals undergo dismutation to yield H,O,. Tt
is worth noting that certain isoenzymes, specifically NOX4, DUOX1, and DUOX2, are
suggested to directly produce H,O,. In contrast, Nox5 appears to generate both O?*~
and H,O, [76,78,79]. Under normal physiological conditions, NOX exhibits low activity.
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Nevertheless, NOX2-derived ROS are recognized for their regulatory roles in vasodilation,
immune responses, and microglial activation [80,81].

In AD, notable morphological and functional cerebrovascular disorders are observed
in the brain. These include microvascular atrophy, degradation of the basement membrane,
and the deposition of proteoglycans such as heparin sulfate, collagen IV, and laminin. Ad-
ditionally, there is a reduction in the density of the cerebrovascular network, accompanied
by alterations in endothelial cell function. This collective disruption results in hypoperfu-
sion, hypoxia, chronic inflammation, and compromised permeability of the blood-brain
barrier (BBB). These vascular abnormalities are collectively referred to as cerebral amyloid
angiopathy (CAA), which is closely associated with ischemic lesions, micro- and macrohe-
morrhages, and impaired cerebral blood flow [82]. Notably, oxidative stress plays a pivotal
role in augmenting the permeability of the endothelial monolayer.

Recent research has highlighted the significance of NADPH oxidase activation in
the development of AD. This is supported by post-mortem investigations revealing the
translocation of NOX2 subunits, specifically p47phox and p67phox, from the cytosol to
the membrane. This translocation is presumed to occur within activated microglia [83,84].
Notably, the vessels within the two primary regions most affected in AD, namely the
cerebral cortex and the hippocampus, exhibit significantly elevated levels of intracellular
02, along with increased levels of both Nox 2 and 4 [85]. Additionally, in the frontal
lobe of AD patients, especially in the early stages, high mRNA levels of NOX1 and NOX3
have been observed. This suggests the potential involvement of other NOX isoforms in the
neuropathology of AD [86]. Microglial NOX2 activation can be triggered by various factors,
including AB42. Proinflammatory cytokines, chemokines, and NOX2-derived ROS collec-
tively contribute to further microglial activation and neuronal damage, thereby establishing
a link between inflammation and oxidative harm in the context of AD pathology [87].

NADPH oxidase 1 has been demonstrated to play a pivotal role in mediating amyloid
B-induced damage to the endothelial barrier [88]. Similarly, the involvement of NOX2
in the generation of reactive oxygen species, ultimately leading to the disruption of BBB
integrity, has been substantiated. Notably, the application of NOX-2 inhibitors has shown
significant reductions in these detrimental effects [89].

Ap deposition within vessel walls seems to initiate a detrimental cycle: A elevates
levels of ROS, which, in turn, enhances A3 deposition. This concept underpins the hypoth-
esis of AD development, proposing that cerebrovascular injury serves as the initial trigger
for neuronal damage and neurodegeneration. It is suggested that this process may also
contribute to the accumulation of A within the brain [90].

In the studies conducted by Wakatsuki et al., it has been demonstrated that ROS
generated by NADPH oxidases in response to damage activate the ubiquitin ligase ZNRF1.
This activation triggers intracellular signaling that leads to the degradation of AKT kinase,
ultimately resulting in the degeneration of neurites, particularly axons [91-93].

Astrocytes actively participate in processes involving the activation of NADPH ox-
idases. For instance, heightened activity levels of NOX4 induce oxidative stress, mito-
chondrial fragmentation, and the inhibition of intracellular antioxidant systems in human
astrocytes. Moreover, elevated NOX4 levels are likely to promote ferroptosis in astrocytes
through oxidative-stress-induced lipid peroxidation, which is associated with impaired
mitochondrial metabolism in AD [94].

One potential metabolic pathway for the activation of NADPH oxidases involves the
activation of Src family kinases (SFKs) in both neurons and glial cells. The activation of
SFKs, such as Fyn, triggers the NFkB-mediated transcription of pro-inflammatory cytokines,
iNOS, and gp91phox in microglia and astrocytes. Consequently, the activation of the SFK-
iNOS-NOX2 axis results in excessive production of ROS, leading to hyperexcitability and
neurotoxicity [95].

Notably, the knockout of the gene encoding p47phox, the organizing subunit of NOX2,
has significantly attenuated cognitive impairment and tau pathology in the APP/PS1 mouse
model of AD. A p47phox deficiency has also been shown to reduce astrocyte activation.
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However, it did not affect the A levels and amyloid plaque formation in the brains of
aged mice of this strain. Moreover, the neuronal deletion of p47phox was found to mitigate
tau hyperphosphorylation at specific sites in primary neuronal cultures following exposure
to okadaic acid [96].

It is important to note that there is an ongoing cycle between neuroinflammation and
oxidative stress, where one of these pathological processes can trigger the other, creating a
positive feedback loop. In summary, astrocytes play a dual role in this process: on the one
hand, astrocytes fulfill a pivotal function in antioxidant defense mechanisms, possessing
the highest levels of antioxidants among neural cells and offering neighboring neurons
substrates essential for antioxidants, including glutathione. On the other hand, reactive
astrocytes have demonstrated the capacity to generate diverse free radicals. An augmented
expression of —100f3 and inducible nitric oxide synthase (iNOS) has been associated with
oxidative stress, potentially contributing to neuronal demise.

3.4. Interastrocytic Interactions. Calcium Dysregulation in AD

Recent experimental findings suggest that astrocytes form an astrocytic syncytium
and can exchange signaling molecules, thereby establishing an astrocyte network [97]. The
discovery of calcium waves propagating from one astrocyte to another laid the foundation
for the hypothesis that astrocyte networks constitute an extraneuronal pathway for rapid
signal transmission across long distances within the CNS [98].

A calcium wave denotes a localized elevation in cytoplasmic Ca?* concentration that
initiates a sequence of similar events in a wave-like pattern. These calcium waves can
be confined to a single cell (intracellular) or transmitted between astrocytes (intercellu-
lar) [99]. The primary mechanisms that trigger intracellular Ca?* waves typically involve
the activation of G-protein-coupled receptors. This activation leads to the stimulation of
phospholipase C and the synthesis of IP3, which binds to IP3 receptors on the endoplas-
mic reticulum membrane. This, in turn, results in the release of Ca?* into the cytoplasm.
Subsequently, intracellular Ca>* waves can propagate to neighboring cells in the form of
intercellular calcium waves through two possible mechanisms: Ca?*—mobilizing second
messengers, predominantly IP3, can be transferred directly from the cytosol of one cell
to that of its neighboring cell through gap junctions or by “de novo” generation of such
messengers in neighboring cells due to the activation of membrane receptors, which is
brought about by the extracellular diffusion of agonists [100].

Gap junctions formed by connexin proteins 30 and 43 (Cx30 and Cx43) are pivotal in the
formation of astrocytic conglomerates. These gap junctions facilitate the exchange of ions,
metabolites, and neuromodulators, which in turn mediate signaling across the astrocytic
network [101]. The expression and functions of connexins, which are responsible for such
intercellular communication, have been extensively studied both under normal conditions
and in various pathologies, notably in epilepsy and neurooncological diseases [102-105].
These findings underscore the significance of alterations in the interastrocytic contacts in
the pathogenesis of diverse diseases.

In addition to the established concept of the astrocytic syncytium, current research
is actively advancing the hypothesis of astrocytic networks with a more specialized orga-
nization [106-108]. It is noteworthy that not all neighboring astrocytes exhibit functional
connectivity through gap junctions [106,107,109]. This fact could be attributed to the het-
erogeneous expression of connexins Roux Cx43 and Cx30 in astrocytes or the existence
of distinct glial populations emerging from astrocyte distributions within specific spatial
domains during development [110].

In AD, one of the initial abnormalities observed is the disruption of calcium homeosta-
sis. Specifically, when cultured rat cerebral cortex astrocytes were exposed to Ap1-42, it
resulted in an increase in the amplitude and velocity of the evoked calcium waves and ex-
tended the distance over which these waves traveled. These calcium waves were primarily
mediated by the increased release of ATP [111]
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In vivo multiphoton imaging of high-resolution calcium signaling conducted in the
brains of awake APP/PS1 transgenic mice revealed that calcium signaling was disrupted in
the thin processes of astrocytes, showing a reduction of about 50%. Conversely, other parts
of the astrocyte, including the soma and main processes, displayed hyperactivity, character-
ized by an increased frequency, amplitude, and duration of calcium signals. Notably, this
dysregulation of astrocytic calcium events did not seem to be directly correlated with the
proximity to amyloid plaques but rather depended on soluble forms of amyloid [112].

In a recent in vitro study conducted on primary cortical astrocytes, dose-dependent
changes in [Ca®*]i were observed within a Trimethyltin (TMT) intoxication model. This
is a pharmacological model designed to simulate hippocampal degeneration and shares
behavioral and molecular characteristics with AD, making it useful for creating an AD-
like pathology. Furthermore, the TMT exposure led to mitochondrial depolarization,
which occurred independently of extracellular Ca* and disrupted the antioxidant defense
mechanisms in astrocytes, resulting in oxidative and nitrosative stress [113].

Researchers actively investigate the molecular mechanisms responsible for the disrup-
tion of calcium signaling. In AD, 3-amyloid is known to interact with various receptors,
such as the P2Y1R and «7-nicotinic acetylcholine receptors. In the pro-inflammatory envi-
ronment surrounding amyloid plaques, ATP and ADP are released, activating metabotropic
P2Y1 purine receptors (P2Y1Rs) on astrocytes, leading to fluctuations in the calcium lev-
els in astroglia [114]. Additionally, picomolar concentrations of amyloid, which occur in
healthy brains in vivo, were found to activate «7-nAChR, resulting in the appearance of
calcium waves in astrocytes, which can be considered as a physiological pathway that may
play a role in the development of AD [115].

Furthermore, it is plausible that the heightened calcium activity observed in astrocytes
could be linked to an increased expression of the metabotropic glutamate receptor mGIluR5
in the astrocytes. The activation of mGluR5 has been identified in astroglial cultures exposed
to B-amyloid, as well as in astrocytes within animal models of AD and post-mortem human
tissues [116-118].

One of the non-exocytotic mechanisms contributing to the increased calcium activity
in astrocytes and ATP release is connexin hemichannels, specifically connexin 43. In
individuals with AD, elevated levels of Cx43 have been observed [119], and exposure to
amyloid has been shown to increase Cx43 expression in vitro [120]. In a mouse model of
AD, increased Cx43 expression was found to contribute to neuronal damage [121].

An intriguing aspect relates to the role of APOE4, a known risk factor for AD, in
calcium signaling disruptions. APOE4 is associated with changes in membrane lipid
composition, and lipids are known to regulate Ca?* channels. Raquel Larramona-Arcas
et al. demonstrated an increase in ATP-induced Ca?* responses in APOE4 astrocytes
compared to APOE3 in male, but not female, mice. This Ca? hyperactivity associated with
APOEA4 was linked to the dysregulation of Ca?* processing in lysosomes and was mitigated
by the expression of APOE3 [122].

Furthermore, beta-amyloid has been found to impact the functioning of calmodulin
and numerous calmodulin-binding proteins. Collectively, these factors contribute to the
regulation of calcium dyshomeostasis, neuroinflammation, amyloidogenesis, memory
formation, neuronal plasticity, and other processes. Detailed insights into the interactions
among calmodulin, its binding proteins, and beta-amyloid can be found in the review
referenced as [123].

Consequently, virtually all published studies concur that astrocytes in the brains of
animal models of AD develop aberrantly increased calcium activity. This stands in contrast
to calcium signaling in normal aging, where either no changes or even a reduction in the
frequency of calcium events and calcium signaling is observed [124,125]. Notably, this
heightened calcium activity in the presence of amyloidosis appears to be unrelated to
neuronal activity, as the blockade of neuronal activity with tetrodotoxin fails to normalize
spontaneous Ca?* activity [126,127].
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The optogenetic activation of astrocytes exerts an influence on calcium activity profiles,
offering promise in the application of these methods to restore normal astrocytic metabolic
activity.

3.5. Interaction between Neurons and Astrocytes. Disorders of the Neuron—Astrocyte Interaction in
AD. Excitotoxicity

In the mature nervous system, astrocytes establish direct contact with neuronal soma,
dendrites, spines, and presynaptic terminals and play an active role in the regulation
of neuronal functions [128]. Their functions encompass buffering excess potassium and
neurotransmitters in the extracellular space, supplying essential nutrients to neurons, and
offering structural support around synapses [129].

Astrocytes are dynamically engaged in synaptic transmission and possess the ca-
pability to both respond to neurotransmitters released by neurons and release their own
neuroactive substances, known as gliotransmitters (Table 1). Through these gliotransmitters,
astrocytes affect the metabotropic and ionotropic receptors on neurons, thereby modulating
local synaptic activity [130]. The astrocytic environment surrounding neurons plays a
significant role in regulating synaptic connections. For instance, hippocampal neuronal
activity has been demonstrated to induce calcium waves within astrocytic networks [131],
and astrocyte-generated calcium waves have been shown to modulate neuronal activ-
ity [131-134]. Consequently, neurons and astrocytes engage in bidirectional regulation
within neuron-glial networks.

Table 1. Major gliotransmitters.

GABA

Glutamate

Purines

D-Serine

main inhibitory
neurotransmitter in the CNS

ionotropic GABAA receptors and
metabotropic GABAB receptors
in neurons

metabotropic GABAp receptors
in astrocytes

signal transformation from
neurons or its amplification
through astrocytes depends
on the context
Under normal conditions,
hippocampal astrocytes contain
very little GABA

Astrocytes around amyloid
plaques become reactive and
produce and release GABA
aberrantly and in large quantities

main excitatory
neurotransmitter in the CNS

N-methyl-D-aspartate (NMDA)
receptors, x-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid
(AMPA) receptors, kainate
receptors, and metabotropic
receptors in neurons

glutamatergic transmission within
glial cells occurs through
metabotropic glutamate receptors
(mGluR), which are divided into
three groups: group I: mGluR1.5;
group II: mGluR2, mGIuR3, group
III: mGluR4, mGluR6,
mGIuR 7, mGIuR 8

Astroglia regulates extracellular
glutamate homeostasis through
Na*-dependent excitatory amino
acid transporters
1 and 2 (excitatory amino acid
transporter—EAAT): GLAST-1
and GLT-1, respectively.
Astrocytes can release glutamate
in a Ca?*-dependent and
CaZ*-independent way.

As a gliotransmitter, glutamate
can have an inhibitory or
excitatory effect on neurons.

In AD, glutamate clearance is
impaired. Increased release of
glutamate is noted. High
spontaneous and abnormal
fluctuations in glutamate
concentration are observed
around A plaques

ATP, adenosine—excitatory
neurotransmitters
two families of receptors: P1
(subtypes A1, A2A, A2B and A3),
which bind to adenosine, and P2
(ionotropic P2X (seven subtypes
P2X1-7) and metabotropic P2Y
receptors (8 subtypes)), which
are activated by
ATP/ADP-nucleotides

astrocytes express P2X1, P2X2,
P2X3, P2X4, P2X5, and P2X7;
P2Y1, P2Y2, P2Y4, P2Y6, and
P2Y12 receptors; and functional
adenosine receptors
(A1, A2A, A2B)

ATP released by neurons can
affect astrocytes’ purinergic
receptors directly in the form of
ATP or degradation products in
the form of ADP, AMP, and
adenosine, leading to an increase
in astrocyte Ca2* levels.
ATP released from astrocytes is
metabolized by extracellular
ATPases with the formation of
adenosine, which regulates
synaptic transmission by affecting
the Al and A2A
metabotropic receptors.

Enhanced ATP release in
hippocampal slices and astrocyte
cultures is observed with the
application of AB peptides

important in NMDAR modulation

a physiological co-agonist of the
N-methyl d-aspartate (NMDA)
type of glutamate receptor

a putative gliotransmitter that is
associated with learning and
memory by affecting
synaptic NMDARs

increased in experimental models
of AD and in
post-mortem samples
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Furthermore, it has been demonstrated that the initiation of astrocyte calcium waves
has an impact on synaptic transmission and relies on the regulated exocytosis of glutamate,
ATP, and D-serine [135-137]. Consequently, these findings introduce novel components,
referred to as perisynaptic glia, into the pre- and postsynaptic elements of neuronal trans-
mission, forming a structural entity termed the “tripartite synapse” [128,138,139].

Despite the extensive characterization of neuronal and synaptic dysfunctions in
AD [140,141], our understanding of the functional impairment of astrocyte physiology,
neuronal network function, and astrocyte-neuronal network interactions remains compara-
tively limited.

A study conducted by Mitroshina et al. in 2022 aimed to investigate the impact of
AD astrocytes on the functioning of healthy neuronal networks in vitro. Their findings
revealed that co-culturing healthy neurons with astrocytes treated with A {342 resulted in
the emergence of aberrant calcium signaling within the neuron-glial network. An increase
in calcium signaling was also shown [142].

These findings are consistent with recent research conducted by J. Lines et al. In their
study, they employed both calcium imaging and the recording of neuronal electrical activity
in APP/PS1 mice. The observed spontaneous hyperactivity of astrocytes was coupled with
a diminished responsiveness to sensory stimulation. Furthermore, mice afflicted with AD
displayed heightened sensory-induced electrical cortical hyperreactivity, a phenomenon
linked to alterations in the interplay between astrocytes and neuronal networks [143].

It can be postulated that the dysfunction of astrocytic networks in AD may disrupt
the regulation of cortical electrical activity and contribute to the cognitive decline seen
in AD. Reichenbach et al. demonstrated that the pharmacological reduction in astrocyte
calcium signaling or astrocyte-specific genetic deletion (Ip3r2—/—) led to the normaliza-
tion of neuronal network dysfunction and improved spatial memory in the APP/PS1
mouse model [114].

Another facet of disrupted calcium homeostasis is the excessive release of excitatory
gliotransmitters, a phenomenon that can lead to the development of excitotoxicity [144].
Additionally, impaired glutamate clearance represents another mechanism that can give rise
to excitotoxicity and neuronal death. Astrocytes are intricately linked with glutamatergic
synapses and are primarily responsible for the extracellular uptake of glutamate [145].

In the early stages of AD development, there is a notable increase in glutamatergic
signaling, which is associated with the inadequate clearance of glutamate from the extracel-
lular space. Astrocytes, when interacting with amyloid, lose their capacity to effectively
uptake glutamate and cannot maintain synapses [146]. Although the precise mechanisms of
these neurological disorders are not fully understood, the dysregulation of GLAST/GLT-1
may play a pivotal role in excitotoxicity and the associated neuropathogenesis. Furthermore,
considering that the absorption of glutamate is an energy-intensive process, it is plausible to
consider metabolic disturbances within astrocytes that lead to a reduction in this function,
ultimately resulting in the excitotoxicity of neurotransmitters. An experiment conducted
using a 5xFAD mouse model demonstrated that diminished astrocytic metabolism leads to
reduced glutamine synthesis, consequently impairing neuronal GABA synthesis [147].

Summing up, given the significant alterations in astrocyte physiology observed in
AD, resulting in disrupted astrocyte-neuronal network interactions, it becomes evident
that astrocytes may play a crucial role in the development of cognitive deficits and other
neurodegenerative processes associated with AD. It can be confidently stated that targeting
the correction of calcium activity within astrocytic networks and addressing other aspects
of astrocyte metabolic activity holds great promise as a therapeutic approach.

4. Possibilities of Optogenetics for the Treatment of Alzheimer’s Disease
4.1. Optogenetic Tools for the Correction of Neurodegenerative Changes in AD

Optogenetic tools have found extensive utility in exploring neural network activity,
the roles of various neuronal populations in behaviors, sleep—wake regulation, and are
even being investigated for potential applications in the treatment of epilepsy and various
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neurological disorders. However, there is limited research on the application of optogenetics
in AD, particularly in relation to regulating glial cell activity. In this section, we aim to
provide an overview of the available evidence in this area.

Among the early investigations in the realm of AD intervention, the study conducted
by laccarino et al. stands out. In this study, optogenetic stimulation targeted fast-spiking
parvalbumin-positive (FS-PV) interneurons at gamma frequencies (40 Hz). Intriguingly, this
specific frequency of stimulation, as opposed to other frequencies, demonstrated a capacity
to reduce the levels of amyloid-3 (AB) isoforms, including A3 140 and A3 142 [148].

Several studies have indicated that the optogenetic activation of hippocampal neurons
in models of AD leads to improvements in short-term memory but not in long-term
memory. Notably, Cui et al. conducted a study using a pharmacological AD mouse model
induced by Af injection. They demonstrated that the optogenetic stimulation of ChR2-
expressing glutamatergic neurons in the dentate gyrus of the hippocampus resulted in
enhanced working and short-term but not long-term memory, led to the activation of
mGluR?2, a reduction in neuroinflammation, and exerted neuroprotective effects within
the central region of ChR2 expression [149]. Similarly, Wang et al. employed a similar AD
model and utilized the optical stimulation of glutamatergic neurons with the AAV5-CaMK-
CHR2-mCherry construct. Their findings also indicated enhanced short-term memory
in response to this stimulation. Furthermore, the activation of GluR2 and mGIuR5, an
increased expression of the NR subunit of the NMDA receptor, synapsin, and NeuN, as
well as a reduced expression of GFAP and IL-6, were observed. These results led the
authors to suggest that the activation of glutamatergic receptors, glutamate release, and
the modulation of synapsin and NeuN expression levels could potentially underlie the
observed memory improvement [150].

In a transgenic mouse model involving APP/PS1 animals, the optogenetic stimulation
of pyramidal neurons situated in the CA3 region of the hippocampus effectively restored
impaired spatial short-term memory [151]. This intervention was associated with an in-
crease in synaptic density, enhanced synaptic plasticity, and the activation of astrocytes. Of
particular significance, when astrocytes were chemogenetically inhibited, the positive ef-
fects of pyramidal neuron optostimulation on short-term memory recovery were abolished.
This suggests that memory recovery is mediated by the activation of astrocytes [151].

The optogenetic activation of ChR2-expressing astrocytes has been demonstrated to
alleviate disturbances in the slow waves of the non-rapid eye movement (NREM) sleep
phase observed in APP mice during the early stages of AD progression. It is likely that the
correction of slow-wave activity occurred through the normalization of aberrant calcium
activity in astrocytes, as astrocytes play an active role in generating slow-wave oscillations
in conjunction with neurons. Normalizing these slow fluctuations, typically occurring at
frequencies below 1 Hz, is of significant importance since they facilitate long-term plastic
changes in neocortical networks and support the consolidation of long-term memory in
the neocortex. Furthermore, astrocyte activation led to a reduction in amyloid deposition,
prevented elevated calcium levels in neurons, and improved memory performance. How-
ever, an important limitation of this study was the continuous optogenetic stimulation
over a duration of 14-28 days without consideration of the natural wake/sleep states of
the mice [152].

The therapeutic potential of optogenetically activated astrocytes in AD may extend to
their ability to regulate the permeability of the blood-brain barrier. In the study by Suo et al.
in 2023, the stimulation of astrocytes carrying the GFAP-ChR2-EYFP construct, following
the modeling of brain photothrombosis in rats, resulted in a reduction in BBB permeability
to immunoglobulins and decreased the formation of gaps in tight junction proteins and the
expression of matrix metallopeptidase 2. Additionally, astrocyte photostimulation provided
protection against neuronal apoptosis and improved neurobehavioral performance in
stroke rats compared to the control group. Notably, the expression of the anti-inflammatory
cytokine II-10 significantly increased in optogenetically activated astrocytes, indicating the
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activation of neuroprotective type A2 astrocytes. Importantly, inhibiting interleukin-10 in
astrocytes counteracted the protective effects of optogenetic stimulation [153].

4.2. Application of Optogenetic Approaches to Stimulate Neurogenesis in the Adult Brain in AD

Optogenetic stimulation offers another potentially valuable avenue for addressing
neurodegeneration by stimulating neurogenesis. In adulthood, neurogenesis primarily
occurs in two main regions: the subgranular zone of the hippocampus (5GZ) and the sub-
ventricular zone of the olfactory bulb. This process is crucial for brain plasticity, memory
consolidation, and tissue repair following injuries [154]. However, chronic neurodegenera-
tive conditions disrupt neurogenesis. Although the details of neurogenesis are still not fully
understood, it is known that early-stage AD hallmarks such as 3-amyloid deposition and
inflammation hinder the maturation of newly formed neurons and impede hippocampal
neurogenesis [155]. Many molecules implicated in AD pathogenesis also play roles in adult
neurogenesis regulation. For instance, PSEN1 modulates neural stem cell differentiation in
the adult brain by controlling the Notch and Wnt signaling pathways, cleaving the Notch
receptor to generate the Notch intracellular domain (NICD) [156]. Meanwhile, sAPPo
regulates neural stem cell proliferation [157].

The photostimulation of neural stem cells has been shown to enhance the generation of
neuroblasts and functionally competent neurons in vitro by activating the Wnt/ 3-catenin
pathway [158]. The blue light stimulation of ChR2-expressing neural progenitors (NPCs)
induced an influx of cations into the cell, resulting in increased progenitor proliferation and
differentiation into oligodendrocytes and neurons. Additionally, it led to the transformation
of astrocytes from a pro-inflammatory phenotype to a regenerative/anti-inflammatory
phenotype [159]. These findings hold great promise for the treatment of neurodegenerative
disorders. Moreover, ChR2-expressing neuronal progenitors derived from embryonic stem
cells have been successfully transplanted into the mouse cortex. These cells differentiated
into GABAergic neurons, exhibited a comprehensive set of neuronal markers, and devel-
oped outgrowths and synapses that connected with various brain structures. However, it
is worth noting that in vivo photostimulation can yield conflicting results [160]. Various
aspects of neurogenesis and optogenetic tools for its stimulation are considered in more
detail in the review by Salmina et al., 2021 [161].

Astrocytes play a pivotal role in shaping the microenvironment within the neurogenic
niche of the subgranular zone (SGZ) in the dentate gyrus. They release various active
molecules and growth factors that initiate and regulate neurogenesis in the adult brain [162].
GFAP-immunopositive radial glial cells located within the neurogenic niches have the
potential to give rise to multipotent and dividing progenitor cells. Furthermore, radial glia
regulate cell migration, which is crucial for reparative neurogenesis. It is noteworthy that
the activation of neurogenesis is always associated with the accumulation of astrocytes in
neurogenic niches [163]. Astrocytes express Wnt-3 and promote neuroblast proliferation
and the differentiation of neurons into hippocampal granule neurons through the activation
of Wnt-mediated NeuroD1 [162,164]. Hence, the expression of light-activated molecules
in NSKs under the GFAP promoter can regulate their activity and, accordingly, regulate
neurogenesis. For example, the optogenetic activation of ChR2 in astrocytes within an
artificial neurogenic niche model has been demonstrated to stimulate neurogenesis [165].
However, it is important to note that there is conflicting evidence suggesting that astrocytes
that do not express GFAP and vimentin (GFAP—/—Vim—/—) may have an inhibitory
effect on neurogenesis and neuronal differentiation. This inhibition is thought to occur
through direct cell-to-cell contact with NSCs and the modulation of the Notch/Jagged1
signaling pathways [166]. Research in this emerging field is still in its early stages, offering
ample opportunities for further investigation.

4.3. Optogenetics for Modeling AD

Optogenetic approaches have also found application in modeling diseases associated
with protein aggregation, including the aggregation of Af in AD. An example is the
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creation of the CRY2-ApB-mCherry construct, which is based on cryptochrome2 (CRY2)
phytochrome derived from Arabidopsis thaliana. This construct exhibits aggregation
when exposed to blue light. When Drosophila embryos expressing CRY2-Af3-mCherry
are exposed to blue light, they demonstrate a significant impairment of neuronal function.
This optogenetic system has been employed to investigate the effects of signaling pathway
activation and drug treatments on A aggregation [167]. Furthermore, this approach has
been utilized in model organisms such as Drosophila, C. elegans, and D. rerio to distinguish
the detrimental effects of 3-amyloid expression and light-induced oligomerization. The
damage caused by amyloid-f3 oligomers closely resembles the pattern of neural tissue
destruction characteristic of the late stages of AD [168].

5. Problems and Prospects of Using Optogenetics for AD Correction

One significant drawback of optogenetics is its invasive nature, which necessitates
the insertion of optical fibers into the brain for light stimulation. Infrared radiation can
penetrate tissues more deeply; however, its applicability is constrained by the opsin ab-
sorption spectra. Most available opsins respond to blue or green light, which has limited
penetration into the brain. Consequently, an implanted light source within the skull with
precise placement becomes necessary. A failure to accurately target the desired brain region
can compromise the effectiveness of the therapy.

While this remains a formidable challenge, several research teams have proposed
solutions to enable minimally invasive optogenetics. For instance, Chen et al. developed
molecularly adapted up-conversion nanoparticles (UCNPs) capable of absorbing near-
infrared (NIR) light and emitting visible light. This visible light can be employed to
stimulate neurons in deeper brain layers [169]. This represented an initial attempt to devise
an optogenetics approach without the need for surgical optical cable implantation into the
brain. Nevertheless, the conversion efficiency from near-infrared to blue light is relatively
low, potentially necessitating the use of high doses of these particles, which could have
neurotoxic effects.

Furthermore, NIR light has demonstrated its impact on cognition by dissociating
nitric oxide and enhancing mitochondrial membrane potential, consequently elevating ATP
production. Elevated nitric oxide levels can also serve as vasodilators, enhancing nutrient
delivery and metabolite clearance [170-173]. NIR light is employed in photobiomodulation
and holds potential as an independent treatment for AD. In a recent development, Gong
et al. (2020) introduced a new opsin with ultra-high light sensitivity (SOUL), which, when
transcranially optically stimulated, can activate neurons deep within the mouse brain
and induce behavioral changes in mice. Encouraging results have also been reported
in experiments involving macaques, highlighting SOUL’s high specificity and precise
temporal control, rendering it a highly promising tool for the non-invasive optogenetic
stimulation of deep brain regions [174].

In addition, there is currently a lack of examples showcasing the application of opto-
genetic methods in the human brain. This absence raises numerous unresolved questions
concerning the potential impact of the chosen viral vector on the brain, the ramifications of
prolonged light exposure, the development of potential immune responses, toxic effects,
and overall safety concerns associated with the technique. An intriguing aspect to consider
is that traditional drugs are eventually eliminated from the body, whereas the use of viral
vectors for opsin expression implies that these opsins may be expressed for an extended
duration, potentially for a lifetime. Thorough investigations are imperative to discern how
this prolonged expression might influence the long-term condition of nerve cells.

When developing optogenetic methods for correcting astrocytic activity, several crucial
considerations must be taken into account:

Astrocytes exhibit significant heterogeneity in their inactive and activated states.
There are a number of different populations of astrocytes in the brain, differing both
morphologically and in their functional and molecular characteristics [53,175,176]. This
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diversity complicates the design of precisely targeted viral constructs for expressing
photosensitive proteins.

In light of the above, it is essential to select stimulation methods and patterns that
avoid activating astrocytes along neurotoxic pathways and instead guide their activation
toward neuroprotective pathways.

Research is required to evaluate the efficacy of different viral vectors. AAVs of various
serotypes, commonly used for neuronal transduction, are not exclusively selective for
astrocytes and display varying affinities for different cell subpopulations. AAV5, AAVS,
AAV9Y, or synthetic AAV variants with the desired properties improved through rational
capsid engineering are considered optimal for targeting astrocytes. This aspect is considered
in detail in the study by Borodinova et al [177].

While a GFAP promoter is frequently used for astrocyte transfection, it is not universal
due to the high heterogeneity of the glial population: GFAP is expressed not only in
astrocytes, and not all astrocytes express GFAP [178]. Precisely restricting transgene
expression exclusively to astrocytes is a challenging experimental task. It may be effective
to use, in addition to the main promoters, microRNAs to inhibit this expression in non-
target cells [179]. Additionally, the use of specific promoter/serotype combinations appears
to be more effective in targeting astrocytes with high efficiency and specificity [177,180].

6. Conclusions

Optogenetics has undeniably sparked a revolution in the experimental exploration
of neural cell functions and holds substantial promise for addressing neurodegenerative
conditions, including Alzheimer’s disease. In this context, optogenetic techniques directed
at astrocytes might offer advantages over neuron-centric approaches in ameliorating AD.
The identification of optimal protocols for optogenetically stimulating astrocytes holds the
potential to mitigate impaired synaptic plasticity, reduce neuroinflammation levels, and
restore the integrity of the blood-brain barrier. Nonetheless, in studies involving astrocyte
activation, it is imperative to consider the heterogeneity of the astrocytic population and
the specific cell types targeted for stimulation.
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APP amyloid precursor protein
ATP adenosine triphosphate
AQP4 aquaporin 4

BBB blood-brain barrier

ChR2 channelrhodopsin 2

CNS The central nervous system
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EAAT (GLAST-1 u GLT-1)
ECB

the excitatory amino acid transporter
endocannabinoids

ER endoplasmic reticulum
EVs extracellular vesicles
IL interleukin
1P3 inositol-3-phosphate
HR halorhodopsin
GABA gamma-aminobutyric acid
GFAP glial fibrillar acidic protein
GPCR G-protein-coupled receptors
LTP long-term potentiation
MAC membrane attack complex
MAPT microtubule-associated protein tau
mGIluR metabotropic glutamate receptors
MMP matrix metalloproteinases
NFT HefipopuOpUILIAPHEIE KITyOKN
NIR near-infrared light
NSCs neural stem cells
NMDA receptor, NDMAR  N-methyl-d-aspartate glutamate receptors
PK2 prokineticin-2
PLC phospholipase C
ROS reactive oxygen species
5GZ subgranular zone of the dentate gyrus
TNF tumor necrosis factor
UDP uridine triphosphate
References
1.  Zampese, E.; Fasolato, C.; Kipanyula, M.].; Bortolozzi, M.; Pozzan, T.; Pizzo, P. Presenilin 2 Modulates Endoplasmic Reticulum

10.
11.

12.

13.
14.

15.

16.

17.

(ER)-Mitochondria Interactions and Ca2* Cross-Talk. Proc. Natl. Acad. Sci. USA 2011, 108, 2777-2782. [CrossRef]

Diociaiuti, M.; Bonanni, R.; Cariati, L; Frank, C.; D" Arcangelo, G. Amyloid Prefibrillar Oligomers: The Surprising Commonalities
in Their Structure and Activity. Int. J. Mol. Sci. 2021, 22, 6435. [CrossRef] [PubMed]

Braak, H.; Braak, E. Neuropathological Stageing of Alzheimer-Related Changes. Acta Neuropathol. 1991, 82, 239-259. [CrossRef]
[PubMed]

Sajad, M.; Kumar, R.; Thakur, S.C. History in Perspective: The Prime Pathological Players and Role of Phytochemicals in
Alzheimer’s Disease. IBRO Neurosci. Rep. 2022, 12, 377-389. [CrossRef] [PubMed]

Querfurth, HW.,; LaFerla, EM. Alzheimer’s Disease. N. Engl. ]. Med. 2010, 362, 329-344. [CrossRef]

Song, T.; Song, X.; Zhu, C.; Patrick, R.; Skurla, M.; Santangelo, I.; Green, M.; Harper, D.; Ren, B.; Forester, B.P.; et al. Mitochondrial
Dysfunction, Oxidative Stress, Neuroinflammation, and Metabolic Alterations in the Progression of Alzheimer’s Disease: A
Meta-Analysis of in Vivo Magnetic Resonance Spectroscopy Studies. Ageing Res. Rev. 2021, 72, 101503. [CrossRef]

Kim, C.K,; Adhikari, A.; Deisseroth, K. Integration of Optogenetics with Complementary Methodologies in Systems Neuroscience.
Nat. Rev. Neurosci. 2017, 18, 222-235. [CrossRef] [PubMed]

Cho, YK;; Li, D. Optogenetics: Basic Concepts and Their Development. In Optogenetics: Methods and Protocols; Kianianmomeni, A., Ed.;
Humana Press: New York, NY, USA, 2016; pp. 1-17.

Tan, P; He, L.; Huang, Y.; Zhou, Y. Optophysiology: Illuminating Cell Physiology with Optogenetics. Physiol. Rev. 2022,
102, 1263-1325. [CrossRef]

Packer, A.M.; Roska, B.; Hausser, M. Targeting Neurons and Photons for Optogenetics. Nat. Neurosci. 2013, 16, 805-815. [CrossRef]
Bernstein, ].G.; Boyden, E.S. Optogenetic Tools for Analyzing the Neural Circuits of Behavior. Trends Cogn. Sci. 2011, 15, 592-600.
[CrossRef]

Heston, J.; Friedman, A ; Baqai, M.; Bavafa, N.; Aron, A.R.; Hnasko, T.S. Activation of Subthalamic Nucleus Stop Circuit Disrupts
Cognitive Performance. eNeuro 2020, 7, 0159-20. [CrossRef]

Verkhratsky, A.; Nedergaard, M. Physiology of Astroglia. Physiol. Rev. 2018, 98, 239-389. [CrossRef] [PubMed]

Beard, E.; Lengacher, S.; Dias, S.; Magistretti, P].; Finsterwald, C. Astrocytes as Key Regulators of Brain Energy Metabolism: New
Therapeutic Perspectives. Front. Physiol. 2022, 12, 825816. [CrossRef] [PubMed]

Verkhratsky, A.; Nedergaard, M.; Hertz, L. Why Are Astrocytes Important? Neurochem. Res. 2015, 40, 389-401. [CrossRef]
[PubMed]

McConnell, H.L.; Mishra, A. Cells of the Blood-Brain Barrier: An Overview of the Neurovascular Unit in Health and Disease. In
The Blood-Brain Barrier: Methods and Protocols; Stone, N., Ed.; Humana Press: New York, NY, USA, 2022; pp. 3-24.

Santello, M.; Toni, N.; Volterra, A. Astrocyte Function from Information Processing to Cognition and Cognitive Impairment. Nat.
Neurosci. 2019, 22, 154-166. [CrossRef]


https://doi.org/10.1073/pnas.1100735108
https://doi.org/10.3390/ijms22126435
https://www.ncbi.nlm.nih.gov/pubmed/34208561
https://doi.org/10.1007/BF00308809
https://www.ncbi.nlm.nih.gov/pubmed/1759558
https://doi.org/10.1016/j.ibneur.2022.04.009
https://www.ncbi.nlm.nih.gov/pubmed/35586776
https://doi.org/10.1056/NEJMra0909142
https://doi.org/10.1016/j.arr.2021.101503
https://doi.org/10.1038/nrn.2017.15
https://www.ncbi.nlm.nih.gov/pubmed/28303019
https://doi.org/10.1152/physrev.00021.2021
https://doi.org/10.1038/nn.3427
https://doi.org/10.1016/j.tics.2011.10.003
https://doi.org/10.1523/ENEURO.0159-20.2020
https://doi.org/10.1152/physrev.00042.2016
https://www.ncbi.nlm.nih.gov/pubmed/29351512
https://doi.org/10.3389/fphys.2021.825816
https://www.ncbi.nlm.nih.gov/pubmed/35087428
https://doi.org/10.1007/s11064-014-1403-2
https://www.ncbi.nlm.nih.gov/pubmed/25113122
https://doi.org/10.1038/s41593-018-0325-8

Antioxidants 2023, 12, 1856 20 of 26

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Murat, C.D.B.; Garcia-Céceres, C. Astrocyte Gliotransmission in the Regulation of Systemic Metabolism. Metabolites 2021, 11, 732.
[CrossRef]

Gonzalez-Reyes, R.E.; Nava-Mesa, M.O.; Vargas-Sanchez, K.; Ariza-Salamanca, D.; Mora-Mufioz, L. Involvement of Astrocytes in
Alzheimer’s Disease from a Neuroinflammatory and Oxidative Stress Perspective. Front. Mol. Neurosci. 2017, 10, 427. [CrossRef]
Rodriguez-Giraldo, M.; Gonzalez-Reyes, R.E.; Ramirez-Guerrero, S.; Bonilla-Trilleras, C.E.; Guardo-Maya, S.; Nava-Mesa, M.O.
Astrocytes as a Therapeutic Target in Alzheimer’s Disease-Comprehensive Review and Recent Developments. Int. J. Mol. Sci.
2022, 23, 13630. [CrossRef]

Frost, G.R.; Li, Y.-M. The Role of Astrocytes in Amyloid Production and Alzheimer’s Disease. Open Biol. 2017, 7, 170228.
[CrossRef] [PubMed]

Acosta, C.; Anderson, H.D.; Anderson, C.M. Astrocyte Dysfunction in Alzheimer Disease. J. Neurosci. Res. 2017, 95, 24302447 .
[CrossRef] [PubMed]

Valenza, M.; Facchinetti, R.; Menegoni, G.; Steardo, L.; Scuderi, C. Alternative Targets to Fight Alzheimer’s Disease: Focus on
Astrocytes. Biomolecules 2021, 11, 600. [CrossRef]

Boyden, E.S. A History of Optogenetics: The Development of Tools for Controlling Brain Circuits with Light. F1000 Biol. Rep.
2011, 3, 11. [CrossRef]

White, M.; Mackay, M.; Whittaker, R.G. Taking Optogenetics into the Human Brain: Opportunities and Challenges in Clinical
Trial Design. Open Access ]. Clin. Trials 2020, 12, 33—41. [CrossRef] [PubMed]

Christenson Wick, Z.; Krook-Magnuson, E. Specificity, Versatility, and Continual Development: The Power of Optogenetics for
Epilepsy Research. Front. Cell Neurosci. 2018, 12, 151. [CrossRef] [PubMed]

Deisseroth, K. Optogenetics: 10 Years of Microbial Opsins in Neuroscience. Nat. Neurosci. 2015, 18, 1213-1225. [CrossRef]
[PubMed]

Han, X.; Chow, B.Y.; Zhou, H.; Klapoetke, N.C.; Chuong, A.; Rajimehr, R.; Yang, A.; Baratta, M.V.; Winkle, J.; Desimone, R.; et al.
A High-Light Sensitivity Optical Neural Silencer: Development and Application to Optogenetic Control of Non-Human Primate
Cortex. Front. Syst. Neurosci. 2011, 5, 18. [CrossRef] [PubMed]

Mattis, J.; Tye, KM.; Ferenczi, E.A.; Ramakrishnan, C.; O’Shea, D.J.; Prakash, R.; Gunaydin, L.A.; Hyun, M.; Fenno, L.E,;
Gradinaru, V.; et al. Principles for Applying Optogenetic Tools Derived from Direct Comparative Analysis of Microbial Opsins.
Nat. Methods 2012, 9, 159-172. [CrossRef]

Spangler, S.M.; Bruchas, M.R. Optogenetic Approaches for Dissecting Neuromodulation and GPCR Signaling in Neural Circuits.
Curr. Opin. Pharmacol. 2017, 32, 56-70. [CrossRef] [PubMed]

Zhang, W.; Lohman, A.W,; Zhuravlova, Y.; Lu, X.; Wiens, M.D.; Hoi, H.; Yaganoglu, S.; Mohr, M.A; Kitova, E.N.; Klassen, ].S.; et al.
Optogenetic Control with a Photocleavable Protein, PhoCl. Nat. Methods 2017, 14, 391-394. [CrossRef] [PubMed]

Toettcher, ].E.; Weiner, O.D.; Lim, W.A. Using Optogenetics to Interrogate the Dynamic Control of Signal Transmission by the
Ras/Erk Module. Cell 2013, 155, 1422-1434. [CrossRef] [PubMed]

Konermann, S.; Brigham, M.D.; Trevino, A.E.; Hsu, P.D.; Heidenreich, M.; Cong, L.; Platt, R.].; Scott, D.A.; Church, G.M.; Zhang, F.
Optical Control of Mammalian Endogenous Transcription and Epigenetic States. Nature 2013, 500, 472—476. [CrossRef]
Motta-Mena, L.B.; Reade, A.; Mallory, M.].; Glantz, S.; Weiner, O.D.; Lynch, K.W.; Gardner, K.H. An Optogenetic Gene Expression
System with Rapid Activation and Deactivation Kinetics. Nat. Chem. Biol. 2014, 10, 196-202. [CrossRef]

Cosentino, C.; Alberio, L.; Gazzarrini, S.; Aquila, M.; Romano, E.; Cermenati, S.; Zuccolini, P.; Petersen, J.; Beltrame, M.;
Van Etten, J.L.; et al. Engineering of a Light-Gated Potassium Channel. Science 2015, 348, 707-710. [CrossRef] [PubMed]

Ji, Z.-G.; Ishizuka, T.; Yawo, H. Channelrhodopsins—Their Potential in Gene Therapy for Neurological Disorders. Neurosci. Res.
2013, 75, 6-12. [CrossRef] [PubMed]

Gourine, A.V.;; Kasymov, V.; Marina, N.; Tang, F; Figueiredo, M.E,; Lane, S.; Teschemacher, A.G.; Spyer, KM.; Deisseroth,
K.; Kasparov, S. Astrocytes Control Breathing Through PH-Dependent Release of ATP. Science 2010, 329, 571-575. [CrossRef]
[PubMed]

Gerasimov, E.; Erofeev, A.; Borodinova, A.; Bolshakova, A.; Balaban, P.; Bezprozvanny, I.; Vlasova, O.L. Optogenetic Activation of
Astrocytes—Effects on Neuronal Network Function. Int. J. Mol. Sci. 2021, 22, 9613. [CrossRef] [PubMed]

Maltsev, A.; Roshchin, M.; Bezprozvanny, I.; Smirnov, I.; Vlasova, O.; Balaban, P.; Borodinova, A. Bidirectional Regulation by “Star
Forces”: Tonotropic Astrocyte’s Optical Stimulation Suppresses Synaptic Plasticity, Metabotropic One Strikes Back. Hippocampus
2023, 33, 18-36. [CrossRef] [PubMed]

Heneka, M.T.; Sastre, M.; Dumitrescu-Ozimek, L.; Dewachter, I.; Walter, J.; Klockgether, T.; Van Leuven, F. Focal Glial Activa-
tion Coincides with Increased BACE1 Activation and Precedes Amyloid Plaque Deposition in APP[V717I] Transgenic Mice.
J. Neuroinflamm. 2005, 2, 22. [CrossRef] [PubMed]

Zhao, J.; O’Connor, T.; Vassar, R. The Contribution of Activated Astrocytes to A3 Production: Implications for Alzheimer’s
Disease Pathogenesis. J. Neuroinflamm. 2011, 8, 150. [CrossRef] [PubMed]

Liao, F; Yoon, H.; Kim, J. Apolipoprotein E Metabolism and Functions in Brain and Its Role in Alzheimer’s Disease. Curr. Opin.
Lipidol. 2017, 28, 60-67. [CrossRef] [PubMed]

Arnaud, L.; Benech, P.; Greetham, L.; Stephan, D.; Jimenez, A.; Jullien, N.; Garcia-Gonzélez, L.; Tsvetkov, P.O.; Devred, E;
Sancho-Martinez, I; et al. APOE4 Drives Inflammation in Human Astrocytes via TAGLN3 Repression and NF-KB Activation.
Cell Rep. 2022, 40, 111200. [CrossRef] [PubMed]


https://doi.org/10.3390/metabo11110732
https://doi.org/10.3389/fnmol.2017.00427
https://doi.org/10.3390/ijms232113630
https://doi.org/10.1098/rsob.170228
https://www.ncbi.nlm.nih.gov/pubmed/29237809
https://doi.org/10.1002/jnr.24075
https://www.ncbi.nlm.nih.gov/pubmed/28467650
https://doi.org/10.3390/biom11040600
https://doi.org/10.3410/B3-11
https://doi.org/10.2147/OAJCT.S259702
https://www.ncbi.nlm.nih.gov/pubmed/34471390
https://doi.org/10.3389/fncel.2018.00151
https://www.ncbi.nlm.nih.gov/pubmed/29962936
https://doi.org/10.1038/nn.4091
https://www.ncbi.nlm.nih.gov/pubmed/26308982
https://doi.org/10.3389/fnsys.2011.00018
https://www.ncbi.nlm.nih.gov/pubmed/21811444
https://doi.org/10.1038/nmeth.1808
https://doi.org/10.1016/j.coph.2016.11.001
https://www.ncbi.nlm.nih.gov/pubmed/27875804
https://doi.org/10.1038/nmeth.4222
https://www.ncbi.nlm.nih.gov/pubmed/28288123
https://doi.org/10.1016/j.cell.2013.11.004
https://www.ncbi.nlm.nih.gov/pubmed/24315106
https://doi.org/10.1038/nature12466
https://doi.org/10.1038/nchembio.1430
https://doi.org/10.1126/science.aaa2787
https://www.ncbi.nlm.nih.gov/pubmed/25954011
https://doi.org/10.1016/j.neures.2012.09.004
https://www.ncbi.nlm.nih.gov/pubmed/23026479
https://doi.org/10.1126/science.1190721
https://www.ncbi.nlm.nih.gov/pubmed/20647426
https://doi.org/10.3390/ijms22179613
https://www.ncbi.nlm.nih.gov/pubmed/34502519
https://doi.org/10.1002/hipo.23486
https://www.ncbi.nlm.nih.gov/pubmed/36484471
https://doi.org/10.1186/1742-2094-2-22
https://www.ncbi.nlm.nih.gov/pubmed/16212664
https://doi.org/10.1186/1742-2094-8-150
https://www.ncbi.nlm.nih.gov/pubmed/22047170
https://doi.org/10.1097/MOL.0000000000000383
https://www.ncbi.nlm.nih.gov/pubmed/27922847
https://doi.org/10.1016/j.celrep.2022.111200
https://www.ncbi.nlm.nih.gov/pubmed/35977506

Antioxidants 2023, 12, 1856 21 of 26

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Wisniewski, T.; Drummond, E. APOE-Amyloid Interaction: Therapeutic Targets. Neurobiol. Dis. 2020, 138, 104784. [CrossRef]
Mader, S.; Brimberg, L. Aquaporin-4 Water Channel in the Brain and Its Implication for Health and Disease. Cells 2019, 8, 90.
[CrossRef] [PubMed]

Feng, W.; Zhang, Y.; Wang, Z.; Xu, H.; Wu, T.; Marshall, C.; Gao, J.; Xiao, M. Microglia Prevent Beta-Amyloid Plaque Formation in
the Early Stage of an Alzheimer’s Disease Mouse Model with Suppression of Glymphatic Clearance. Alzheimers Res. Ther. 2020,
12, 125. [CrossRef] [PubMed]

1liff, ].].; Wang, M; Liao, Y.; Plogg, B.A.; Peng, W.; Gundersen, G.A.; Benveniste, H.; Vates, G.E.; Deane, R.; Goldman, S.A ; etal. A
Paravascular Pathway Facilitates CSF Flow Through the Brain Parenchyma and the Clearance of Interstitial Solutes, Including
Amyloid p. Sci. Transl. Med. 2012, 4, 147ra111. [CrossRef]

Xu, Z.; Xiao, N.; Chen, Y.; Huang, H.; Marshall, C.; Gao, J.; Cai, Z.; Wu, T.; Hu, G.; Xiao, M. Deletion of Aquaporin-4 in APP/PS1
Mice Exacerbates Brain A3 Accumulation and Memory Deficits. Mol. Neurodegener. 2015, 10, 58. [CrossRef]

Wyss-Coray, T.; Loike, ].D.; Brionne, T.C.; Lu, E.; Anankov, R.; Yan, F; Silverstein, S.C.; Husemann, J. Adult Mouse Astrocytes
Degrade Amyloid-f in Vitro and in Situ. Nat. Med. 2003, 9, 453—457. [CrossRef]

Liu, C.-C,; Hu, J.; Zhao, N.; Wang, J.; Wang, N.; Cirrito, ].R.; Kanekiyo, T.; Holtzman, D.M.; Bu, G. Astrocytic LRP1 Mediates Brain
Ap Clearance and Impacts Amyloid Deposition. J. Neurosci. 2017, 37, 4023-4031. [CrossRef] [PubMed]

Montoliu-Gaya, L.; Mulder, S.D.; Veerhuis, R.; Villegas, S. Effects of an Ap-Antibody Fragment on A3 Aggregation and Astrocytic
Uptake Are Modulated by Apolipoprotein E and ] Mimetic Peptides. PLoS ONE 2017, 12, e0188191. [CrossRef] [PubMed]

Yin, K.-J.; Cirrito, ].R.; Yan, P; Hu, X,; Xiao, Q.; Pan, X,; Bateman, R.; Song, H.; Hsu, E-F,; Turk, J.; et al. Matrix Metalloproteinases
Expressed by Astrocytes Mediate Extracellular Amyloid-3 Peptide Catabolism. ]. Neurosci. 2006, 26, 10939-10948. [CrossRef]
[PubMed]

Gudkov, S.V.; Burmistrov, D.E.; Kondakova, E.V.,; Sarimov, R.M.; Yarkov, R.S.; Franceschi, C.; Vedunova, M.V. An Emerging Role
of Astrocytes in Aging/Neuroinflammation and Gut-Brain Axis with Consequences on Sleep and Sleep Disorders. Ageing Res.
Rev. 2023, 83, 101775. [CrossRef]

Guerriero, F; Sgarlata, C.; Francis, M.; Maurizi, N.; Faragli, A.; Perna, S.; Rondanelli, M.; Rollone, M.; Ricevuti, G. Neuroin-
flammation, Immune System and Alzheimer Disease: Searching for the Missing Link. Aging Clin. Exp. Res. 2017, 29, 821-831.
[CrossRef] [PubMed]

Nogueras-Ortiz, C.J.; Mahairaki, V.; Delgado-Peraza, E; Das, D.; Avgerinos, K.; Eren, E.; Hentschel, M.; Goetzl, E.J.; Mattson, M.P;
Kapogiannis, D. Astrocyte- and Neuron-Derived Extracellular Vesicles from Alzheimer’s Disease Patients Effect Complement-
Mediated Neurotoxicity. Cells 2020, 9, 1618. [CrossRef]

Goetzl, EJ.; Schwartz, ].B.; Abner, E.L.; Jicha, G.A.; Kapogiannis, D. High Complement Levels in Astrocyte-Derived Exosomes of
Alzheimer Disease. Ann. Neurol. 2018, 83, 544-552. [CrossRef]

Mitroshina, E.V.; Saviuk, M.; Vedunova, M.V. Necroptosis in CNS Diseases: Focus on Astrocytes. Front. Aging Neurosci. 2023,
14, 1016053. [CrossRef] [PubMed]

Goetzl, E.J.; Mustapic, M.; Kapogiannis, D.; Eitan, E.; Lobach, L.V.; Goetzl, L.; Schwartz, ].B.; Miller, B.L. Cargo Proteins of Plasma
Astrocyte-derived Exosomes in Alzheimer’s Disease. FASEB J. 2016, 30, 3853-3859. [CrossRef] [PubMed]

Kamphuis, W.; Kooijman, L.; Orre, M.; Stassen, O.; Pekny, M.; Hol, EM. GFAP and Vimentin Deficiency Alters Gene Expression
in Astrocytes and Microglia in Wild-Type Mice and Changes the Transcriptional Response of Reactive Glia in Mouse Model for
Alzheimer’s Disease. Glia 2015, 63, 1036-1056. [CrossRef]

Li, K; Li, J.; Zheng, J.; Qin, S. Reactive Astrocytes in Neurodegenerative Diseases. Aging Dis. 2019, 10, 664. [CrossRef]

Orre, M.; Kamphuis, W.; Osborn, L.M.; Jansen, A.H.P.; Kooijman, L.; Bossers, K.; Hol, E.M. Isolation of Glia from Alzheimer’s
Mice Reveals Inflammation and Dysfunction. Neurobiol. Aging 2014, 35, 2746-2760. [CrossRef]

Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Miinch, A.E.; Chung, W.-S.;
Peterson, T.C.; et al. Neurotoxic Reactive Astrocytes Are Induced by Activated Microglia. Nature 2017, 541, 481-487. [CrossRef]
[PubMed]

Monterey, M.D.; Wei, H.; Wu, X.; Wu, J.Q. The Many Faces of Astrocytes in Alzheimer’s Disease. Front. Neurol. 2021, 12, 619626.
[CrossRef]

Escartin, C.; Galea, E.; Lakatos, A.; O’Callaghan, J.P.; Petzold, G.C.; Serrano-Pozo, A.; Steinhéuser, C.; Volterra, A.; Carmignoto, G.;
Agarwal, A.; et al. Reactive Astrocyte Nomenclature, Definitions, and Future Directions. Nat. Neurosci. 2021, 24, 312-325.
[CrossRef]

Chun, H.; Im, H.; Kang, Y.J.; Kim, Y.; Shin, J.H.; Won, W.; Lim, J.; Ju, Y.; Park, Y.M.; Kim, S.; et al. Severe Reactive Astrocytes
Precipitate Pathological Hallmarks of Alzheimer’s Disease via H202— Production. Nat. Neurosci. 2020, 23, 1555-1566. [CrossRef]
[PubMed]

Jo, S.; Yarishkin, O.; Hwang, Y.J.; Chun, Y.E.; Park, M.; Woo, D.H.; Bae, ].Y; Kim, T.; Lee, J.; Chun, H.; et al. GABA from Reactive
Astrocytes Impairs Memory in Mouse Models of Alzheimer’s Disease. Nat. Med. 2014, 20, 886-896. [CrossRef] [PubMed]

Wu, Z.; Guo, Z.; Gearing, M.; Chen, G. Tonic Inhibition in Dentate Gyrus Impairs Long-Term Potentiation and Memory in an
Alzheimer’s Disease Model. Nat. Commun. 2014, 5, 4159. [CrossRef]

Lee, K.-L; Lee, H.-T,; Lin, H.-C; Tsay, H.-J.; Tsai, F.-C.; Shyue, S.-K,; Lee, T.-S. Role of Transient Receptor Potential Ankyrin 1
Channels in Alzheimer’s Disease. |. Neuroinflamm. 2016, 13, 92. [CrossRef]


https://doi.org/10.1016/j.nbd.2020.104784
https://doi.org/10.3390/cells8020090
https://www.ncbi.nlm.nih.gov/pubmed/30691235
https://doi.org/10.1186/s13195-020-00688-1
https://www.ncbi.nlm.nih.gov/pubmed/33008458
https://doi.org/10.1126/scitranslmed.3003748
https://doi.org/10.1186/s13024-015-0056-1
https://doi.org/10.1038/nm838
https://doi.org/10.1523/JNEUROSCI.3442-16.2017
https://www.ncbi.nlm.nih.gov/pubmed/28275161
https://doi.org/10.1371/journal.pone.0188191
https://www.ncbi.nlm.nih.gov/pubmed/29155887
https://doi.org/10.1523/JNEUROSCI.2085-06.2006
https://www.ncbi.nlm.nih.gov/pubmed/17065436
https://doi.org/10.1016/j.arr.2022.101775
https://doi.org/10.1007/s40520-016-0637-z
https://www.ncbi.nlm.nih.gov/pubmed/27718173
https://doi.org/10.3390/cells9071618
https://doi.org/10.1002/ana.25172
https://doi.org/10.3389/fnagi.2022.1016053
https://www.ncbi.nlm.nih.gov/pubmed/36778591
https://doi.org/10.1096/fj.201600756R
https://www.ncbi.nlm.nih.gov/pubmed/27511944
https://doi.org/10.1002/glia.22800
https://doi.org/10.14336/AD.2018.0720
https://doi.org/10.1016/j.neurobiolaging.2014.06.004
https://doi.org/10.1038/nature21029
https://www.ncbi.nlm.nih.gov/pubmed/28099414
https://doi.org/10.3389/fneur.2021.619626
https://doi.org/10.1038/s41593-020-00783-4
https://doi.org/10.1038/s41593-020-00735-y
https://www.ncbi.nlm.nih.gov/pubmed/33199896
https://doi.org/10.1038/nm.3639
https://www.ncbi.nlm.nih.gov/pubmed/24973918
https://doi.org/10.1038/ncomms5159
https://doi.org/10.1186/s12974-016-0557-z

Antioxidants 2023, 12, 1856 22 of 26

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Bai, ].-Z.; Lipski, J. Involvement of TRPV4 Channels in Ap40-Induced Hippocampal Cell Death and Astrocytic Ca®* Signalling.
Neurotoxicology 2014, 41, 64-72. [CrossRef] [PubMed]

Neal, M.; Luo, ].; Harischandra, D.S.; Gordon, R.; Sarkar, S.; Jin, H.; Anantharam, V.; Désaubry, L.; Kanthasamy, A.; Kanthasamy, A.
Prokineticin-2 Promotes Chemotaxis and Alternative A2 Reactivity of Astrocytes. Glia 2018, 66, 2137-2157. [CrossRef]

Islam, M.T. Oxidative Stress and Mitochondrial Dysfunction-Linked Neurodegenerative Disorders. Neurol. Res. 2017, 39, 73-82.
[CrossRef]

Wang, X.E; Cynader, M.S. Astrocytes Provide Cysteine to Neurons by Releasing Glutathione. . Neurochem. 2002, 74, 1434-1442.
[CrossRef]

Ye, B.; Shen, H.; Zhang, ]J.; Zhu, Y.-G.; Ransom, B.R.; Chen, X.-C.; Ye, Z.-C. Dual Pathways Mediate $-Amyloid Stimulated
Glutathione Release from Astrocytes. Glia 2015, 63, 2208-2219. [CrossRef] [PubMed]

Chun, H.; Lee, C.J. Reactive Astrocytes in Alzheimer’s Disease: A Double-Edged Sword. Neurosci. Res. 2018, 126, 44-52.
[CrossRef] [PubMed]

Speed, N.; Blair, I.A. Cyclooxygenase- and Lipoxygenase-Mediated DNA Damage. Cancer Metastasis Rev. 2011, 30, 437-447.
[CrossRef] [PubMed]

Panday, A.; Sahoo, M.K.; Osorio, D.; Batra, S. NADPH Oxidases: An Overview from Structure to Innate Immunity-Associated
Pathologies. Cell Mol. Immunol. 2015, 12, 5-23. [CrossRef]

De Silva, T.M.; Miller, A.A. Cerebral Small Vessel Disease: Targeting Oxidative Stress as a Novel Therapeutic Strategy? Front.
Pharmacol. 2016, 7, 61. [CrossRef]

Meitzler, J.L.; Antony, S.; Wu, Y.; Juhasz, A.; Liu, H,; Jiang, G.; Lu, J.; Roy, K.; Doroshow, ]. H. NADPH Oxidases: A Perspective on
Reactive Oxygen Species Production in Tumor Biology. Antioxid. Redox Signal 2014, 20, 2873-2889. [CrossRef]

Dikalov, S.; Dikalova, A.; Bikineyeva, A.; Schmidt, H.; Harrison, D.; Griendling, K. Distinct Roles of Nox1 and Nox4 in Basal and
Angiotensin II-Stimulated Superoxide and Hydrogen Peroxide Production. Free Radic. Biol. Med. 2008, 45, 1340-1351. [CrossRef]
Ray, R.; Murdoch, C.E; Wang, M.; Santos, C.X.; Zhang, M.; Alom-Ruiz, S.; Anilkumar, N.; Ouattara, A.; Cave, A.C,;
Walker, S.J.; et al. Endothelial Nox4 NADPH Oxidase Enhances Vasodilatation and Reduces Blood Pressure In Vivo. Arterioscler.
Thromb. Vasc. Biol. 2011, 31, 1368-1376. [CrossRef]

Togliatto, G.; Lombardo, G.; Brizzi, M.F. The Future Challenge of Reactive Oxygen Species (ROS) in Hypertension: From Bench to
Bed Side. Int. ]. Mol. Sci. 2017, 18, 1988. [CrossRef] [PubMed]

Theodorou, A.; Palaiodimou, L.; Safouris, A.; Kargiotis, O.; Psychogios, K.; Kotsali-Peteinelli, V.; Foska, A.; Zouvelou, V,;
Tzavellas, E.; Tzanetakos, D.; et al. Cerebral Amyloid Angiopathy—Related Inflammation: A Single-Center Experience and a
Literature Review. J. Clin. Med. 2022, 11, 6731. [CrossRef] [PubMed]

Bruce-Keller, A.J.; Gupta, S.; Parrino, T.E.; Knight, A.G.; Ebenezer, PJ.; Weidner, A.M.; LeVine, H.; Keller, ].N.; Markesbery, W.R.
NOX Activity Is Increased in Mild Cognitive Impairment. Antioxid. Redox Signal 2010, 12, 1371-1382. [CrossRef] [PubMed]
Shimohama, S.; Tanino, H.; Kawakami, N.; Okamura, N.; Kodama, H.; Yamaguchi, T.; Hayakawa, T.; Nunomura, A.; Chiba, S.;
Perry, G.; et al. Activation of NADPH Oxidase in Alzheimer’s Disease Brains. Biochem. Biophys. Res. Commun. 2000, 273, 5-9.
[CrossRef] [PubMed]

Austin, S.A.; Santhanam, A.V.R,; d’Uscio, L.V.; Katusic, Z.S. Regional Heterogeneity of Cerebral Microvessels and Brain
Susceptibility to Oxidative Stress. PLoS ONE 2015, 10, €0144062. [CrossRef] [PubMed]

de la Monte, S.M.; Wands, J.R. Molecular Indices of Oxidative Stress and Mitochondrial Dysfunction Occur Early and Often
Progress with Severity of Alzheimer’s Disease. J. Alzheimer’s Dis. 2006, 9, 167-181. [CrossRef] [PubMed]

Ganguly, U.; Kaur, U.; Chakrabarti, S.S.; Sharma, P.; Agrawal, B.K.; Saso, L.; Chakrabarti, S. Oxidative Stress, Neuroinflammation,
and NADPH Oxidase: Implications in the Pathogenesis and Treatment of Alzheimer’s Disease. Oxid. Med. Cell Longev. 2021,
2021, 7086512. [CrossRef]

Tarafdar, A.; Wolska, N.; Krisp, C.; Schliiter, H.; Pula, G. The Amyloid Peptide 3 Disrupts Intercellular Junctions and Increases
Endothelial Permeability in a NADPH Oxidase 1-Dependent Manner. Redox Biol. 2022, 52, 102287. [CrossRef]

Carrano, A.; Hoozemans, ].J.M.; van der Vies, S.M.; Rozemuller, A.].M.; van Horssen, J.; de Vries, H.E. Amyloid Beta In-
duces Oxidative Stress-Mediated Blood—Brain Barrier Changes in Capillary Amyloid Angiopathy. Antioxid. Redox Signal 2011,
15,1167-1178. [CrossRef]

Nelson, A.R.; Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Neurovascular Dysfunction and Neurodegeneration in Dementia and
Alzheimer’s Disease. Biochim. Biophys. Acta (BBA)-Mol. Basis Dis. 2016, 1862, 887-900. [CrossRef] [PubMed]

Wakatsuki, S.; Furuno, A.; Ohshima, M.; Araki, T. Oxidative Stress-Dependent Phosphorylation Activates ZNRF1 to Induce
Neuronal/ Axonal Degeneration. J. Cell Biol. 2015, 211, 881-896. [CrossRef] [PubMed]

Wakatsuki, S.; Araki, T. NADPH Oxidases Promote Apoptosis by Activating ZNRF1 Ubiquitin Ligase in Neurons Treated with an
Exogenously Applied Oxidant. Commun. Integr. Biol. 2016, 9, e1143575. [CrossRef] [PubMed]

Wakatsuki, S.; Takahashi, Y.; Shibata, M.; Araki, T. Selective Phosphorylation of Serine 345 on P47-Phox Serves as a Priming
Signal of ROS-Mediated Axonal Degeneration. Exp. Neurol. 2022, 352, 114024. [CrossRef] [PubMed]

Park, M\W.; Cha, HW.; Kim, ].; Kim, J.H.; Yang, H.; Yoon, S.; Boonpraman, N.; Yi, S.S.; Yoo, I.D.; Moon, J.-S. NOX4 Promotes
Ferroptosis of Astrocytes by Oxidative Stress-Induced Lipid Peroxidation via the Impairment of Mitochondrial Metabolism in
Alzheimer’s Diseases. Redox Biol. 2021, 41, 101947. [CrossRef] [PubMed]


https://doi.org/10.1016/j.neuro.2014.01.001
https://www.ncbi.nlm.nih.gov/pubmed/24457011
https://doi.org/10.1002/glia.23467
https://doi.org/10.1080/01616412.2016.1251711
https://doi.org/10.1046/j.1471-4159.2000.0741434.x
https://doi.org/10.1002/glia.22886
https://www.ncbi.nlm.nih.gov/pubmed/26200696
https://doi.org/10.1016/j.neures.2017.11.012
https://www.ncbi.nlm.nih.gov/pubmed/29225140
https://doi.org/10.1007/s10555-011-9298-8
https://www.ncbi.nlm.nih.gov/pubmed/22009064
https://doi.org/10.1038/cmi.2014.89
https://doi.org/10.3389/fphar.2016.00061
https://doi.org/10.1089/ars.2013.5603
https://doi.org/10.1016/j.freeradbiomed.2008.08.013
https://doi.org/10.1161/ATVBAHA.110.219238
https://doi.org/10.3390/ijms18091988
https://www.ncbi.nlm.nih.gov/pubmed/28914782
https://doi.org/10.3390/jcm11226731
https://www.ncbi.nlm.nih.gov/pubmed/36431207
https://doi.org/10.1089/ars.2009.2823
https://www.ncbi.nlm.nih.gov/pubmed/19929442
https://doi.org/10.1006/bbrc.2000.2897
https://www.ncbi.nlm.nih.gov/pubmed/10873554
https://doi.org/10.1371/journal.pone.0144062
https://www.ncbi.nlm.nih.gov/pubmed/26629821
https://doi.org/10.3233/JAD-2006-9209
https://www.ncbi.nlm.nih.gov/pubmed/16873964
https://doi.org/10.1155/2021/7086512
https://doi.org/10.1016/j.redox.2022.102287
https://doi.org/10.1089/ars.2011.3895
https://doi.org/10.1016/j.bbadis.2015.12.016
https://www.ncbi.nlm.nih.gov/pubmed/26705676
https://doi.org/10.1083/jcb.201506102
https://www.ncbi.nlm.nih.gov/pubmed/26572622
https://doi.org/10.1080/19420889.2016.1143575
https://www.ncbi.nlm.nih.gov/pubmed/27195063
https://doi.org/10.1016/j.expneurol.2022.114024
https://www.ncbi.nlm.nih.gov/pubmed/35218706
https://doi.org/10.1016/j.redox.2021.101947
https://www.ncbi.nlm.nih.gov/pubmed/33774476

Antioxidants 2023, 12, 1856 23 of 26

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Gage, M.C.; Thippeswamy, T. Inhibitors of Src Family Kinases, Inducible Nitric Oxide Synthase, and NADPH Oxidase as Potential
CNS Drug Targets for Neurological Diseases. CNS Drugs 2021, 35, 1-20. [CrossRef]

Gong, P; Chen, Y;; Lin, A,; Zhang, H.; Zhang, Y.; Ye, R.D.; Yu, Y. P47phox Deficiency Improves Cognitive Impairment and
Attenuates Tau Hyperphosphorylation in Mouse Models of AD. Alzheimers Res. Ther. 2020, 12, 146. [CrossRef] [PubMed]
Giaume, C.; Koulakoff, A.; Roux, L.; Holeman, D.; Rouach, N. Astroglial Networks: A Step Further in Neuroglial and Gliovascular
Interactions. Nat. Rev. Neurosci. 2010, 11, 87-99. [CrossRef]

Newman, E.A.; Zahs, K.R. Calcium Waves in Retinal Glial Cells. Science 1997, 275, 844-847. [CrossRef] [PubMed]

Leybaert, L.; Sanderson, M.]. Intercellular CaZ* Waves: Mechanisms and Function. Physiol. Rev. 2012, 92, 1359-1392. [CrossRef]
[PubMed]

De Bock, M.; Decrock, E.; Wang, N.; Bol, M.; Vinken, M.; Bultynck, G.; Leybaert, L. The Dual Face of Connexin-Based Astroglial
CaZ* Communication: A Key Player in Brain Physiology and a Prime Target in Pathology. Biochim. Biophys. Acta (BBA)-Mol. Cell
Res. 2014, 1843, 2211-2232. [CrossRef]

Pannasch, U.; Rouach, N. Emerging Role for Astroglial Networks in Information Processing: From Synapse to Behavior. Trends
Neurosci. 2013, 36, 405—417. [CrossRef] [PubMed]

Fonseca, C.G.; Green, C.R.; Nicholson, L.EB. Upregulation in Astrocytic Connexin 43 Gap Junction Levels May Exacerbate
Generalized Seizures in Mesial Temporal Lobe Epilepsy. Brain Res. 2002, 929, 105-116. [CrossRef]

Collignon, F; Wetjen, N.M.; Cohen-Gadol, A.A.; Cascino, G.D.; Parisi, J.; Meyer, FB.; Marsh, W.R.; Roche, P.; Weigand, S.D.
Altered Expression of Connexin Subtypes in Mesial Temporal Lobe Epilepsy in Humans. J. Neurosurg. 2006, 105, 77-87. [CrossRef]
[PubMed]

Caltabiano, R.; Torrisi, A.; Condorelli, D.; Albanese, V.; Lanzafame, S. High Levels of Connexin 43 MRNA in High Grade
Astrocytomas. Study of 32 Cases with in Situ Hybridization. Acta Histochem. 2010, 112, 529-535. [CrossRef]

Vasile, F,; Dossi, E.; Rouach, N. Human Astrocytes: Structure and Functions in the Healthy Brain. Brain Struct. Funct. 2017,
222,2017-2029. [CrossRef] [PubMed]

Roux, L.; Benchenane, K.; Rothstein, ].D.; Bonvento, G.; Giaume, C. Plasticity of Astroglial Networks in Olfactory Glomeruli. Proc.
Natl. Acad. Sci. USA 2011, 108, 18442-18446. [CrossRef]

Houades, V.; Koulakoff, A.; Ezan, P; Seif, I.; Giaume, C. Gap Junction-Mediated Astrocytic Networks in the Mouse Barrel Cortex.
J. Neurosci. 2008, 28, 5207-5217. [CrossRef]

Claus, L.; Philippot, C.; Griemsmann, S.; Timmermann, A; Jabs, R.; Henneberger, C.; Kettenmann, H.; Steinhduser, C. Barreloid
Borders and Neuronal Activity Shape Panglial Gap Junction-Coupled Networks in the Mouse Thalamus. Cereb. Cortex 2016,
28,213-222. [CrossRef] [PubMed]

Houades, V.; Rouach, N.; Ezan, P; Kirchhoff, F.; Koulakoff, A.; Giaume, C. Shapes of Astrocyte Networks in the Juvenile Brain.
Neuron Glia Biol. 2006, 2, 3-14. [CrossRef]

Tsai, H.-H.; Li, H.; Fuentealba, L.C.; Molofsky, A.V.; Taveira-Marques, R.; Zhuang, H.; Tenney, A.; Murnen, A.T.; Fancy, S.P].;
Merkle, F; et al. Regional Astrocyte Allocation Regulates CNS Synaptogenesis and Repair. Science 2012, 337, 358-362. [CrossRef]
[PubMed]

Haughey, N.J.; Mattson, M.P. Alzheimer’s Amyloid 3-Peptide Enhances ATP/Gap Junction-Mediated Calcium-Wave Propagation
in Astrocytes. Neuromolecular Med. 2003, 3, 173-180. [CrossRef]

Kelly, P; Sanchez-Mico, M.V.; Hou, S.S.; Whiteman, S.; Russ, A.; Hudry, E.; Arbel-Ornath, M.; Greenberg, S.M.; Bacskai, B.J.
Neuronally Derived Soluble Abeta Evokes Cell-Wide Astrocytic Calcium Dysregulation in Absence of Amyloid Plaques in Vivo.
J. Neurosci. 2023, 43, 4926-4940. [CrossRef] [PubMed]

Dragi¢, M.; Milicevi¢, K.; AdZzi¢, M.; Stevanovi¢, I.; Ninkovi¢, M.; Grkovi¢, I.; Andjus, P.; Nedeljkovi¢, N. Trimethyltin Increases
Intracellular Ca?* Via L-Type Voltage-Gated Calcium Channels and Promotes Inflammatory Phenotype in Rat Astrocytes In Vitro.
Mol. Neurobiol. 2021, 58, 1792-1805. [CrossRef] [PubMed]

Reichenbach, N.; Delekate, A.; Breithausen, B.; Keppler, K.; Poll, S.; Schulte, T.; Peter, J.; Plescher, M.; Hansen, ].N.; Blank, N.; et al.
P2Y1 Receptor Blockade Normalizes Network Dysfunction and Cognition in an Alzheimer’s Disease Model. J. Exp. Med. 2018,
215, 1649-1663. [CrossRef] [PubMed]

Lee, L.; Kosuri, P; Arancio, O. Picomolar Amyloid-3 Peptides Enhance Spontaneous Astrocyte Calcium Transients. ]. Alzheimer’s
Dis. 2013, 38, 49-62. [CrossRef]

Rodriguez-Arellano, J.J.; Parpura, V.; Zorec, R.; Verkhratsky, A. Astrocytes in Physiological Aging and Alzheimer’s Disease.
Neuroscience 2016, 323, 170-182. [CrossRef] [PubMed]

Lim, D,; Iyer, A.; Ronco, V.; Grolla, A.A.; Canonico, P.L.; Aronica, E.; Genazzani, A.A. Amyloid Beta Deregulates Astroglial
MGIuR5-Mediated Calcium Signaling via Calcineurin and Nf-KB. Glia 2013, 61, 1134-1145. [CrossRef]

Casley, C.S.; Lakics, V.; Lee, H.; Broad, L.M.; Day, T.A.; Cluett, T.; Smith, M.A.; O’Neill, M.].; Kingston, A.E. Up-Regulation of
Astrocyte Metabotropic Glutamate Receptor 5 by Amyloid-f3 Peptide. Brain Res. 2009, 1260, 65-75. [CrossRef]

Maulik, M.; Vasan, L.; Bose, A.; Dutta Chowdhury, S.; Sengupta, N.; Das Sarma, ]J. Amyloid-p Regulates Gap Junction Protein
Connexin 43 Trafficking in Cultured Primary Astrocytes. J. Biol. Chem. 2020, 295, 15097-15111. [CrossRef]

Orellana, J.A.; Shoji, K.F.,; Abudara, V.; Ezan, P; Amigou, E.; Sdez, P].; Jiang, ].X.; Naus, C.C.; Sdez, ].C.; Giaume, C. Amyloid
B-Induced Death in Neurons Involves Glial and Neuronal Hemichannels. J. Neurosci. 2011, 31, 4962-4977. [CrossRef]


https://doi.org/10.1007/s40263-020-00787-5
https://doi.org/10.1186/s13195-020-00714-2
https://www.ncbi.nlm.nih.gov/pubmed/33183342
https://doi.org/10.1038/nrn2757
https://doi.org/10.1126/science.275.5301.844
https://www.ncbi.nlm.nih.gov/pubmed/9012354
https://doi.org/10.1152/physrev.00029.2011
https://www.ncbi.nlm.nih.gov/pubmed/22811430
https://doi.org/10.1016/j.bbamcr.2014.04.016
https://doi.org/10.1016/j.tins.2013.04.004
https://www.ncbi.nlm.nih.gov/pubmed/23659852
https://doi.org/10.1016/S0006-8993(01)03289-9
https://doi.org/10.3171/jns.2006.105.1.77
https://www.ncbi.nlm.nih.gov/pubmed/16874892
https://doi.org/10.1016/j.acthis.2009.05.008
https://doi.org/10.1007/s00429-017-1383-5
https://www.ncbi.nlm.nih.gov/pubmed/28280934
https://doi.org/10.1073/pnas.1107386108
https://doi.org/10.1523/JNEUROSCI.5100-07.2008
https://doi.org/10.1093/cercor/bhw368
https://www.ncbi.nlm.nih.gov/pubmed/28095365
https://doi.org/10.1017/S1740925X06000081
https://doi.org/10.1126/science.1222381
https://www.ncbi.nlm.nih.gov/pubmed/22745251
https://doi.org/10.1385/NMM:3:3:173
https://doi.org/10.1523/JNEUROSCI.1988-22.2023
https://www.ncbi.nlm.nih.gov/pubmed/37236808
https://doi.org/10.1007/s12035-020-02273-x
https://www.ncbi.nlm.nih.gov/pubmed/33394334
https://doi.org/10.1084/jem.20171487
https://www.ncbi.nlm.nih.gov/pubmed/29724785
https://doi.org/10.3233/JAD-130740
https://doi.org/10.1016/j.neuroscience.2015.01.007
https://www.ncbi.nlm.nih.gov/pubmed/25595973
https://doi.org/10.1002/glia.22502
https://doi.org/10.1016/j.brainres.2008.12.082
https://doi.org/10.1074/jbc.RA120.013705
https://doi.org/10.1523/JNEUROSCI.6417-10.2011

Antioxidants 2023, 12, 1856 24 of 26

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.
139.

140.

141.

142.

143.

144.

145.

146.

Yi, C.; Mei, X,; Ezan, P; Mato, S.; Matias, I.; Giaume, C.; Koulakoff, A. Astroglial Connexin43 Contributes to Neuronal Suffering in
a Mouse Model of Alzheimer’s Disease. Cell Death Differ. 2016, 23, 1691-1701. [CrossRef]

Larramona-Arcas, R.; Gonzalez-Arias, C.; Perea, G.; Gutiérrez, A.; Vitorica, J.; Garcia-Barrera, T.; Gomez-Ariza, J.L.; Pascua-
Maestro, R.; Ganfornina, M.D.; Kara, E.; et al. Sex-Dependent Calcium Hyperactivity Due to Lysosomal-Related Dysfunction in
Astrocytes from APOE4 versus APOE3 Gene Targeted Replacement Mice. Mol. Neurodegener. 2020, 15, 35. [CrossRef] [PubMed]
O’Day, D.H. Alzheimer’s Disease beyond Calcium Dysregulation: The Complex Interplay between Calmodulin, Calmodulin-
Binding Proteins and Amyloid Beta from Disease Onset through Progression. Curr. Issues Mol. Biol. 2023, 45, 6246-6261.
[CrossRef]

Mitroshina, E.V.; Krivonosov, M.I.; Pakhomov, A.M.; Yarullina, L.E.; Gavrish, M.S.; Mishchenko, T.A.; Yarkov, R.S.; Vedunova, M.V.
Unravelling the Collective Calcium Dynamics of Physiologically Aged Astrocytes under a Hypoxic State In Vitro. Int. . Mol. Sci.
2023, 24, 12286. [CrossRef]

Gomez-Gonzalo, M.; Martin-Fernandez, M.; Martinez-Murillo, R.; Mederos, S.; Hernandez-Vivanco, A.; Jamison, S.;
Fernandez, A.P; Serrano, J.; Calero, P; Futch, H.S.; et al. Neuron-Astrocyte Signaling Is Preserved in the Aging Brain. Glia 2017,
65, 569-580. [CrossRef] [PubMed]

Pirttimaki, TM.; Codadu, N.K.; Awni, A.; Pratik, P; Nagel, D.A.; Hill, E.J.; Dineley, K.T.; Parri, H.R. A7 Nicotinic Receptor-
Mediated Astrocytic Gliotransmitter Release: A3 Effects in a Preclinical Alzheimer’s Mouse Model. PLoS ONE 2013, 8, e81828.
[CrossRef]

Delekate, A.; Fiichtemeier, M.; Schumacher, T.; Ulbrich, C.; Foddis, M.; Petzold, G.C. Metabotropic P2Y1 Receptor Signalling
Mediates Astrocytic Hyperactivity in Vivo in an Alzheimer’s Disease Mouse Model. Nat. Commun. 2014, 5, 5422. [CrossRef]
[PubMed]

Perez-Catalan, N.A.; Doe, C.Q.; Ackerman, S.D. The Role of Astrocyte-mediated Plasticity in Neural Circuit Development and
Function. Neural Dev. 2021, 16, 1. [CrossRef] [PubMed]

Linnerbauer, M.; Rothhammer, V. Protective Functions of Reactive Astrocytes Following Central Nervous System Insult. Front.
Immunol. 2020, 11, 573256. [CrossRef] [PubMed]

Araque, A.; Parpura, V.; Sanzgiri, R.P.; Haydon, P.G. Tripartite Synapses: Glia, the Unacknowledged Partner. Trends Neurosci.
1999, 22, 208-215. [CrossRef]

Dani, ].W.; Chernjavsky, A.; Smith, S.J. Neuronal Activity Triggers Calcium Waves in Hippocampal Astrocyte Networks. Neuron
1992, 8, 429-440. [CrossRef]

Parri, HR.; Gould, T.M.; Crunelli, V. Spontaneous Astrocytic Ca%* Oscillations in Situ Drive NMDAR-Mediated Neuronal
Excitation. Nat. Neurosci. 2001, 4, 803-812. [CrossRef]

Nedergaard, M. Direct Signaling from Astrocytes to Neurons in Cultures of Mammalian Brain Cells. Science 1994, 263, 1768-1771.
[CrossRef]

Kang, J.; Jiang, L.; Goldman, S.A.; Nedergaard, M. Astrocyte-Mediated Potentiation of Inhibitory Synaptic Transmission. Nat.
Neurosci. 1998, 1, 683—-692. [CrossRef] [PubMed]

Pascual, O.; Casper, K.B.; Kubera, C.; Zhang, J.; Revilla-Sanchez, R.; Sul, ].-Y.; Takano, H.; Moss, S.J.; McCarthy, K.; Haydon, P.G.
Astrocytic Purinergic Signaling Coordinates Synaptic Networks. Science 2005, 310, 113-116. [CrossRef] [PubMed]

Bezzi, P.; Gundersen, V.; Galbete, ].L.; Seifert, G.; Steinhduser, C.; Pilati, E.; Volterra, A. Astrocytes Contain a Vesicular Compart-
ment That Is Competent for Regulated Exocytosis of Glutamate. Nat. Neurosci. 2004, 7, 613-620. [CrossRef]

Coco, S.; Calegari, F.; Pravettoni, E.; Pozzi, D.; Taverna, E.; Rosa, P.; Matteoli, M.; Verderio, C. Storage and Release of ATP from
Astrocytes in Culture. J. Biol. Chem. 2003, 278, 1354-1362. [CrossRef]

Bazargani, N.; Attwell, D. Astrocyte Calcium Signaling: The Third Wave. Nat. Neurosci. 2016, 19, 182-189. [CrossRef]

Araque, A.; Parpura, V.; Sanzgiri, R.P.; Haydon, P.G. Glutamate-Dependent Astrocyte Modulation of Synaptic Transmission
between Cultured Hippocampal Neurons. Eur. J. Neurosci. 1998, 10, 2129-2142. [CrossRef] [PubMed]

Benilova, I; Karran, E.; De Strooper, B. The Toxic A Oligomer and Alzheimer’s Disease: An Emperor in Need of Clothes. Nat.
Neurosci. 2012, 15, 349-357. [CrossRef]

Ballatore, C.; Lee, V.M.-Y.; Trojanowski, J.Q. Tau-Mediated Neurodegeneration in Alzheimer’s Disease and Related Disorders.
Nat. Rev. Neurosci. 2007, 8, 663—672. [CrossRef]

Mitroshina, E.V.; Pakhomov, A.M.; Krivonosov, M.I.; Yarkov, R.S.; Gavrish, M.S.; Shkirin, A.V.; Ivanchenko, M.V.; Vedunova, M.V.
Novel Algorithm of Network Calcium Dynamics Analysis for Studying the Role of Astrocytes in Neuronal Activity in Alzheimer’s
Disease Models. Int. J. Mol. Sci. 2022, 23, 15928. [CrossRef]

Lines, J.; Baraibar, A.M.; Fang, C.; Martin, E.D.; Aguilar, J.; Lee, M.K.; Araque, A.; Kofuji, P. Astrocyte-neuronal Network Interplay
Is Disrupted in Alzheimer’s Disease Mice. Glia 2022, 70, 368-378. [CrossRef]

HYND, M. Glutamate-Mediated Excitotoxicity and Neurodegeneration in Alzheimer?S Disease. Neurochem. Int. 2004, 45, 583-595.
[CrossRef]

Rothstein, J.D.; Dykes-Hoberg, M.; Pardo, C.A.; Bristol, L.A.; Jin, L.; Kuncl, RW.; Kanai, Y.; Hediger, M.A.; Wang, Y,;
Schielke, J.P; et al. Knockout of Glutamate Transporters Reveals a Major Role for Astroglial Transport in Excitotoxicity and
Clearance of Glutamate. Neuron 1996, 16, 675-686. [CrossRef]

Mahmoud, S.; Gharagozloo, M.; Simard, C.; Gris, D. Astrocytes Maintain Glutamate Homeostasis in the CNS by Controlling the
Balance between Glutamate Uptake and Release. Cells 2019, 8, 184. [CrossRef]


https://doi.org/10.1038/cdd.2016.63
https://doi.org/10.1186/s13024-020-00382-8
https://www.ncbi.nlm.nih.gov/pubmed/32517777
https://doi.org/10.3390/cimb45080393
https://doi.org/10.3390/ijms241512286
https://doi.org/10.1002/glia.23112
https://www.ncbi.nlm.nih.gov/pubmed/28130845
https://doi.org/10.1371/journal.pone.0081828
https://doi.org/10.1038/ncomms6422
https://www.ncbi.nlm.nih.gov/pubmed/25406732
https://doi.org/10.1186/s13064-020-00151-9
https://www.ncbi.nlm.nih.gov/pubmed/33413602
https://doi.org/10.3389/fimmu.2020.573256
https://www.ncbi.nlm.nih.gov/pubmed/33117368
https://doi.org/10.1016/S0166-2236(98)01349-6
https://doi.org/10.1016/0896-6273(92)90271-E
https://doi.org/10.1038/90507
https://doi.org/10.1126/science.8134839
https://doi.org/10.1038/3684
https://www.ncbi.nlm.nih.gov/pubmed/10196584
https://doi.org/10.1126/science.1116916
https://www.ncbi.nlm.nih.gov/pubmed/16210541
https://doi.org/10.1038/nn1246
https://doi.org/10.1074/jbc.M209454200
https://doi.org/10.1038/nn.4201
https://doi.org/10.1046/j.1460-9568.1998.00221.x
https://www.ncbi.nlm.nih.gov/pubmed/9753099
https://doi.org/10.1038/nn.3028
https://doi.org/10.1038/nrn2194
https://doi.org/10.3390/ijms232415928
https://doi.org/10.1002/glia.24112
https://doi.org/10.1016/j.neuint.2004.03.007
https://doi.org/10.1016/S0896-6273(00)80086-0
https://doi.org/10.3390/cells8020184

Antioxidants 2023, 12, 1856 25 of 26

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Andersen, J.V,; Christensen, S.K.; Westi, E.W.; Diaz-delCastillo, M.; Tanila, H.; Schousboe, A.; Aldana, B.I.; Waagepetersen, H.S. De-
ficient Astrocyte Metabolism Impairs Glutamine Synthesis and Neurotransmitter Homeostasis in a Mouse Model of Alzheimer’s
Disease. Neurobiol. Dis. 2021, 148, 105198. [CrossRef]

laccarino, H.E; Singer, A.C.; Martorell, A.J.; Rudenko, A.; Gao, F; Gillingham, T.Z.; Mathys, H.; Seo, J.; Kritskiy, O.;
Abdurrob, E; et al. Gamma Frequency Entrainment Attenuates Amyloid Load and Modifies Microglia. Nature 2016, 540, 230-235.
[CrossRef] [PubMed]

Cui, X.; Zhang, F; Zhang, H.; Huang, X.; Wang, K.; Huang, T.; Yang, X.; Zou, L. Neuroprotective Effect of Optogenetics Varies
with Distance from Channelrhodopsin-2 Expression in an Amyloid-fB-Injected Mouse Model of Alzheimer’s Disease. Front.
Neurosci. 2020, 14, 583628. [CrossRef]

Wang, K.-W.; Ye, X.-L.; Huang, T.; Yang, X.-F.; Zou, L.-Y. Optogenetics-Induced Activation of Glutamate Receptors Improves
Memory Function in Mice with Alzheimer’s Disease. Neural Regen. Res. 2019, 14, 2147. [CrossRef]

Yang, Q.; Song, D.; Xie, Z.; He, G.; Zhao, ].; Wang, Z.; Dong, Z.; Zhang, H.; Yang, L.; Jiang, M.; et al. Optogenetic Stimulation of
CA3 Pyramidal Neurons Restores Synaptic Deficits to Improve Spatial Short-Term Memory in APP/PS1 Mice. Prog. Neurobiol.
2022, 209, 102209. [CrossRef]

Lee, Y.F; Russ, A.N.; Zhao, Q.; Perle, S.J.; Maci, M.; Miller, M.R; Hou, S.S.; Algamal, M.; Zhao, Z.; Li, H.; et al. Optogenetic
Targeting of Astrocytes Restores Slow Brain Rhythm Function and Slows Alzheimer’s Disease Pathology. Sci. Rep. 2023, 13, 13075.
[CrossRef]

Suo, Q.; Deng, L.; Chen, T.; Wu, S.; Qi, L.; Liu, Z; He, T; Tian, H.-L.; Li, W.; Tang, Y.; et al. Optogenetic Activation of Astrocytes
Reduces Blood-Brain Barrier Disruption via IL-10 In Stroke. Aging Dis. 2023, 14, 1870-1886. [CrossRef] [PubMed]

Toda, T.; Parylak, S.L.; Linker, S.B.; Gage, FH. The Role of Adult Hippocampal Neurogenesis in Brain Health and Disease. Mol.
Psychiatry 2019, 24, 67-87. [CrossRef] [PubMed]

Mu, Y.; Gage, EH. Adult Hippocampal Neurogenesis and Its Role in Alzheimer’s Disease. Mol. Neurodegener. 2011, 6, 85.
[CrossRef] [PubMed]

Gadadhar, A ; Marr, R.; Lazarov, O. Presenilin-1 Regulates Neural Progenitor Cell Differentiation in the Adult Brain. J. Neurosci.
2011, 31, 2615-2623. [CrossRef]

Gakhar-Koppole, N.; Hundeshagen, P.; Mandl, C.; Weyer, S.W.; Allinquant, B.; Miiller, U.; Ciccolini, F. Activity Requires Soluble
Amyloid Precursor Protein « to Promote Neurite Outgrowth in Neural Stem Cell-Derived Neurons via Activation of the MAPK
Pathway. Eur. . Neurosci. 2008, 28, 871-882. [CrossRef] [PubMed]

Teh, D.B.L.; Prasad, A.; Jiang, W.; Zhang, N.; Wu, Y,; Yang, H.; Han, S.; Yi, Z.; Yeo, Y.; Ishizuka, T.; et al. Driving Neurogenesis in
Neural Stem Cells with High Sensitivity Optogenetics. Neuromolecular Med. 2020, 22, 139-149. [CrossRef]

Giraldo, E.; Palmero-Canton, D.; Martinez-Rojas, B.; Sanchez-Martin, M.d.M.; Moreno-Manzano, V. Optogenetic Modulation of
Neural Progenitor Cells Improves Neuroregenerative Potential. Int. J. Mol. Sci. 2020, 22, 365. [CrossRef] [PubMed]

Ryu, J.; Vincent, PEY.; Ziogas, N.K.; Xu, L.; Sadeghpour, S.; Curtin, J.; Alexandris, A.S.; Stewart, N.; Sima, R.; du Lac, S.; et al. Op-
togenetically Transduced Human ES Cell-Derived Neural Progenitors and Their Neuronal Progenies: Phenotypic Characterization
and Responses to Optical Stimulation. PLoS ONE 2019, 14, e0224846. [CrossRef]

Salmina, A.B.; Kapkaeva, M.R,; Vetchinova, A.S.; Illarioshkin, S.N. Novel Approaches Used to Examine and Control Neurogenesis
in Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 9608. [CrossRef]

Kuwabara, T.; Hsieh, J.; Muotri, A.; Yeo, G.; Warashina, M.; Lie, D.C.; Moore, L.; Nakashima, K.; Asashima, M.; Gage, FH.
Wnt-Mediated Activation of NeuroD1 and Retro-Elements during Adult Neurogenesis. Nat. Neurosci. 2009, 12, 1097-1105.
[CrossRef]

Cassé, E; Richetin, K.; Toni, N. Astrocytes” Contribution to Adult Neurogenesis in Physiology and Alzheimer’s Disease. Front.
Cell Neurosci. 2018, 12, 432. [CrossRef]

Hedegaard, A.; Monzén-Sandoval, J.; Newey, S.E.; Whiteley, E.S.; Webber, C.; Akerman, C.J. Pro-Maturational Effects of Human
IPSC-Derived Cortical Astrocytes upon IPSC-Derived Cortical Neurons. Stem Cell Rep. 2020, 15, 38-51. [CrossRef]

Morgun, A.V,; Osipova, E.D.; Boitsova, E.B.; Shuvaev, A.N.; Malinovskaya, N.A.; Mosiagina, A.L; Salmina, A.B. Neurogenic
Potential of Implanted Neurospheres Is Regulated by Optogenetic Stimulation of Hippocampal Astrocytes Ex Vivo. Bull. Exp.
Biol. Med. 2021, 170, 693-698. [CrossRef] [PubMed]

Wilhelmsson, U.; Faiz, M.; de Pablo, Y.; Sjoqvist, M.; Andersson, D.; Widestrand, A_; Potokar, M.; Stenovec, M.; Smith, P.L.P;
Shinjyo, N.; et al. Astrocytes Negatively Regulate Neurogenesis Through the Jagged1-Mediated Notch Pathway. Stem Cells 2012,
30, 2320-2329. [CrossRef]

Tiwari, P.; Tolwinski, N.S. Using Optogenetics to Model Cellular Effects of Alzheimer’s Disease. Int. . Mol. Sci. 2023, 24, 4300.
[CrossRef]

Lim, C.H.; Kaur, P; Teo, E.; Lam, V.Y.M.; Zhu, E; Kibat, C.; Gruber, J.; Mathuru, A.S.; Tolwinski, N.S. Application of Optogenetic
Amyloid-B Distinguishes between Metabolic and Physical Damages in Neurodegeneration. Elife 2020, 9, €52589. [CrossRef]
[PubMed]

Chen, S.; Weitemier, A.Z.; Zeng, X.; He, L.; Wang, X,; Tao, Y.; Huang, A.].Y.; Hashimotodani, Y.; Kano, M.; Iwasaki, H.; et al.
Near-Infrared Deep Brain Stimulation via Upconversion Nanoparticle-Mediated Optogenetics. Science 2018, 359, 679-684.
[CrossRef] [PubMed]


https://doi.org/10.1016/j.nbd.2020.105198
https://doi.org/10.1038/nature20587
https://www.ncbi.nlm.nih.gov/pubmed/27929004
https://doi.org/10.3389/fnins.2020.583628
https://doi.org/10.4103/1673-5374.262593
https://doi.org/10.1016/j.pneurobio.2021.102209
https://doi.org/10.1038/s41598-023-40402-3
https://doi.org/10.14336/AD.2023.0226
https://www.ncbi.nlm.nih.gov/pubmed/37196130
https://doi.org/10.1038/s41380-018-0036-2
https://www.ncbi.nlm.nih.gov/pubmed/29679070
https://doi.org/10.1186/1750-1326-6-85
https://www.ncbi.nlm.nih.gov/pubmed/22192775
https://doi.org/10.1523/JNEUROSCI.4767-10.2011
https://doi.org/10.1111/j.1460-9568.2008.06398.x
https://www.ncbi.nlm.nih.gov/pubmed/18717733
https://doi.org/10.1007/s12017-019-08573-3
https://doi.org/10.3390/ijms22010365
https://www.ncbi.nlm.nih.gov/pubmed/33396468
https://doi.org/10.1371/journal.pone.0224846
https://doi.org/10.3390/ijms22179608
https://doi.org/10.1038/nn.2360
https://doi.org/10.3389/fncel.2018.00432
https://doi.org/10.1016/j.stemcr.2020.05.003
https://doi.org/10.1007/s10517-021-05135-1
https://www.ncbi.nlm.nih.gov/pubmed/33893948
https://doi.org/10.1002/stem.1196
https://doi.org/10.3390/ijms24054300
https://doi.org/10.7554/eLife.52589
https://www.ncbi.nlm.nih.gov/pubmed/32228858
https://doi.org/10.1126/science.aaq1144
https://www.ncbi.nlm.nih.gov/pubmed/29439241

Antioxidants 2023, 12, 1856 26 of 26

170.

171.
172.
173.

174.

175.

176.

177.

178.

179.

180.

Purushothuman, S.; Johnstone, D.M.; Nandasena, C.; Mitrofanis, J.; Stone, J. Photobiomodulation with near Infrared Light
Mitigates Alzheimer’s Disease-Related Pathology in Cerebral Cortex—Evidence from Two Transgenic Mouse Models. Alzheimers
Res. Ther. 2014, 6, 2. [CrossRef] [PubMed]

Hamblin, M.R. Photobiomodulation or Low-Level Laser Therapy. J. Biophotonics 2016, 9, 1122-1124. [CrossRef] [PubMed]
Hennessy, M.; Hamblin, M.R. Photobiomodulation and the Brain: A New Paradigm. J. Opt. 2017, 19, 013003. [CrossRef]
Salehpour, F.; Mahmoudi, J.; Kamari, F; Sadigh-Eteghad, S.; Rasta, S.H.; Hamblin, M.R. Brain Photobiomodulation Therapy: A
Narrative Review. Mol. Neurobiol. 2018, 55, 6601-6636. [CrossRef]

Gong, X.; Mendoza-Halliday, D.; Ting, ].T.; Kaiser, T.; Sun, X.; Bastos, A.M.; Wimmer, R.D.; Guo, B.; Chen, Q.; Zhou, Y,; et al.
An Ultra-Sensitive Step-Function Opsin for Minimally Invasive Optogenetic Stimulation in Mice and Macaques. Neuron 2020,
107, 38-51.e8. [CrossRef] [PubMed]

Batiuk, M.Y.; Martirosyan, A.; Wahis, J.; de Vin, E; Marneffe, C.; Kusserow, C.; Koeppen, J.; Viana, J.F,; Oliveira, J.F; Voet, T.; et al.
Identification of Region-Specific Astrocyte Subtypes at Single Cell Resolution. Nat. Commun. 2020, 11, 1220. [CrossRef] [PubMed]
Preman, P.; Alfonso-Triguero, M.; Alberdi, E.; Verkhratsky, A.; Arranz, A.M. Astrocytes in Alzheimer’s Disease: Pathological
Significance and Molecular Pathways. Cells 2021, 10, 540. [CrossRef]

Borodinova, A.A.; Balaban, PM.; Bezprozvanny, I.B.; Salmina, A.B.; Vlasova, O.L. Genetic Constructs for the Control of Astrocytes’
Activity. Cells 2021, 10, 1600. [CrossRef]

von Jonquieres, G.; Mersmann, N.; Klugmann, C.B.; Harasta, A.E.; Lutz, B.; Teahan, O.; Housley, G.D.; Frohlich, D,
Kramer-Albers, E.-M.; Klugmann, M. Glial Promoter Selectivity Following AAV-Delivery to the Immature Brain. PLoS ONE 2013,
8, 65646. [CrossRef]

Taschenberger, G.; Tereshchenko, J.; Kiigler, S. A MicroRNA124 Target Sequence Restores Astrocyte Specificity of GfaABC1D-
Driven Transgene Expression in AAV-Mediated Gene Transfer. Mol. Ther. Nucleic Acids 2017, 8, 13-25. [CrossRef]

Joll¢, C.; Déglon, N.; Pythoud, C.; Bouzier-Sore, A.-K; Pellerin, L. Development of Efficient AAV2/DJ-Based Viral Vectors to
Selectively Downregulate the Expression of Neuronal or Astrocytic Target Proteins in the Rat Central Nervous System. Front.
Mol. Neurosci. 2019, 12, 201. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/alzrt232
https://www.ncbi.nlm.nih.gov/pubmed/24387311
https://doi.org/10.1002/jbio.201670113
https://www.ncbi.nlm.nih.gov/pubmed/27973730
https://doi.org/10.1088/2040-8986/19/1/013003
https://doi.org/10.1007/s12035-017-0852-4
https://doi.org/10.1016/j.neuron.2020.03.032
https://www.ncbi.nlm.nih.gov/pubmed/32353253
https://doi.org/10.1038/s41467-019-14198-8
https://www.ncbi.nlm.nih.gov/pubmed/32139688
https://doi.org/10.3390/cells10030540
https://doi.org/10.3390/cells10071600
https://doi.org/10.1371/journal.pone.0065646
https://doi.org/10.1016/j.omtn.2017.03.009
https://doi.org/10.3389/fnmol.2019.00201
https://www.ncbi.nlm.nih.gov/pubmed/31481874

	Introduction 
	Optogenetics as a Tool for Regulating the Activity of Nerve Cells 
	The Role of Astrocytes in the Pathogenesis of Alzheimer’s Disease 
	Production and Clearance of Amyloid Proteins 
	Neuroinflammation and Reactive Astrogliosis 
	Oxidative Stress 
	Interastrocytic Interactions. Calcium Dysregulation in AD 
	Interaction between Neurons and Astrocytes. Disorders of the Neuron–Astrocyte Interaction in AD. Excitotoxicity 

	Possibilities of Optogenetics for the Treatment of Alzheimer’s Disease 
	Optogenetic Tools for the Correction of Neurodegenerative Changes in AD 
	Application of Optogenetic Approaches to Stimulate Neurogenesis in the Adult Brain in AD 
	Optogenetics for Modeling AD 

	Problems and Prospects of Using Optogenetics for AD Correction 
	Conclusions 
	References

