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Abstract

Astrocytes are abundantly and ubiquitously expressed cell types with diverse func-

tions throughout the central nervous system. Astrocytes show remarkable plasticity

and exhibit morphological, molecular, and functional remodeling in response to injury,

disease, or infection of the central nervous system, as evident in neurodegenerative

diseases. Astroglial mediated inflammation plays a prominent role in the pathogen-

esis of neurodegenerative diseases. This review focus on the role of astrocytes as

essential players in neuroinflammation and discuss their morphological and func-

tional heterogeneity in the normal central nervous system and explore the spatial and

temporal variations in astroglial phenotypes observed under different disease con-

ditions. This review discusses the intimate relationship of astrocytes to pathological

hallmarks of neurodegenerative diseases. Finally, this review considers the putative

therapeutic strategies that can be deployed to modulate the astroglial functions in

neurodegenerative diseases.
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Highlights

∙ Astroglia mediated neuroinflammation plays a key role in the pathogenesis of

neurodegenerative diseases.

∙ Activated astrocytes exhibit diverse phenotypes in a region-specificmanner in brain

and interact with β-amyloid, tau, and α-synuclein species as well as with microglia

and neuronal circuits.

∙ Activated astrocytes are likely to influence the trajectory of disease progression

of neurodegenerative diseases, as determined by the stage of disease, individual

susceptibility, and state of astroglial priming.

∙ Modulation of astroglial activation may be a therapeutic strategy at various stages

in the trajectory of neurodegenerative diseases tomodify the disease course.
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1 INTRODUCTION

Astrocytes are ubiquitously expressed throughout the central nervous

system (CNS).1 Astrocytes perform pleiotropic roles, including main-

taining the blood-brain barrier (BBB); providingmetabolic, trophic, and

antioxidant support to neurons; regulating neurotransmitter levels;

regulating synaptogenesis and synaptic transmission; and astrocytes

are involved in the pathogenesis of neurodegenerative diseases.1

Astrocytes play fundamental and active roles in neurodegenerative

diseases. Significant loss of synaptic connectivity is the most proxi-

mal neurobiological event that accounts for the clinical features of

dementia. Synaptic loss is consistently correlated with clinical fea-

tures of dementia, while the association between hallmark lesions

such as amyloid-β and cognitive impairment in dementia is not linear.2

Since astrocytes are integral in normal neuronal function, incorpo-

rating astrocytes as key criteria for Alzheimer’s disease (AD) drug

development is likely to yield fruition.

Since astrocytes are of paramount importance, this review focus on

the emerging evidence formorphological and functional heterogeneity

of astrocytes in the healthy CNS and neurodegenerative diseases. We

explore the close association of astrocytes to pathological hallmarks

of neurodegenerative diseases. Based on the evidence discussed—a

hypothetical model is presented to explain the dynamic changes and

heterogeneity in astroglial activation—andputative therapeutic strate-

gies are suggested to modulate astroglial dysfunction in the context of

neurodegenerative diseases.

2 DEVELOPMENT AND COMPLEX
MORPHOLOGY OF ASTROCYTES

During the late embryonic stages, the radial glia predominantly or the

neural stem cells at the subventricular zone give rise to astrocytes

during the first 2 weeks of postnatal life (Figure 1).3

Based on the morphological assessments of astrocytes detected

by astrocyte-specific marker glial fibrillary acidic protein (GFAP)—

they can be classified into four distinct classes: (1) interlami-

nar astrocytes in cortical layer I; (2) protoplasmic astrocytes in

cortical layers II-VI (Figure 1); (3) varicose projection astrocytes

in deep cortical layers V-VI, and (4) fibrous astrocytes in the

white matter (Figure 1).4 The interlaminar astrocytes and the vari-

cose projection astrocytes are exclusively observed in humans and

primates.

2.1 Interlaminar astrocytes

The interlaminar astrocytes are characterized by tortuous and

varicosity-free interlaminar projections originating from the soma

in layer I and terminating in layers III or IV.4 Interlaminar astro-

cytes display a multi-lamellar structure and mitochondria and may

be involved in intra-cortical communication and hence neuronal

support.4

RESEARCH INCONTEXT

1. Systematic review: Astroglial mediated neuroinflamma-

tion plays a prominent role in the pathogenesis of neu-

rodegenerative diseases. In this review, evidence for

morphological and functional heterogeneity of astrocytes

in the healthy central nervous system and neurodegener-

ative diseases is discussed.

2. Interpretation: Activated astrocytes exhibit diverse phe-

notypes in a brain region-specific manner and inter-

act with proteinopathy including β-amyloid, tau, and

α-synuclein species,microglia, and neuronal circuits. Acti-

vated astrocytes influence the trajectory of disease pro-

gression in Alzheimer’s disease and other neurodegen-

erative diseases, as determined by the disease stage,

individual susceptibilities, and state of astroglial priming.

3. Future directions: The review article argues for the inclu-

sion of astrocyte reactivity in the research framework

of Alzheimer’s disease. It appears that modulation of

astroglial activation may be an attractive therapeutic

strategy at various stages in the trajectory of Alzheimer’s

disease and other neurodegenerative diseases to modify

the disease course.

2.2 Protoplasmic astrocytes

The protoplasmic astrocytes are the most abundant subtype and form

most of the protoplasmic astrocytes endfeet forming neurovascular

unit.4 A single human protoplasmic astrocyte can provide coverage to

270,000—2,000,000 synapses,4 while a rodent astrocyte can provide

coverage to 20,000–120,000 synapses. This helps with exceptional

computational power of the human brain and the ability of human

protoplasmic astrocytes to assimilate information from multi-fold

synapses tomodulate efficient inter-neuronal communication.

2.3 Varicose projection astrocytes

The third type of GFAP-positive astrocytes, varicose projection

astroglia, are less branched than protoplasmic astroglia and make

fewer synaptic contacts. The processes of varicose projection astroglia

make direct contact with vasculaturewalls or capillaries and terminate

in the neuropil or blood vessels.4

2.4 Fibrous astrocytes

The fibrous astrocytes are primarily concerned with providing

metabolic support as they contact the vasculature and support for the
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F IGURE 1 Physiological role of astrocytes. Astrocytes are involved in synaptogenesis, synaptic plasticity, neuroprotection, regulating
glymphatic pathway and blood-brain barrier, amongmany physiological functions.

axons. The paucity of synapses in the white matter implies that fibrous

astroglia do not modulate neuronal activity.

3 ASTROCYTE MARKERS AND HETEROGENEITY

3.1 Astrocyte markers

Astrocytes populating the human CNS are unique and exhibit het-

erogeneity in the expression of proteins. In humans, GFAP has at

least eight different isoforms owing to different splicing patterns,5

which include α, γ, δ/ε, κ, Δ135, Δ164, and Δexon6. Although the func-

tional significance of GFAP isoforms needs to be deciphered, they

are invariably expressed in specific subset of astrocytes. Although

GFAP has been used as a classical marker for mature astrocytes,

it is not expressed by all astrocytes in the different brain regions

under physiological conditions.Other astroglialmarkers,which include

the glutamate transporters (GLT-1 excitatory amino acid transporter

2 (EAAT2) and GLAST EAAT1), have been used to stain astrocyte

subtypes—Bergmann glia and Müller cells. Bergmann glia are the

specific astrocytes found in the cerebellum that ensheath and con-

trol cerebellar synapses and are involved in granular cell migration.

Müller cells are exclusively observed in the retina and involved in cell

migration, neuronal regeneration, and synaptic control of retinal cells.

3.2 Astrocyte heterogeneity

There are morphological, functional, and molecular differences

reported between different brain regions.6 Rodent astrocytes in the

striatum occupy a larger territorial size and contact twice as many

neuronal cell bodies compared with hippocampal astrocytes. How-

ever, hippocampal astrocyte territories contain ∼95,200 excitatory

synapses compared with ∼50,700 in the striatum. Both hippocampal

and striatal astrocytes displayed spontaneous calcium signals, with the

latter heavily reliant on extracellular entry for basal calcium levels.

The hippocampal astrocytes weremainly GFAP immunoreactive, while

μ-crystallin was exclusively expressed by striatal astrocytes.6 Striatal

astrocytes are altered in Huntington’s disease (HD) and μ-crystallin
levels are attenuated in humans andmousemodels of HD.

Differences in astrocytes derived from different mouse brain

regions have been reported. Adult hippocampal neural stem cells

differentiated into neurons when co-cultured with hippocampal astro-

cytes butwereunable todo sowhen co-culturedwith spinal cord astro-

cytes. The electrophysiological properties of rat hippocampal astro-

cytes vary depending on their localization in hippocampal subregions.7

Astrocytes discriminate between neuron subtypes and differentially

modulate their synaptic activity. Astrocyte subtypes have specific roles

in the modulation of local and distant neuronal networks. Astrocytes

regulate complex synaptic activity and the subsequent behavioral

outputs in CNS regions. Astrocyte diversity is pivotal in the cre-

ation of highly specialized neuron-glia units that exhibit brain regional

heterogeneity.

4 THE NEURON TO GLIA RATIO

The ratio of neurons (86.06 ± 8.12 billion) to glia (84.61 ± 9.83 billion)

is 1:1 in the whole brain but it is not unform when considering spe-

cific brain regions.8 In the cerebral cortex including the white and gray
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matter, there are 16.34± 2.17 billion neurons and 60.84± 7.02 billion

glia, which is a ratio of 1:3.76. In the cerebellum, there are 69.03± 6.65

billion neurons to 16.04 ± 2.17 billion glia. The ratio of neurons to

glia in the cerebellum is almost reversed.8 Of the glial population,

Pelvig et al. reported 75% oligodendrocytes, 20% astrocytes, and 5%

microglia in thehumancerebral cortex. Some studies have reported the

glial population to be composed of 45% oligodendrocytes, 45% astro-

cytes, 10%microglia in the human cortex.9,10 Taking into consideration

different studies, the neuronal cells constitute 50% of brain cells, while

the remaining 50% is made up of astrocytes (23%), oligodendrocytes

(23%), and microglia (4%). The varying distribution of glia across the

brain regions suggests a region-specific function for the heterogenous

astrocytes.11,12

Astrocytes exhibit morphological heterogeneity comparable to that

of neurons. Detailed mapping of gene expression and functional

idiosyncrasies of astrocytes in different brain areas is of paramount

importance. This task is not trivial as no universal marker of astroglial

cells is yet to be discovered; neither the ideal astroglia-specific pro-

moter allowing expression of reporter proteins has been identified.

Astroglial syncytia with their anatomical segregation confer additional

level of complexity providing anatomically predetermined communi-

cation channels. Most fascinating is the evolution of astrocytes in

higher primates and in humans; these astrocytes are distinguished by

their complexity, size, and specific cell types. The idiosyncracies of

human glia are cell autonomous and persist even after grafting human

fetal astrocytes into a non-human host brain. Human cells outcom-

pete astrocytes of the host, populate the brain, and confer improved

cognitive performance.11

5 ASTROCYTES REGULATE SYNAPTIC ACTIVITY

Astrocytes are dynamic and are chiefly involved in a plethora of phys-

iological functions to maintain brain tissue homeostasis. Astrocyte

play roles in regulating neurotransmitter and synaptic homeostasis,

neuronal myelination, metabolic, and antioxidant status, and BBB

function through neuron-glia-vascular units (Figure 1). First, astro-

cytes are integral components of synapses, since astroglial processes

ensheath synapses to form a functional synaptic compartment13 and

maintain brain homeostasis and neuronal functioning. The astroglial

processes sequester synaptically released neurotransmitters from the

interstitial space, to avoid their accumulation in the extrasynaptic com-

partment and minimize their spillage to nearby synapses. For instance,

astroglial processes are enriched with glutamate transporters (e.g.,

GLT1). These ensure that extrasynaptic glutamate excitotoxicity is

avoided through uptake of excess glutamate, which is broken down

by astrocytes into glutamine and shuttled back into neurons to bol-

ster synaptic transmission.Astrocytes also regulatebalanceof synaptic

ions such as potassium ions, which is critical for efficient synaptic

transmission. Impaired astroglial functioning leads to tissue dyshome-

ostasis that contributes to neurodegeneration in neurodegenerative

diseases, which renders astrocytes an attractive therapeutic target for

modulating disease pathogenesis.

6 PHYSIOLOGICAL ROLE OF ASTROCYTES IN
SYNAPTOGENESIS

Astrocytes play an essential role in synapse formation, maturation, and

elimination (Figure 1).13

6.1 SYNAPTIC PLASTICITY AND SYNAPTIC
PRUNING

Astrocytes play an important role in hippocampal synaptic plastic-

ity, which is required for learning and memory formation (Figure 1).

Astrocytes release interleukin (IL)-1 family cytokine IL-33 acts on the

neuronal IL-33 receptors to propagate excitatory synapse formation.14

IL-33 is involved in synaptic localization of PSD-95 that in turn recruits

AMPA receptors and subsequent strengthening of synaptic transmis-

sion. Neuron-derived IL-33 can also enhance excitatory synaptogen-

esis in the hippocampal dentate gyrus of adult mice via extracellular

matrix clearance mediated by microglia. Hippocampal astrocytes elim-

inate unnecessary excitatory synaptic connections via multiple epider-

mal growth factor-like domains 10 (MEGF10). This astroglial function

is pivotal for maintaining circuit connectivity and supporting cogni-

tive function. Astroglia derived transforming growth factor (TGF)-β1 is
implicated in the formation of structural and functional excitatory and

inhibitory synapses.13

Astroglia release TGF-β that induces neuronal complement pro-

tein C1q expression. C1q is tagged to unnecessary synapses which

is detected by microglia expressing complement receptors, leading to

phagocytosis of the unwanted synapses. Synaptic pruning is essential

for neuronal remodeling, synaptic plasticity, and promoting optimal

neural circuit connectivity.14

6.2 ROLE OF ASTROCYTES IN THE TRIPARTITE
SYNAPSE

The computational power of astrocytes enables them to control neu-

ronal activity through their function in neurotransmitter uptake and

are considered the guardians of neuronal excitability. Astrocytes in

synergy with the presynaptic and postsynaptic terminals, form the

“tripartite synapse”.15 In the “tripartite synapse” model, astrocyte ter-

minals remove neurotransmitters and terminate their action via neu-

rotransmitter transporters.15The perisynaptic astrocytic processes

modulate the stabilization, dynamics, and maturation of dendritic

synapses.16,17 Astrocytes possess ionotropic and metabotropic mem-

brane receptors, which are activated by neurotransmitters originating

from the presynaptic cleft, to modulate synaptic activity.18 Astro-

cytes exhibit a transient increase of intracellular calcium ion levels

depending on the intensity of neuronal activity. This triggers selec-

tive release of gliotransmitters (e.g., adenosine triphosphate [ATP],

glutamate, and D-serine) from the astrocytes to individual synaptic

inputs, thus explaining the mechanism through which astrocytes con-

trol synaptic activity.18–23 Moreover, the intrinsic spontaneous calcium
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ion oscillations detected in a subpopulation of astrocytes is indepen-

dent of neuronal activity and likely implicated in modulating neuronal

activity.24 The upregulation of astrocytic calcium ion influences (A)

synapse via its effects on synaptic integrity and plasticity, and release

of gliotransmitters; (B) circuit transmission via its effects on sensory

plasticity and network synchronization.18

Astrocytes remove synaptic neurotransmitters such as excitatory

glutamate and inhibitory gamma-aminobutyric acid (GABA), since their

processes express glutamate and GABA transporters. The rapidity of

removal of the neurotransmitters determines the intensity of post-

synaptic activation, which further regulates signal transmission.25

Astrocytes are involved in the spatial regulation of potassium ions

to regulate the ionic environment of the neuropil as an alternative

means tomodulate neuronal signalling.26 Astrocytes exert a long-term

impact on synapses via releasing growth factors and relatedmolecules,

includingbrainderivedneurotrophic factor (BDNF) and tumornecrosis

factor (TNF)-α.27

Astrocytes in the tripartite synapses play crucial roles in the home-

ostasis of neurotransmitters.27 The recycling of neurotransmitters by

astrocytes exerts neuroprotection through maintenance of low levels

of extrasynaptic glutamate to prevent excitotoxicity.28 Further neu-

roprotection is conferred via the release of antioxidants including

glutathione to protect neurons against oxidative stress.29,30 Astro-

cytes provide metabolic support to neurons through the production,

delivery, storage, and effective utilization of the brain energy includ-

ing glucose, lactate, ketone bodies, glutamate, and pyruvate. Around

a third of all astrocytes release bicarbonate ions to buffer extra-

cellular positively charged hydrogen ions associated with increases

in neuronal activity.31 The underlying signaling mechanism involves

activity-dependent release of ATP triggering secretion by astrocytes

via activation of metabotropic P2Y1 receptors, recruitment of phos-

pholipase C, release of calcium ions from the internal stores, and

facilitated outward hydrogen carbonate ion transport by the elec-

trogenic sodium bicarbonate cotransporter 1, NBCe1.31 Astrocytes

are the principal producers of neuronal cholesterol, which is an

essential component of membranes and precursor for a plethora of

signaling molecules.32 Since astrocytes are prerequisites to ensur-

ing neuronal/synaptic homeostasis and are metabolic housekeepers of

neurons, synaptic dysfunction consistently observed in neurodegen-

erative diseases including AD renders astrocytes a prime target for

therapeutic modulation.

7 METABOLIC INTERACTIONS BETWEEN
ASTROCYTES AND NEURONS

The relative oxygen consumption of the brain under basal conditions

accounts to one fifth of thewhole-body oxygen consumption.33 During

awakebasal conditions, itwaspreviously thought that theneurons con-

sumed 70%–80% of the glucose oxidation rate, while astrocytes only

consumed 20%–30%. Further examination revealed astroglial glucose

oxidation rates exceed those of neurons.34 This is because astrocytic

energy demandswere previously not accounted for; however, the com-

plexities of the astrocyte-neuronmetabolic dialogue remain to be fully

elucidated.

Lactate is a key substrate mediating the metabolic interplay

between astrocytes and neurons.33,35 Astrocytes specifically express

glycolytic enzymes and utilize 80% of the glucose through glycolysis.36

Astrocytes actively maintain synaptic homeostasis by providing

neurons with intermediates for metabolism and neurotransmitter

synthesis.37 Astrocytes exhibit a more pronounced glycolytic pro-

file while neurons rely on oxidative metabolism via mitochondrial

oxidative phosphorylation (OXPHOS), which leads to formulation of

the astrocyte-neuron lactate shuttle (ANLS) hypothesis.38 The ANLS

hypothesis posits that increases in extracellular glutamate during

intense neuronal activity increase active astroglial glutamate uptake.

This triggers sodium/potassium ATPase activation in astrocytes to

maintain sodium/potassium ionic homeostasis and associated energy

consumption coupled with attenuated ATP levels.39 Astrocytes in

response increase glucose uptake and glycolysis, secondarily aug-

menting lactate production and excretion, which is made available as

an energy substrate for neurons for oxidative-derived ATP produc-

tion. This concept is not consensual and alternative neuron-astrocyte

lactate shuttle will likely be proposed.34

Electrical or mechanical stimulation causes calcium ion dependent

release of glutamate, which is taken up by sodium ion-dependent glu-

tamate transporters.40 This triggers sodium ion “metabolic waves”

in the astroglial network. The propagating sodium ion signal is

correlated with increases in glucose uptake in a spatial-temporal

manner, which is dependent on the activity of astroglial gluta-

mate transporters. Metabolic waves can mediate the propagation

of the metabolic response with the astroglial network distant from

the site of activation. This allows for a concerted neurometabolic

coupling within the areas of activation. Through coupling glucose

utilization via astrocyte glycolysis to neuronal activity and oxida-

tive phosphorylation, ANLS model supports the implication of a

non-oxidative metabolic component during focal brain activation.41

The ANLS model lends support to the viewpoint that glucose

positron emission tomography (PET) signals may reflect glucose con-

sumption in astrocytes rather than neurons.35 This sparks a few

questions regarding the interpretation of PET data demonstrating

changes in glucose consumption (18-Fluoro-deoxyglucose [FDG] sig-

nal) as observed in AD. More studies are required to understand

the contributions of neuronal or astroglial component to glucose

metabolism.

Ageing process is associated with a 26% reduction of glucose

metabolism from ages 18 to 78.42 There is further deterioration in

glucose metabolic rates in neurodegenerative diseases including AD

and Parkinson’s disease (PD).43 In mild AD, [18F]FDG-PET demon-

strates a characteristic reduction of glucose metabolism in the pari-

etotemporal association cortices, posterior cingulate cortex, and the

precuneus.42 Aerobic glycolysis not coupled to oxidative phosphory-

lation is reduced in brain areas with high levels of tau deposition.44

Changes in glucose metabolic rate occur in brains of patients with mild

andmoderate PD. Disease associated reduction in glucosemetabolism

and impaired astroglial functioning adversely affects brain function
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through impaired neurotransmission, inefficient antioxidant defenses,

and neurodegeneration.

Astrocytes are the major sites of glycogen storage in the brain,

while neurons are nearly devoid of glycogen reserves. Neuronal activ-

ity regulates astroglial glycogen metabolism in conditions of adequate

glucose supply, which suggests that glycogen not merely serves as an

emergency energy reserve.45 Astrocytes derive lactate from glyco-

gen to provide neurons with energetic reserves during long-term

memory consolidation.46 This energetics is impaired in neurodegener-

ative diseases particularly AD. Inhibition of glycogen synthase leads to

decreased glycogenesis owing to an overactivation of GSK-3 in AD.47

The dynamics of glycogen metabolism are regulated by noradrenaline

and insulin. The former stimulates glycogenolysis (mobilization of

glycogen stores) while the latter promotes glycogenesis.48 It is unsur-

prising that degeneration of the noradrenergic system in AD and the

aberrant insulin signaling in AD and PD will further accentuate the

metabolic impairment.

Astrocytes and neurons exhibit different dependencies on mito-

chondrial oxidative phosphorylation. The composition and organiza-

tion of OXPHOS complexes in astrocytes is remarkably different

from the neuronal respiratory chain structure.49 Astrocytes contain

a smaller percentage of complex I assembled into super complexes

compared with neurons.50 The differences in respiratory chain com-

plex composition, distinctive transcriptional and molecular regulation

of key metabolic enzymes and substrate transporters explains the

higher glycolytic rates in astrocytes and their sophisticated antioxidant

defense system.33,50

Mitochondria are implicated in intracellular calcium signaling in

astrocytes, as metabolic demand and calcium signaling are closely

associated.33,35 Calcium release from mitochondria triggers spon-

taneous calcium ion oscillations in astroglial processes, which are

propagated to other astrocytes and ultimately trigger neuronal activ-

ity. These calcium-dependent processes support synaptic integrity and

regulate neurotransmission. Astrocytes actively respond to neuro-

transmitters through changes in calcium ion levels. Astrocytes react

to glutamate, GABA, acetylcholine, ATP, and endocannabinoids by

releasing glutamate, GABA, D-serine, and ATP to influence activity

of neighboring neurons. Since reactive astrocytes exhibit alterations

in calcium signaling, aberrant calcium signaling may be one of the

key mechanisms contributing to the pathology of neurodegenera-

tive diseases.33,35 Astrocytes and neurons demonstrate remarkable

cooperativity through release of neurotransmitters, dual sodium, and

calcium signaling, which suggests that astroglial metabolism is depen-

dent on the highmetabolic demands of neurons and represents a viable

therapeutic target.

8 THE CALCIUM HYPOTHESIS: A BRIDGE
BETWEEN VASCULAR FACTORS AND COGNITIVE
IMPAIRMENT

In ageing and AD, astrocytes acquire both atrophic and reactive phe-

notypes in a region- and disease-stage-dependent manner.51 Preva-

lence of atrophy over-reactivity, observed in certain brain regions

and in terminal stages of the disease, facilitates the development

of neurological deficits. Astrocytes exhibit ionic excitability mediated

by changes in intracellular concentration of ions, most importantly

of calcium ions and sodium ions, with intracellular ion dynamics

triggered by the activity of neural networks. AD astrocytes associ-

ated with senile plaques demonstrate calcium hyperactivity in the

form of aberrant calcium oscillations and pathological long-range cal-

cium waves. Astroglial calcium ion signaling originating from calcium

release from the endoplasmic reticulum is a key factor in initiating

astrogliotic response; deficient calcium signaling toolkits observed

in different cortices (e.g., entorhinal and prefrontal) of animal mod-

els of AD may account for vulnerability of respective regions to the

pathology.51,52

The calcium hypothesis was formulated a few decades ago—

originally by Landfield, Khachaturian and colleagues. It posits that

those transient large increases of calcium (as observed in stroke or

traumatic brain injury) result in neuronal damage owing to calcium

dyshomeostasis.53–55 It is predicted that the actual neurodegenera-

tive process due to stroke is like other triggers producing a disruptive

process. The theory postulates that small sustained and large rapid

transient increases of calcium produce pathogenic conditions that

contribute to age-related deficits and pathologies associatedwith neu-

rodegeneration. The upstream events that may play essential roles

include neuroinflammation, altered BBB permeability, apolipoprotein

E (APOE) effects at the blood vessel, altered energy metabolism,

impaired Aβ clearance, imbalanced circuitry, and altered lymphatic

flow. Each condition may involve different compensatory mechanisms

and homeostatic responses. The net effect is a brain susceptible to

dementia.53

Astrocytes are intimately involved in neurovascular coupling,

which plays a key role in controlling cerebral blood flow, both

physiologically and in disease. Neurovascular coupling at the capil-

lary and arteriole levels differs mechanistically. Neurovascular cou-

pling at the capillary level is largely dependent on astrocyte cal-

cium signaling via the iontropic ATP receptor P2 × 1. Arachi-

donic acid synthesis via a PLD2-DAGL pathway, and downstream

metabolism into prostaglandin E2 by COX1, are necessary for capil-

lary dilation, with the required synthetic enzymes being expressed in

astrocytes.56

The arteriole dilation is notmediated by astrocyte calcium signaling,

but instead depends on N-methyl-D-aspartate (NMDA) receptor-

mediated nitric oxide (NO) release. Activation of NMDA receptors, by

calcium-dependent release of D-serine from astrocytes, generates NO

from endothelial NO synthase (eNOS) in endothelial cells, and thus

helps to dilate penetrating arterioles.56 NMDA receptor activation

controls astrocyte calcium indirectly through diffusiblemediators such

as NO released from post-synaptic neurons, because astrocyte-patch

based NMDA inhibition with intracellular MK-801 preserves evoked

calcium transients. Astrocyte calcium play a fundamental role in ampli-

fying functional hyperemia—a phenomenon that is fundamental to

fueling the brain—when neuronal activation is prolonged.57 Astrocytes

contribute to neurovascular coupling at the arteriole and capillary
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levels could be specifically targeted therapeutically to increase blood

flow in pathological conditions.

In post mortem human AD brain specimens and rodent mod-

els of AD, reactive astrocytes exhibit signs of calcium dysregu-

lation or hyperactivation of key signaling mediators including the

calcium/calmodulin-dependent protein phosphatase calcineurin and

the calcineurin-dependent transcription factor nuclear factor of acti-

vated T cells (NFAT). Drugs that target CN/NFAT activity includ-

ing commercially available calcineurin inhibitors (e.g., tacrolimus),

small chemical NFAT inhibitors (e.g., Q134R), or peptide-based NFAT

inhibitors improve neuronal viability and/or function in animal models

exhibiting AD-like pathology. Beneficial actions in brain are found even

when calcineurin/NFAT inhibition is limited to astrocytes, suggesting

that reactive astrocytes play a causative role in pathophysiology and

cognitive decline in AD.58,59

Despite the indispensable role that astrocytes play in the neu-

rovascular unit, the functional impact of astrocyte signaling in

cognitive decline and dementia related to vascular pathology was

explored in mice fed with a vitamin B deficient diet resulting in

hyperhomocysteinemia (HHcy), cerebral vessel disease, and cognitive

decline. Astrocyte-specific inhibition of the calcium-dependent tran-

scription factor, NFAT, normalized cerebrovascular function in HHcy

mice, ameliorated synaptic properties in brain slices, and stabilized

cognition.58

9 ASTROGLIAL MODULATION OF THE BBB
AND GLYMPHATIC SYSTEM

Astrocytes are strategically placed at the interface of capillaries and

neurons, and form perivascular endfeet–which are astroglial terminal

processes–at the BBB (Figure 1).60 The astroglial endfeet contact the

brain vasculature surface that is facing the endothelial cells and peri-

cytes and enwrap neuronal synapses. This facilitates themodulation of

neuronal activity and cerebral blood flow, via increases in intracellular

calcium levels in the astroglial endfeet. Not only are astrocytes cen-

trally involved in bolstering the BBB systems but are also required for

maintaining transport pathways that constitute glymphatic system.60

The glymphatic system is a recently identified glial-dependent waste

clearance pathway in the brain to drain away soluble waste proteins

and metabolic products. This pathway subserves the cerebrospinal

fluid (CSF) flow into the brain along arterial perivascular spaces and

into the brain interstitial tissue facilitated by Aqp4 water channels.61

The vascular endfeet of astrocytes express the Aqp4 channels that

allow two-way water transport between blood and CSF compart-

ments, and brain parenchyma. It is the close interaction between the

astroglial network, Aqp4 water channels, and perivascular spaces—

which enables efficient exchange of solutes/ions and by-products of

metabolism between CSF, interstitial fluid, and bulk flow of water.

Impairment of the BBB and the glymphatic system leads to accumu-

lation and misfolding of proteins to initiate and propagate disease

pathogenicity in neurodegenerative diseases.

10 ASTROGLIAL ROLE IN CEREBRAL BLOOD
FLOW AND NEUROVASCULAR COUPLING

Astrocytes regulate an array of complex steps to co-regulate cere-

bral blood flow and neuronal activity referred to as neurovascular

coupling.62 The astrocyte participation in neurovascular coupling

occurs primarily at the level of capillaries and less relevant in

arterioles.62,63 Astrocytes detect local rises in extracellular glutamate

through metabotropic receptors, which activates a calcium ion depen-

dent signaling pathway.64 This pathway generates arachidonic acid and

downstream vasodilating metabolites including prostaglandins and

epoxyeicosatrienoic acids.65 Arachidonic acid diffuses to the vascular

endothelial cells where it is transformed to vasoconstrictingmolecules

such as 20-HETE.66 The divergent roles played by astroglial activa-

tion on cerebral hemodynamics that sustains brain’s activity is heavily

reliant on NO levels. NO levels regulate the routes of arachidonic acid

conversion. Themolecular orchestration underlying the neurovascular

coupling is intricate and includes adaptation to hypoxic conditions.67

Under pathological conditions as observed in neurodegenerative dis-

eases, including AD and PD, disruption of normal astrocyte physiology

compromises the regulation of blood flow, leading to cerebral hypop-

erfusion and impaired cerebral haemodynamics.33 For example, Aβ
exhibits vasculotoxic and vasoactive properties that mediate cere-

brovascular deficiency in AD.63 Individuals carrying the APOEε4 risk

variant demonstrate disrupted neurovascular coupling in preclinical

stages of AD.68 Impaired nutrient input, and accumulation of toxic

metabolic products due to cerebral hypoperfusion are worsened by

the loss of BBB integrity, a well-recognized feature of early AD, which

occurs in PD.33,69 Taken together, the disruptedBBB integrity contami-

nates the brain parenchymawith blood-borne immunogenicmolecules

and adversely affects the function of the glymphatic system.70 This

results in buildup of toxic protein aggregates in neurodegenerative dis-

eases, further emphasizing the importance of therapeutic modulation

of astrocytes.

11 REACTIVE ASTROCYTES: POLARIZATION OF
ASTROCYTES FROM RESTING (A0) TO ACTIVATED
STATES (A1 AND A2) AND BEYOND

Astrocytes undergo morphological, molecular, and functional remod-

eling in the presence of injury and disease states, to become reactive

astrocytes.71 Reactive astrocytes exhibit beneficial and detrimental

effects based on their reactivity profile. In mouse models of infection

and stroke induced by lipopolysaccharide (LPS) induction and middle

artery occlusion, respectively, resting astrocytes polarize to become

reactive astrocytes.72 Transcriptomics have been pivotal in profiling

of reactive astrocytes into neurotoxic (A1) and neuroprotective (A2)

forms.

A1 astroglial phenotype is induced by cytokines secreted by acti-

vated microglia, which include complement factors (C1q), TNF-α,
and IL-1α.71 This leads to A1 astrocytes unable to promote neuronal
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survival and outgrowth, synaptogenesis, and phagocytosis, and induc-

ing the demise of neurons and oligodendrocytes. Detailed transcrip-

tomic analyses have revealed that aged astrocytes adopt a phenotype

of neuroinflammatory A1-like reactive astrocytes in a region-specific

manner. Hippocampal and striatal astrocytes upregulated a greater

number of reactive astroglial genes compared with cortical astrocytes.

Aged brains form a plethora of A1 reactive astrocytes in response to

LPS-induced neuroinflammation. Upregulation of reactive astroglial

genes wasminimized in mice lackingmicroglial-secreted cytokines–IL-

1α, TNF, and C1q–which are involved in inducing A1 reactive astroglial
formation. The aging-induced up-regulation of reactive genes by astro-

cytes may contribute to cognitive decline in vulnerable brain regions

and contribute to the greater vulnerability of the aged brain to injury

as observed in neurodegenerative diseases. A1 astrocytes are found

to be in abundance in various neurodegenerative diseases—AD, PD,

HD, amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS). It

is estimated that around 30-60% of astrocytes in brain regions specific

to each neurodegenerative disease were A1 astrocytes and were

hypothesized to be integral for disease initiation and progression.71

A2 astrocytes exhibit a neuroprotective astroglial phenotype which

can be induced by microglia following traumatic brain injury.71 A2

astrocytes can be modulated in an acute ischemic spinal cord injury

model through silencing of miR-21. Nuclear factor IA (NFIA) has been

identified as a molecular switch to induce human glial competency,

which causes astroglial transitioning to adopt anA2profile in engrafted

adult mouse brain. A2 astrocytes increase expression of several neu-

roprotective factors to promote synaptic repair, growth, and survival

of neurons. This contrasts with the upregulation of reactive oxygen

species (ROS), IL-1β, and TNFα by the A1 astrocytes. Protective medi-

ators such as prokineticin-2 (PK2), chitin-like 3, frizzled class receptor

1, Nrf2, pentraxin 3 (PTX3), sphingosine kinase 1, and transmembrane

4 L6 family member 1 are upregulated in A2 astrocytes.71

11.1 Reactive astrocytes in AD

A1 astrocytes were higher than A2 astrocytes in post mortem AD.71

This suggests that the neurotoxic astroglial phenotype predominates

as 60% of GFAP-positive astrocytes expressed A1-specific markers

and is an important pathological feature of AD.71 In a mouse model

recapitulating cerebral amyloid angiopathy involving early Aβ depo-

sition in the cerebral vasculature, reactive astrocytes exhibited A1

phenotype. A1 astrocytes that surround amyloid plaques secrete

proinflammatory cytokines, for example, TNF-α, IL-1, and IL-6, pro-

moting AD pathogenesis.1 A1 astrocytes were activated by APOEε4
in a mouse model of tauopathy. Transcriptomics have unraveled

astroglial phenotypes beyond the A1/A2 phenotypes. The analyses of

single-nucleus transcriptome of the prefrontal cortex in AD and con-

trols have identified transcriptionally diverse astroglial subpopulations

that exhibit disease-specific changes.73 Genes implicated in synap-

tic signaling, synaptogenesis, and neurotransmitter synthesis were

downregulated—while genes suggestive of cellular stress and involved

in instigating innate immune responseswereupregulated inAD.73 RNA

sequencing analysis of single-nucleus of the hippocampus in wild-type

and transgenicmousemodel of AD revealed a disease-specific reactive

astroglial state observed in early disease phases and in the vicinity of

Aβ plaques.1 The disease-specific astrocytes are observed during the

early and advanced stages of AD pathogenesis.

The formation of Aβ plaques, one of the major hallmarks of AD

(alongside neurofibrillary tau tangles), is dependent on β- and γ-
secretases mediated cleavage of the parent protein, APP. Low levels

of APP and secretases have been observed in non-reactive astro-

cytes, but they are markedly upregulated in reactive astrocytes in the

presence of inflammation and accrued cellular stress.74 BACE1 is a β-
secretase detected in reactive astrocytes in Tg2576 mouse model of

AD.Exposureofprimarymouseastroglial cultures topro-inflammatory

cytokines, TNF-α and IFN-γ, leads to a robust increase in BACE1,

APP, and subsequent Aβ secretion.74 Similarly, endogenous levels of

APP and BACE1 in the astrocytes are increased in response to Aβ42
oligomers and fibrils, in Tg2576 mice.74 Evidence suggests that in

response to inflammation, reactive astrocytes contribute significantAβ
plaque load to accentuate AD pathology.

The spectrum of Aβ species mediating pathogenic changes in astro-

cytes is broad and complex. In PS1V97L-Tg mouse model of AD,

nonameric and dodecameric Aβ assemblies instigate neuronal injury

and cognitive deficits.75 Toxic Aβ oligomeric formswere duplicated in a

time-dependent manner specifically in astrocytes, and the BACE1 and

APOE proteins were responsible for this self-replicating effect.75 The

addition of Aβ1-40 and Aβ1-42 oligomeric species augmented the lev-

els of intracellular calcium in astrocytes but not in neurons. The rise

in calcium increased the rate of production of ROS by nicotinamide

adeninedinucleotidephosphate (NADPH)oxidase (NOX) inbothastro-

cytes and neurons. The increase in ROS then triggers caspase-3

activation, which leads to impairment of long-term potentiation (LTP;

a cellular analogue of memory). Diverse APP fragments and N- and

C-terminally truncated Aβ isoforms confer neurotoxicity in AD. The

findings discussed suggest an early and primary role for astrocytes in

mediating neuronal damage in AD.

The astrocytes are involved in the uptake of neuron derived Aβ.
This is supported by post mortem studies showing colocalization of

Aβ42with the a7 neuronal nicotinic acetylcholine receptor and choline
acetyltransferase in reactive astrocytes. Plaque-associated reactive

astrocytes enwrap, engulf, and digest presynaptic dystrophies in

the hippocampus of APP/PS1 transgenic mice.76 Microglia were not

involved in this clearance. Phagocytic reactive astrocytes were evident

in 35% and 67% of Aβ plaques at 6 and 12 months of age, respectively.

Only 7% of dystrophic neurites were engulfed by astrocytes, which

is low. The beneficial astroglial phagocytic process may become less

efficient due to accrual of dystrophic neurites during ADpathogenesis.

One of the important mechanisms underlying the uptake and clear-

ance of Aβ encompasses lipoprotein receptor-related protein 1 (LRP1).

LRP1 regulates the endocytosis of soluble Aβ−42 more efficiently

than that of Aβ−42 aggregates. LRP1 deletion in astrocytes leads to

disturbed interstitial fluid (ISF) Aβ clearance and elevates soluble and

insoluble Aβ levels in the brains of APP/PS1 mice.77 Impaired LRP1-

mediated Aβ clearance may occur due to APOE-induced endosomal
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dysfunction. APOE is predominantly expressed by astrocytes and

microglia and is an LRP1 ligand. Three different APOE isoforms have

been identified in humans: ε2, ε3, and ε4. APOEε4 is an established sus-
ceptibility risk locus in AD. In mice, astrocytes expressing the human

APOEε4 allele experience a downregulation of Na+/H+ exchanger

isoform 6, which results in over-acidification of the endosomes.78

This impairs the endocytic recycling of cell surface proteins such as

LRP1, with the receptor entrapped in intracellular compartments.

The reduced LRP1 availability at the cell surface inhibits effective Aβ
uptake and hence astrocyte-mediated clearance.78 The phagocytic

capacity of astrocytes may be dependent on APOE isoforms. The role

of LRP1 in mediating APOE-regulated astroglial phagocytic function-

ing in synaptic pruning and degradation of neuronal remnants/debris

and Aβ requires additional investigations.
APOE and clusterin (aka APOJ) null PDAPP mice had an ear-

lier onset of disease and markedly increased Aβ deposition in the

parenchyma, CSF, and ISF.79 The elimination half-life of ISF Aβ mea-

sured by in vivo microdialysis was significantly diminished in APOE

and clusterin knockout PDAPP mice.79 Astrocytes are the predomi-

nant source of clusterin albeit neuronal subpopulations also express

clusterin. Astrocytes synthesize and release clusterin into the extra-

cellular in physiological conditions. Co-culture experiments conducted

on rat hippocampal astrocytes and neurons demonstrated that clus-

terin incubationpreventsAβ-inducedastroglial calciumuptake, leading

to attenuated ROS generation and caspase-3 activation. Clusterin

blocked Aβ-induced inhibition of LTP on hippocampal slices. In another

study, incubationof clusterinwithAβ−42oligomers prior to their injec-

tion into the rat hippocampus prevented Aβ−42-induced learning and
memory impairments, glial inflammation, and neuronal degeneration.

In pathological conditions including AD, the additive effects of APOE

and clusterin involved in regulating Aβ deposition are impaired, leading

to increased Aβ deposition.
The presence of tau inclusions in the astrocytes is attributed to the

internalization of tau by astrocytes.80 Astroglial tau pathologies have

primarily been described based on six major distinct morphologies evi-

dent in primary tauopathies and age-related tau astrogliopathies. Age-

related astrogliopathy is a general term, which includes the presence

of granular-fuzzy astrocytes and thorn-shaped astrocytes.80 Although

these type of astrogliopathies are evident in the aged brain,80 they

have been implicated in neurodegenerative diseases including AD and

parkinsonism-related disorders. Thorn-shaped astrocytes are defined

as fibrillar astrocytes that are predominantly observed in subpial,

subependymal or perivascular areas, and white matter. At advanced

stages of AD, thorn-shaped astrocytes comprise of phosphorylated tau

and tau exhibiting abnormal conformations. Thorn-shaped astrocytes–

extracted from patients with age-related tau astrogliopathies and

containing hyperphosphorylated tau–injected into the hippocampus of

wild-typemicedisplayhyperphosphorylated taudeposits in astrocytes,

neurons, and oligodendrocytes. Hyperphosphorylated tau is transmis-

sible from thorn-shaped astrocytes to neurons, which underscores the

integral role played by astrocytes in the propagation of tau pathol-

ogy. In addition, the accrual of tau oligomers in the astrocytes leads to

calcium dyshomeostasis and subsequent synaptic dysfunction. Further

research is warranted to establish the exact mechanism which causes

exacerbation of tau pathology in neurodegenerative diseases including

AD.

Although a detrimental role for astrocytes has been defined in the

context of propagating tau pathology; however, astrocytes exhibit ben-

eficial properties by endocytosing tau through transcription factor EB

(TFEB), tomediate clearance of excess tau.81 TFEB is activated by lyso-

somal stress, which causes TFEB to translocate from the cytoplasm

to the nucleus resulting in transcription of target genes to promote

formation of autophagosome and biogenesis of lysosomes. The impair-

ment of autophagy contributes to accumulation of protein aggregates

in AD. Upregulation of TFEB expression has been observed in famil-

ial AD involving presenilin mutations and is considered a protective

mechanism.

Recently, astroglial-sourced IL-3 was found to program microglia

to ameliorate AD pathology.82 Astrocytes constitutively produce IL-

3 to elicit transcriptional, morphological, and functional programming

of microglia, which stimulates microglia to induce an acute immune

response, enhancedmotility, and the capacity to clear aggregates of Aβ
and tau.82 These molecular changes mediated by astrocytes limit AD

pathology and cognitive decline, implying a beneficial role conferred by

astrocytes.

Astrocytes play dual roles in tau pathology, where they may initially

be involved in active clearance of pathological tau species. But with

the accumulation of tau aggregates in astrocytes, astrocytes may lose

their protective function (Figure 2) and instead may contribute to the

spreading of tau pathology in AD and other tauopathies.

11.2 Reactive astrocytes in PD

Pharmacological inhibition of microglial-induced polarization of astro-

cytes into the A1 phenotype is protective for dopaminergic neurons

and ameliorates behavioral impairment. The overexpression of α-
synuclein induces A1 astrocytes to release chemokines (CCL2, CCL20,

CXCL1, and CX3CL1) and pro-inflammatory cytokines (TNF-α, IL-1,
and IL-6), which may contribute to dopaminergic dysfunction and

neurodegeneration.83 This suggests that A1 astrocytes contribute to

neuronal toxicity in PD. The analysis of single-nucleus transcriptome

of SN acquired from patients with PD reveal two astroglial subpopu-

lations, with one expressing neuroinflammatory genes and the other

expressing genes involved in repair.84

Protective upregulation of DJ-1 has been selectively observed in

reactive astrocytes in PD. Overexpression of astroglial DJ-1 was pro-

tective against neurotoxicity in animal models of PD. Impaired DJ-1

functioning may impair neuroprotective properties and in turn accen-

tuate PD pathology. Another astroglial protein, parkin, is selectively

expressed under pathological conditions. Mutations in PARK2 gene

that encodes parkin, tend to confer a loss of function and are associ-

ated with increased accumulation of α-synuclein in post mortem brains

of patients with PD.85 Since parkin plays a role in astroglial prolifera-

tion, knockout of parkin leads to astroglial dysfunction and aggravated

neuronal death in mice. Similarly, overexpression of Nrf2 in reactive
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F IGURE 2 Astrocytes in a pathological challenge. Reactive astrocytes lose their neuroprotective profile in favour of gain of toxic function
leading to astroglial dyshomeostasis, contributing to neuroinflammation, neurodegeneration, impaired brain defenses, and propagating protein
aggregation, in neurodegenerative diseases.

astrocytes conferred neuroprotection in 6-OHDA, MPTP, and A53T

mouse models of PD. MPTP toxicity in mice accelerated dopaminergic

neuron loss in connexin30 (an astroglial gap junctionprotein) knockout

mice.86 Microarray analysis of striatum revealed attenuated expres-

sion of pan-reactive and A2 astroglial genes after induction of MPTP

toxicity in connexin 30 knockout mice, with no change in themicroglial

gene expression. Moreover, MPTP toxicity in connexin 30 knockout

mice reduced the number of striatal astrocytes co-expressing glial cell

line derived neurotrophic factor (GDNF) mRNA and S100β protein or

S100a10mRNAand S100β protein.86 These findings demonstrate that

astrocytes play essential roles in regulating neuroinflammation in PD.

The accumulation of α-synuclein, which is a hallmark of PD, has

been observed in astrocytes. Astrocytes can mediate clearance of α-
synuclein via endocytosis of α-synuclein released by axonal terminals,

as suggested by the localization of α-synuclein immunoreactive puncta

in the lysosomal compartments of astrocytes.81 However, increased

uptake of α-synuclein oligomers by astroglia overwhelms the lysoso-

mal degradation pathway, which results in formation of α-synuclein
deposits and mitochondrial impairment. This suggests that patho-

logical accumulation of α-synuclein leads to diminished physiological

function of astrocytes as well as a gain of toxic function in astrocytes

in PD (Figure 3).

12 COMPLEX PHENOTYPIC DIVERSITY OF
ASTROCYTES EXTENDS BEYOND A1 AND A2
PROFILING

Although reactive astrocytes are binarized into A1 and A2 astrocytes,

only a subset of A1 and A2 genetic transcripts are upregulated in

astrocytes in human AD or HD, or from numerous mouse models of

acute and chronic CNS diseases.87 Most importantly, the phenotypic

diversity and its causal link to toxic or protective functions awaits

experimental validation. The binary polarization of reactive astrocytes

is simple as astrocytes exhibit profound phenotypic diversity, which is

also complex andnotwell understood. This is highlightedby thenumer-

ous stage-dependent transcriptomic states in HD, AD, andMS that fail

to comply with A1 and A2 profiles.87 Advanced statistics performed

on multidimensional data and co-clustering approaches have demon-

strated that A1 and A2 transcriptomes represent only two of themany
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F IGURE 3 Dynamic changes in astroglial activation underlie progression of neurodegenerative diseases. In pre-symptomatic phases,
astrocytes promote neuroprotection through homeostatic regulation of pro-inflammatory and anti-inflammatory cytokines. In the prodromal
stages, when the proteins that are thought to be toxic in the respective neurodegenerative diseases accumulate, there is predominant increase
(activation) of protective phenotype of astrocyte. However, as the toxic insult continues, there is a switch from neuroprotective profile to
neurotoxic profile. During the neurodegenerative phases, the persistent accumulation of pathological aggregates and their ensuing toxicity causes
astroglial dystrophy. This causes a loss of the homeostatic control through dysregulated increase in pro-inflammatory phenotype over
anti-inflammatory phenotype, leading to disease pathogenesis (adapted from Livingstone et.al; 2022)93.

putative astroglial transcriptomes segregating along several latent

variables. The analysis underscores the importance of multidimen-

sional data to establish the distinctiveness of astroglial phenotypes,

and to characterize the extensive and precise functional diversity of

reactive astrocytes unveiled by transcriptomics.87

13 USING PET IMAGING TO DETECT
ASTROCYTES

Astrocytes andmicroglia mediate dynamic andmulticellular processes

of neuroinflammation. Acute inflammation is beneficial in response to

CNS injury; however, chronic inflammationmay cause more harm than

benefit in neurodegenerative diseases. Since neuroinflammation is a

keypathological driver of neurodegenerativedisease, thedevelopment

of specific and sensitive tracers for PET studies are pivotal for track-

ing neuroinflammation in living patients andmay aid in the diagnosis of

neurodegenerative diseases.

13.1 Astroglial-specific PET tracers

Various PET tracers have been developed that non-selectively detect

microglia and astrocytes.88 [11C]-deuterium-L-deprenyl ([11C]DED)

binds to monoamine oxidase-B (MAO-B), which is highly abundant in

the astrocytes. As aproof of concept, strong correlationhasbeennoted

for [11C]DED and MAO-B activity in the autopsy brain tissue for both

non-demented and AD cases. [11C]DEDhas been useful for visualizing

reactive astrogliosis in chronic brain diseases including Creutzfeldt-

Jakob disease, ALS, and epilepsy. Most of the work with 11C-DED has
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been done in patients with AD. A high degree of reactive astrogliosis as

revealed by [11C]DED has been demonstrated in cortical and subcor-

tical regions in Aβ-positive MCI relative to controls, Aβ-negative MCI,

and AD patients, and in pre-symptomatic autosomal-dominant AD. An

initially high and then declining astrocytosis is observed in prodromal

AD, in contrastwith the increasingAβ plaque deposition during disease
progression, implicating astroglial activation in early AD pathology.

Previous studies demonstrate negative correlation between

reactive astrogliosis and Aβ plaque load. A positive correlation

between [11C]DED and [18F]FDG uptake has been reported in

pre-symptomatic autosomal-dominant AD, but not in non-carriers.89

MAO-B represent attenuated glucose demand by astrocytes owing

to astrodegeneration. This term defines astroglial phenotype closely

associatedwith progression of neurodegenerative disease and thereby

reduced glucose utilization or lactate availability for neurons in the

vicinity. Astrocytes may contribute to glucose metabolism. In ALS,

similar correspondence between [11C]DED and [18F]FDG uptake was

observed where increased MAO-B was evident in the pons and white

matter and found hypermetabolism in similar brain regions.90 This

change in glucose metabolism was attributed to neuroinflammation.

Similarly, a late-phase decline in MAO-B expression in autosomal-

dominant AD could potentially be considered a downstream effect of

early MAO-B upregulation and a reflection of chronic neuroinflamma-

tion due to excess glutamate, leading to impaired astroglial functioning

and atrophy.89

Autoradiography experiments using 3H-PIB and 3H-DED demon-

strate that astrocytosis exhibit a distinct regional pattern in AD brain

compared to fibrillar Aβ.91 This may be due to different types of

astrocytes associatedwith pathophysiological processes in AD. A clear

lamination pattern was evident with high 3H-PIB and 3H-DED bind-

ing in the superficial layers of the frontal cortex.91 However, 3H-PIB

demonstrated lower binding to fibrillar Aβwhile 3H-DED showed high

binding to activated astrocytes throughout the hippocampus. A simi-

lar discordance in the laminar distribution of these twomodalities was

prevalent in the medial temporal gyrus and insular cortex. Immuno-

histochemical detection of GFAP-positive astrocytes were observed

in the vicinity and surrounding Aβ neuritic plaques in the frontal cor-

tex and the hippocampus.91 Consistent with autoradiography, fewer

Aβ plaques were present in the hippocampus, but some hippocam-

pal GFAP immunoreactive astrocytes contained Aβ positive granules

within their somata.91 Soluble Aβ oligomers rather than Aβ plaques

per se are the real culprits mediating neuronal damage. It is not known

whether concentration of Aβ oligomers or intracellular Aβ are signifi-
cantly greater in the hippocampus relative to cortical regions. Studies

have not characterized the numerous Aβ oligomeric assemblies in AD

postmortem brain, instead used cortical brain extracts. Non-fibrillar

Aβ aggregates are not detected by amyloid PET tracers. Hence, solu-

ble assemblies may underlie the increased astrogliosis observed in the

hippocampus.

Similar laminar brain distribution of tau deposits and activated

astrocytes has been observed, suggestive of an intimate pathological

interconnection. 3H-THK5117 tau tracer showed a distinct laminar

cortical binding akin to 3H-DED autoradiography, with an extensive

binding in the superficial and deep layers of the temporal neocortices,

whereas the middle frontal gyrus showed an even binding through-

out the layers.88 A positive correlation was evident between activated

astrocytes and tau loads for carriers of Arctic mutation in the amyloid-

β precursor protein (AβPParc), but not in presenilin 1 mutation carrier

(PSEN1ΔE9). The differences in APP and PSEN1mutation yieldsmajor

differences in Aβ and tau deposition, which may differentially affect

astroglial activity.

A few caveats concerning the use of [11C]DED urge caution when

interpreting findings. [11C]DED is not a marker for astroglial function

per se; it is rather a measure of MAO-B expression and not astroglial

glucose or glutamate uptake. MAO-B is not exclusive to astrocytes but

is also expressed by microglia, non-reactive astrocytes, serotonergic,

histaminergic, and cholinergic neurons.Moreover, it suffers from a lim-

itation in that it is not elevated at late disease stages when Aβ load is

high.

[11C]BU99008—a PET ligand targeting imidazoline-2 binding sites

(I2BS) exclusively expressed on astrocytes and involved in the regu-

lation of GFAP expression—was found to detect reactive astrocytes

with good selectivity and sensitivity in animals and humans.88 Human

studies have demonstrated a favorable biodistribution and dosime-

try profile for [11C]BU99008. Regional binding studies with BU99008

demonstrated significantly higher astrogliosis (indicated by higher

BU99008 uptake) in the hippocampus and frontal cortex homogenates

derived from patients with AD compared with cognitively normal.

Comparative autoradiography studies strengthened these findings,

showing higher specific binding for 3H-BU99008 than 3H-DED in spo-

radic AD brain compared to CN, suggesting BU99008 tracer binds to a

different target site than DED tracer.

We have recently demonstrated that [11C]BU99008 can track

astrocytosis in people with late-life cognitive impairment.92 In Aβ-
positive cognitively impaired, [11C]BU99008 was particularly pro-

nounced in frontal, temporal,medial temporal, andoccipital lobes, com-

pared with individuals who were cognitively normal. Using biological

parametric mapping, we found a positive voxel-wise neuroanatomical

correlationbetween 3H-BU99008and [18F]florbetaben.92,93 This sug-

gests that astrocyte reactivity is found particularly in cortical regions

with Aβ overload and is consistent with animal and human studies

showing astroglial reactivity in the vicinity of Aβ plaques. Astrocytes
are key mediators of Aβ-induced neurotoxicity and tau phosphoryla-

tion in primary culture, through augmented expression of neurotoxic

substances such as NO and TNF-α. The activation of astrocytes prior

to the development of AD as observed in late-onset cognitive impair-

ment implies that astroglial activation is an early event in the disease

pathogenesis.92 Indeed, increased [11C]DED binding in autosomal

dominant ADpatients andAβ-positiveMCI subjects has been reported

and discussed in the preceding sections. [11C]BU99008 uptake was

observed in Aβ-negative cognitively impaired individuals, which sug-

gests that Aβ plaques detected by [18F]florbetaben are not necessary
for astroglial reactivity.92 Astroglial reactivity is capable of accelerat-

ing Aβ production via increased expression of APP and its cleavage

enzymes, β-secretase and γ-secretase. The lysis of dead phagocytic

astrocytes that have engulfed Aβ peptides may even contribute to the



EDISON 13

genesis of the consolidated Aβ plaques detected by PET Aβ imaging in

vivo.

Astroglial reactivity is not confined to AD pathology and may

represent a common theme of neurodegeneration prevalent across

neurodegenerative diseases. The greatest increase in astrocytosis

revealed by [11C]BU99008 was observed in early PD, while a loss

of BU99008 uptake was seen in moderate/severe PD.94 The studies

discussed suggest that astrocytes are involved in the initiation and

progression of neurodegenerative diseases, such as PD and AD.92,94

Reactive astrocytes may be observed early and could reflect a neuro-

protective compensatory mechanism and a pro-inflammatory upregu-

lation in response to Aβ or α-synuclein pathology. However, with the

advancing disease progression, astroglial functionmaybe impaired and

their degeneration is a contributory factor to disease pathogenesis.

Astrocytes regulate homeostasis of brain glucose metabolism and

contribute to [18F]FDGuptake in the brain. The regional decline in glu-

cosemetabolismobserved inPET studiesmay reflect astroglial atrophy

and degeneration, which means loss of astroglial support to neurons

leading to neuronal demise and hypometabolism.

13.2 [18F]FDG-PET

Astrocytes outnumber neurons by a ratio of 4-5 fold particularly in

the cerebral cortex, which make astrocytes a strong contender for

[18F]FDG-PET uptake. Astrocytes couple neuronal activity to glu-

cose utilization. In response to glutamate released by active neurons,

glucose is predominantly taken up by astrocytes; glucose is then

metabolized to lactate,whichprovides apreferredenergy substrate for

neurons.95 More specifically, astroglial glutamate transport through

GLT-1 or GLAST has been demonstrated to act as trigger to signal

glucose uptake by astrocytes. GLT-1 or GLAST knockout mice display

reduced [14C]−2-deoxyglucose uptake in the somatosensory cortex

following whisker stimulation. These findings reinforce the view that

[18F]FDG PET signal is largely representative of glucose metabolism

by astrocytes rather than neurons. The first in vivo PET evidence for

astroglial glutamate transport via GLT-1 triggering glucose uptake has

been provided in a rat brain.96 [18F]FDG PET signal is substantially

affected by the activation of astroglial glutamate transport.

Longitudinal decline in astroglial function as measured using

[11C]DED PET was significantly associated with progressive

hypometabolism ([18F]FDG PET uptake) in mutation carriers;

however, no significant association was observed in noncarriers.89

If astrogliosis is an early event, some studies demonstrating cortical

hypermetabolism on [18F]FDG PET particularly in subjects with

MCI may be reflective of increased compensatory astroglial activ-

ity. Once patients develop considerable Aβ and tau pathology, the

astroglial functionality may be impaired and is expressed as glucose

hypometabolism on [18F]FDG PET. An inverse association between

high Aβ load and decreased astrocyte uptake ([11C]BU99008) in the

temporal cortex.93 The decreased astrocyte uptake was associated

with greater relative progression of Aβ-associated neuropathol-

ogy, that is, glucose hypometabolism and grey matter atrophy. The

reduced astrocyte uptake in the temporal cortex reflects astrocyte

dystrophy, which leads to astroglial and neuronal atrophy, and glucose

hypometabolism ([18F]FDG PET). Regional reductions in [11C]DED

and [18F]FDG PET signals have been reported with regionally more

advanced [11C]PIB PET in a longitudinal study involving patients with

autosomal dominant MCI or AD. A regionally dynamic relationship

between astroglial reactivity and Aβ uptake has been reported, where
increased Aβ load in primary motor and sensory areas (in which Aβ
deposition occurs later) was associated with increased astroglial

uptake.93 These findings demonstrate the widespread heterogeneity

in the astrocytes and their region-dependent associationwithAβdepo-
sition and glucose hypometabolism. It appears that astroglial reactivity

may be triggered by early Aβ-deposition; however, the sustained

pro-inflammatory astroglial reactivity with greater Aβ deposition may

lead to astroglial dystrophy and Aβ-associated neuropathology. Future
research should aim to dissect the exact determinants of [18F]FDG

PET in longitudinal studies, with a renewed focus on particularly

astrocytes in shaping glucosemetabolism.

14 THERAPEUTIC IMPLICATIONS

Astroglial modulation may be a viable therapeutic approach to con-

sider in neurodegenerative diseases. We hypothesize that early on in

neurodegenerative diseases, astrocytes become activated as part of

a compensatory response to counteract the accruing disease pathol-

ogy. However, this beneficial activation is impaired yielding a defective

protective response. In later stages of the disease pathology, chron-

ically activated astrocytes revert to a proinflammatory phenotype

mounting an exaggerated detrimental response, further aggravat-

ing disease pathology. Understanding the role of astrocytes in the

trajectory of neurodegenerative diseases allows us to intervene in

multiple ways. Different treatmentsmay be required to either (1) stim-

ulate anti-inflammatory properties of astrocytes while suppressing

the pro-inflammatory effects, and/or (2) targeting astroglial-mediated

functions, depending on the stage of neurodegenerative disease.

14.1 Modulating astroglial-mediated
neuroinflammation

Astrocytes play important roles in maintaining neuronal functions

by producing various cytokines, chemokines, and growth factors,

which serve as molecular coordinators of neuron-glia interactions.

At the sites of neuroinflammation, astrocyte-derived cytokines and

chemokines play both neuroprotective and neurotoxic roles in brain

lesions of human neurological diseases. Non-stimulated human astro-

cytes in vitro were found to express eight cytokines, including G-CSF,

GM-CSF, GROα (CXCL1), IL-6, IL-8 (CXCL8), MCP-1 (CCL2), MIF, and

Serpin E1. Following stimulationwith IL-1β andTNF-α, activated astro-
cytes newly produced IL-1β, IL-1ra, TNF-α, IP-10 (CXCL10), MIP-1α
(CCL3), and RANTES (CCL5), in addition to the induction of sICAM-1

and complement component 5.97 Most of cytokines and chemokines
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produced by non-stimulated and activated astrocytes are direct tar-

gets of the transcription factor NF-kB. Cultured human astrocytes

express a distinct set of NF-kB-target cytokines and chemokines in

resting and activated conditions, suggesting that the NF-kB signal-

ing pathway differentially regulates gene expression of cytokines and

chemokines inhumanastrocytes underphysiological and inflammatory

conditions. Although the precisemechanisms remain to be deciphered,

Aβ/NF-κB interaction in astrocytes may play an important role in AD

pathophysiology.98,99 Exposure toAβactivates astroglialNF-κBandC3
release. High levels of C3 expression are observed in brain tissue from

AD patients and APP transgenic mice.100 This pathway may provide a

potential entry point for therapeutic intervention in ADbecause short-

termC3a receptor inhibition rescuedmultiple cognitive deficits in APP

transgenic mice.

Myeloid differentiation primary response 88 (MyD88), an adapter

protein, participates in inflammatory responses driven by TLRs (except

TLR3) and receptors of the IL-1 family of cytokines. While astrocytes

express these receptors constitutively, their levels are upregulated

in AD. MyD88 acts as a bridge between these receptors and IL-1

receptor-associated kinases, amplifying inflammatory signals via the

activation of transcriptional factors NF-κB and activator protein-1.101

TLRs and IL-1 family of cytokine signaling have been associated with

AD pathogenesis, with Aβ directly activating some of these recep-

tors. Pharmacological inhibition of the interaction between TLR2 and

MyD88ameliorated inflammation andAD-like pathology in the 5XFAD

mousemodel.102

MyD88 are enriched in astrocytes near Aβ plaques and neurofib-

rillary tau tangles. Deletion of astrocytic MyD88 in mice conferred

protection against Aβ-induced acute synaptic toxicity and cognitive

impairment. Loss of astrocytic MyD88 ameliorated astrocytic reactiv-

ity, lowered levels of proteins involved in inflammation, and increased

expression of synaptic-related proteins.103 SinceMyD88 play a pivotal

role in the regulation of astrocytes in response to AD pathology, they

may serve as a molecular marker of AD and an attractive therapeutic

target.

14.1.1 Therapeutic modulation of astrocytes by
minocycline

Since astrocytes along with microglia and peripheral immune cells,

function as key regulators of inflammation in the CNS, modulation of

these cells may prevent pro-inflammatory responses.104 Minocycline,

an antibiotic with anti-inflammatory properties, reduced the number

of activated astrocytes in the cortex of young human tau transgenic

mice.105 Minocycline treatment significantly reduced global levels of

many pro-inflammatory factors: GM-CSF, I-309, eotaxin, IL-6, IL-10,

M-CSF,MCP-1 (CCL2), MCP-5 (CCL12), and TREM-1.106

14.1.2 Therapeutic modulation of astrocytes by
non-steroidal anti-inflammatory drugs

Another drug class with potential to modulate inflammation in AD

and induce intriguing effects on astrocyte function is non-steroidal

anti-inflammatory drugs (NSAIDs).107 Reactive astrocytes neglect

their neuronal supportive functions, thus rendering neurons vulner-

able to neurotoxins including pro-inflammatory cytokines and ROS.

NSAIDs may interact with astrocytes by modulating their activation

and migration. A short-term treatment with ibuprofen of adult APP-

transgenic mice resulted in a significant reduction in the number of

reactive astrocytes in the hippocampus and cortex.108 The effects of

NSAIDs on number of reactive astrocytes may be due to its inhibitory

effect on Aβ deposition or a direct modulating effect on astrocytes. In

rat primary cultures, ibuprofen produced profound stellation of astro-

cytes and altered their migration. In mouse and human astrocyte cell

culture ibuprofen reduced α1-antichymotrypsin release induced by

LPS or IL-1β.109 Ibuprofen significantly reduced NMDA-induced neu-

ronal cell death inmixed cortical cultures containingmice neuronal and

glial cells but not in near-pure neuronal cultures containing less than

5% astrocytes. NSAIDs may protect against AD via direct and indirect

interaction with reactive astrocytes.107

14.1.3 Therapeutic modulation of astrocytes by
γ-secretase modulator

Moreover, chronic treatment with CHF5074 (a novel γ-secretase
modulator) in Tg2576 mice increased localization of reactive astro-

cytes around Aβ plaques.106,110 These changes indicate cytoskeletal

reorganization to promote migration to areas of injury, enabling

increasedastrocyte-mediatedneuroprotection (i.e., phagocytosis ofAβ
plaques).

14.2 Targeting astroglial-mediated functions

14.2.1 Cell’s intrinsic antioxidant system

No treatments exist that formally target astrocytes per se in neurode-

generative diseases. Clinical trials involving N-acetylcysteine demon-

strated improved cognitive performance in a subset of patients with

AD (n = 47).111 N-acetylcysteine is a precursor to the amino acid

cysteine, which is astroglial derived and essential for neuronal glu-

tathione synthesis, for maintenance of antioxidant status of cells to

combat oxidative stress. The presence of astroglial cells has been

demonstrated to increase the content of glutathione in neurons, which

supports the notion of ametabolic interaction between astrocytes and

neurons mediating glutathione metabolism. It has been suggested that

astroglial cells generate the precursor of neuronal glutathione through

their ectoenzyme γ-glutamyl transpeptidase from the glutathione that

they release.

A randomized, double-blind, pilot evaluation of intravenous glu-

tathione in PD was conducted (n = 21).112 Although glutathione was

well tolerated, no clinical benefit for patients with PD was observed

due to its low permeability across the BBB.112 Zonisamide, an epileptic

drug, was found to increase GSH production by astrocytes and reduce

α-synuclein neurotoxicity and protected dopaminergic neurons in a

mouse model of PD.113 Daily administration of zonisamide was found
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to significantly improve motor function in patients with DLB and PD

and was well tolerated in phase 3 clinical trials. Moreover, zonisamide

improved wearing-off without increasing dyskinesia in patients with

PD in phase 3 clinical trials.

The activation of astroglial serotonin 1A receptor by agonist 8-

hydroxy-2-(dipropylamino)tetralin hydrobromide induced astroglial

expression of the antioxidant metallothionein-1/2, which protected

dopaminergic neurons in rodent models of parkinsonism.114 One such

serotonin 1A receptor agonist, pardoprunox, led to improved motor

symptoms in patients with early PD.

FDA-approved ceftriaxone, a β-lactam antibiotic, was repositioned

for use in ALS, as it increased astroglial expression of GLT-1 and

induced neuroprotective action in ALS mouse model. In a combined

phase 1, 2, and 3 trials, ceftriaxone significantly delayed functional

decline in patients with ALS during stages 1 and 2. However, this

ceftriaxone-mediated benefit was not translated in stage 3 and no dif-

ferences were observed in patients receiving ceftriaxone (n = 156)

comparedwith placebo (n= 71).115

14.2.2 Astroglial metabolism

Liraglutide, a glucagon-like peptide-1 (GLP-1) analogue, which is cur-

rently approved for type 2 diabetes and obesity is being trialed in a

phase 3 study in patients with mild AD.116,117 GLP-1 is a glycopro-

tein excreted by gut entero-endocrine cells and exerts neuroprotective

effects by reducing the levels of Aβ oligomers in transgenic models

of AD, normalizing synaptic plasticity in APP/PS1 mice, and attenu-

ating the decline in cerebral glucose metabolism in human AD, and

increasing the proliferation of neuronal progenitor cells in APP/PS1

and littermate control mice. GLP-1 improves the supportive ability

of astrocytes to neurons by promoting aerobic glycolysis in 5xFAD

mice and astroglial cell models, and subsequently reducing brain oxida-

tive phosphorylation levels and oxidative stress. GLP-1 alleviated the

Aβ-induced glycolysis decreases in astrocytes resulting in reduced

oxidative phosphorylation levels and ROS production. At behavioral

level, GLP-1 mediated biochemical effects were observed in the form

of improved cognitive performance. The mechanism underlying the

neuroprotective effects of GLP-1 was activation of PI3K/Akt path-

way, intimately involved in energy metabolism and cellular survival.

The increased astroglial glycolysis ameliorated astroglial support of

neurons and promoted neuronal survival and axonal growth. Themod-

ulation of the energic phenotype of astrocytes may be a promising

therapeutic target and could prove to be an effective way of delaying

the progression of AD.

14.2.3 Astroglial calcium signaling

Intracellular calcium ion homeostasis is essential for neuronal function,

and impairment of calcium homeostasis might be a major mechanism

through which Aβ and tau exert their neurotoxicity. The voltage-gated
calcium channels allow calcium influx following neuronal depolariza-

tion and receptor-operated calcium channels (e.g., NMDA receptors).

Treating calcium hikes represents an important therapeutic target.

Toxic Aβ augments cytosolic calcium thatmay affect enzymes including

proteases or phosphatases, resulting in cytoskeletalmodifications, free

radical production, and apoptosis. Aβ may cause excessive activation

of calcium channels and form pores in the cytosolic plasmamembrane.

This allows a substantial influx of calcium ions from the extracellular

space into the cytosol, impairing cellular function. Aβ has been found

to potentiate calcium influx through the voltage gated calcium chan-

nels, particularly the L-type. Nimodipine is an L-type voltage gated

calcium channel inhibitor that was able to block excessive calcium

influx in Aβ-treated cultured neurons.118 However, this phenomenon

was not observed in brain slices frommousemodels of AD.119 In a NIL-

VARDmulticentre trial, L-type voltage gated calcium channel inhibitor

attenuated Aβ levels but failed to ameliorate cognitive decline.120 Tau

aggregates increase cytosolic calcium andROS generation viaNADPH.

This effect was prevented by nifedipine and verapamil, both L-type

voltage gated calcium channel inhibitors. Tau fibrils activate voltage

gated calcium channels leading to neuronal dysfunction.121

NMDA receptors are permeable to calcium and often implicated

in neuronal pathophysiology.118 Memantine is an approved NMDA

receptor antagonist for the treatment of AD, which provides mod-

est memory and cognitive improvements in moderate to severe AD.

Memantine works by restricting excessive calcium influx, reducing

neuronal excitability while preserving basal NMDA receptor func-

tion. Memantine exerts neuroprotective effects against oxidative

stress, neuroinflammation, and tau phosphorylation. Galantamine,

rivastigmine, anddonepezil are the anti-cholinesterase approveddrugs

to treat AD. These treatments work by increasing acetylcholine

levels, which delay progression of AD through calcium-dependent

mechanisms.118 In addition, anti-cholinesterase drugs administered

with memantine may provide improved behavioral, cognitive, and

global outcomes in patients affectedwithAD. Aducanumab is a contro-

versial FDA approved treatment forMCI due to AD andmild AD in US,

which selectively binds to aggregated Aβ fibrils and soluble oligomers

(and not monomers) and was found to ameliorate calcium dysregula-

tion inAD.122 Systemic administration of aducanumab rescued calcium

overload in neurons.

Mitochondria buffer calcium and regulate calcium levels required

for synaptic functioning.123 Mitochondrial calcium uptake activates

some dehydrogenases at the electron transport chain, activating

mitochondrial respiration and ATP production. Lysosomes are acidic

organelles that participate in the endolysosomal system. They are

important for autophagy and intracellular calcium storage (with com-

parable calcium levels to those of the ER). Lysosomal calcium efflux has

been linked to changes in lysosomal pH.124 Impaired calcium signal-

ing due to alteredmitochondrial and lysosomal functioning is observed

in AD and represent attractive therapeutic options. Mitochondria-

targeted protective compounds have shown favorable outcomes inAD.

These include antioxidants vitamin E andC, coenzymeQ10,mitoQ, and

phenylpropanoids including resveratrol, quercetin, and curcumin.118

The Szeto-Schiller (SS) tetrapeptides, an alternative type of antioxi-

dants that target mitochondria, have been tried.125 These are small
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molecules that can reach the mitochondrial matrix and act as antioxi-

dants. SS31 combined with mitochondrial division inhibitor 1 showed

favorable results in vitro suggesting warranting further exploration of

mitochondria-targeted antioxidants in AD.126

Astrocytes do not generate action potentials but exhibit tran-

sient fluctuations in calcium followed by release of gliotransmitters

in response to neurotransmitters.118 Since astrocytes are the most

abundant cells and ensure neuronal homeostasis, targeting calcium

signaling is likely to modulate astroglial responses with potentially

beneficial outcomes in AD. Reactive astrocytes in the vicinity Aβ
plaques express augmented levels of mGluR5, which induces cal-

cium release from the intracellular stores. Astrocytes exposed to Aβ
in vitro lead to increased basal intracellular calcium levels owing

to extracellular calcium entry, release from mGluR5 and IP3R, and

induced calcium oscillations.127 Pharmacological inhibition of ER cal-

cium release inhibits Aβ-induced astrogliosis, suggestive of aberrant

astrocytic calcium causing neurotoxicity.128 APOEε4 has been found

to dysregulate calcium excitability in astrocytes by altering membrane

lipid composition.129 In primary cortical co-cultures of neurons and

astrocytes, astrocytes exposed to insoluble tau aggregates failed to

elicit a calcium response.121 Further research is required to investi-

gate the effects of tau on astroglial calcium, which remains an area of

research in its infancy.

In physiological conditions, astrocytes demonstrate sporadic cal-

cium ion transients as a signature of astroglial activity.130 In the

presence of Aβ, astrocytes exhibit higher resting calcium levels partic-

ularly in the areas of Aβ deposits.131 Future studies are warranted to

determine the exact Aβ species mediating the calcium dyshomeosta-

sis. Calcium hyperactivity in astrocytes is associated with abnormal

purinergic signaling, perhaps owing to the excessive amounts of ATP

released by reactive astrocytes. This subsequently activates P2Y

purinoceptors mediating the cytosolic calcium signalling.132 Altered

extracellular calcium levels have been implicated in astroglial hyper-

activity. During augmented neuronal activity, extracellular calcium

decreases following activation of ionotropic glutamate receptor and

voltage gated calcium channels. Astrocytes sense and release ATP

in the extracellular medium.133 The elevated levels of extracellu-

lar ATP trigger astroglial calcium transients and may contribute to

AD-associated astroglial hyperactivity. This further underscores the

importance of astrocytes as therapeutic targets in AD.

Calcineurin is a calcium/calmodulin-dependent protein phos-

phatase with high abundance in the CNS. Calcineurin can become

strongly induced in subsets of activated astrocytes under differ-

ent pathological conditions where it interacts extensively with the

NFATs. Blockade of the astrocytic CN/NFAT pathway in a rat model

of TBI using adeno-associated virus (AAV) vectors expressing the

astrocyte-specific promoter Gfa2 and the NFAT-inhibitory peptide

VIVIT ameliorated hippocampal synaptic functioning and plasticity.59

VIVIT treatment in 5xFAD mice led to increased expression of the

astrocytic glutamate transporter GLT-1 and to attenuated changes

in dendrite morphology, synaptic strength, and NMDAR-dependent

responses.134 Acute treatment of Tg2576 mice with the calcineurin

inhibitor FK506 improved memory function.135 The rationale for the

clinical development of calcineurin inhibition as a viable treatment

for AD emerges from the real-world showing individuals treated with

calcineurin inhibitors have a lower incidence of AD compared with the

general population.136,137

Astrocytes can sense numerous extracellular signals including

cytokines, growth factors, nucleotides, endothelins, or ephrins, that

activate various intracellular signaling pathways, such as the mitogen-

activated protein kinase, NF-κB, and the Janus kinase/signal trans-

ducer and activator of transcription (JAK/STAT) pathways. The

JAK/STAT3 pathway is likely a central player in the induction of astro-

cyte reactivity and is activated by cytokines and growth factors that

signal through the gp130 receptor. Activation of the JAK/STAT3 path-

way has been observed in reactive astrocytes in several conditions

of acute injury and in patients, mouse models of ALS, and in several

mouse and nonhuman primate models of AD and HD. Overexpres-

sion of suppressor of cytokine signaling 3, the endogenous inhibitor of

the JAK/STAT3 pathway in astrocytes in vivo, inhibited this pathway

and prevented astrocyte reactivity. JAK/STAT3 inhibitor decreased

microglial activation and increased the formation of mutant hunt-

ingtin (Htt) aggregates but did not affect neuronal death.138 Using cell

type-specific approaches in vivo, JAK2-STAT3 pathway was necessary

and sufficient for the induction and maintenance of astrocyte reac-

tivity in mouse models of AD. Modulation of JAK2-STAT3 pathway

by viral gene transfer in mouse astrocytes controlled several mor-

phological and molecular features of reactivity, resulting in reduced

Aβ deposition, improved spatial learning, and restoration of synaptic

deficits.139 JAK2-STAT3 cascade appears to be a master regulator of

astrocyte reactivity and its modulation offers new therapeutic venues

for neurodegenerative diseases including AD.

The current evidence discussed generally supports a role for astro-

cytes throughout the neurodegenerative disease continuum (Figure 3).

In the normal homeoststic stage there is an equilibrium between

the pro and anti-inflammatory phenotypes of astrocytes. Accumula-

tion of proteins thought be toxic, for example, Aβ, α-synuclein, tau
may provide the stimulus for astroglial activation. In the prodromal

stage, reactive and neuroprotective phenotypes for astrocytes, may be

observed with a shift in equilibrium towards an initial increase in anti-

inflammatory cytokines. With the advancing pathology as observed in

neurodegenerative diseases, astroglial dysregulation results in loss of

the neuroprotective function and a gain of toxic function by astrocytes

resulting an increase in proinflammatory cytokines . Therapeutic mod-

ulation to promote the astroglial anti-inflammatory phenotype may be

required during the prodromal stages of the disease, while drugs sup-

pressing the astroglial pro-inflammatory phenotype may be required

towards later stages of the disease.

15 CONCLUSION

The evidence reviewed suggests that astroglial-mediated inflam-

mation demonstrate both beneficial and detrimental properties.

Classification of A1 and A2 is over simplistic as their function extends

beyond pro- and anti-inflammatory properties. The astrocytes are
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heterogeneous and dynamic, and their activation varies based on

different pathological contexts and during disease trajectory. The

astroglial response is dependent on individual susceptibility and

influenced by prior astroglial priming. Selective modulation (promo-

tion) of anti-inflammatory phenotype in the early stage and selective

modulation (inhibition) of proinflammatory phenotype may need to be

deployed in the early and late-stage neurodegenerative diseases. This

may have to be in combination with strategies targeting neuroinflam-

mation in addition to inhibiting the aggregation and pathogenicity of

β-pleated sheet structures.
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