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ABSTRACT
Astrocytes are the most abundant cells in the brain. Astrocytes take part in the absorption and 
recycling of neurotransmitters, inflammation, neuroenergetics, the release of gliotransmitters, 
the regulation of synaptic activity, the maintenance of the blood-brain barrier, and other 
processes. Astrocytes help to keep the central nervous system healthy and functioning properly. 
These cells are linked to the onset and progression of various neurodegenerative diseases. Recent 
research has revealed that these cells play a variety of active roles in both normal physiological 
homeostasis in the brain and neurodegeneration and disease. Astrocytes play a role in nervous 
system functions and the pathogenesis of Alzheimer's disease, Parkinson's disease, Huntington's 
disease, and amyotrophic lateral sclerosis. This review sheds light on the role of astrocytes 
in neuronal function and their mechanisms in synaptic transmission. We also summarized 
astrocytes' roles in various neurological diseases.

Keywords: Astrocytes, Alzheimer’s disease, Multiple sclerosis, Neurodegeneration, Parkinson’s 
disease.

INTRODUCTION

Astrocytes are the most common type of cell in the central nervous 
system. Astrocytes are important in synaptic transmission 
and information processing through neural circuit functions. 
Astrocytes also influence neural precursors in the adult Central 
Nervous System (CNS).1,2 These cells maintain CNS homeostasis 
by synthesizing glycogen and supplying energy substrates to 
neurons. Astrocytes have an electrically non-excitable membrane 
potential (Vm) of around -80 mV at rest. Gap junctions are the 
specialized sections of adjacent cell membranes punctured by 
hundreds of intercellular channels that integrate astrocytes into 
the cellular networks (syncytia) of the CNS. Astroglial syncytia 
are separated physically within various anatomical regions of the 
mammalian CNS. Astroglial syncytia lives in individual barrels 
in the sensory cortex and individual glomeruli in the olfactory 
bulb.3,4 Carl Ludwig proposed that the astrocytes are involved in 
controlling information flow in the brain. The astroglial process 
regulates synaptic transmission through swelling and shrinking. 
Cajal proposed the role of astrocytes in the brain vasculature 

and the facilitation of functional hyperemia. The astroglial 
perivascular process regulates blood flow by increasing or 
decreasing the diameter of brain capillaries. Figure 1 represents 
various functions of astrocytes in the healthy CNS.

Physiology of Astrocytes
Astrocytes are excitable cells and communication elements that 
do not create action potentials. In gliotransmission, astrocytes 
are activated by internal or external impulses and deliver 
specialized messages to neighbouring cells.6 Astrocytes are the 
main element of the homeostatic system and control all aspects 
of metabolic support, nutrition, ion control, neurotransmitter 
atmosphere, Blood Brain Barrier (BBB) regulation, and CNS 
defense.7 Astrocytes have a diverse set of signaling pathways 
and trans-cellular communication via gap junctions. Astrocytes 
release gliotransmitters via multiple regulated pathways. This 
complex signaling mechanism may include astrocytes in 
information processing procedures in the CNS. This makes 
astrocytes an essential component in creating higher cognitive 
capabilities in the brain.

The human brain has various types of astrocytes, one of which 
is protoplasmic astrocytes. These astrocytes are predominantly 
found in the grey matter of the brain and spinal cord (Figure 2a). 
Fibrous astrocytes are present in the cerebral cortex and white 
matter of the spinal cord, as well as in the optic nerve and retinal 
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nerve fiber layer (Figure 2b). The presence of surface-associated 
astrocytes is observed in some regions of the brain, including the 
posterior prefrontal and amygdaloid cortex. These astrocytes are 
characterized by their connection to the cortical surface.8 Velate 
astrocytes are a type of astrocyte that can be found in the brain. 
The astrocytes in the arcuate nucleus of the hypothalamus, which 
contain a significant amount of iron, exhibit positive staining 
when subjected to Gomori's chrome-alum hematoxylin staining 
technique. Perivascular astrocytes are located in close proximity 
to the pia mater, where they form many endfeet that surround 
blood vessels.9

Physiology of Astrocyte Membrane

The concentrations of cytosolic and extracellular ions differ 
in astrocytes from those in other living cells. Cytosolic ion 
concentration is related to membrane permeability and 
energy-dependent active transport. A high concentration of 
Cl- ions (30 mM-60 mM) is assumed in astrocytes. The most 
distinctive electrophysiological feature of adult astrocytes is 
their hyperpolarized resting potential (about 80 mV) and low 
input resistance (520 M). These electrophysiological features 
indicate strong resting membrane permeability for K+. Despite 
their physical differences, astrocytes exhibit electrophysiological 
properties similar to hyperpolarized membrane potential and 
a preference for passive K+ permeability.11,12 The electrodriving 
force for multiple membrane transporters is defined by the 
negative and steady potential of astrocytes in their resting state. 
This determines their homeostatic capacities.

Receptors in Astrocytes

Astrocytes can express nearly every receptor identified in the CNS, 
allowing them to observe the neurochemical landscape of nerve 
tissue.13 Gamma-Aminobutyric Acid (GABA) or Acetylcholine 
(ACh) iontophoretic injections cause depolarization of glial cells. 
This could be due to the regulation of the membrane ion pump. The 
functional expression of glutamate, glycine receptors, and GABA 
has been established in direct electrophysiological recordings 
from cultured astrocytes free of neuronal contamination. Several 
receptors, such as glutamate, purinoreceptors, GABA, glycine, 
adenosine, muscarinic, adrenergic, serotonin, histamine, etc. 
have been reported.14,15 The neurotransmitter receptor modalities 
expressed by astroglia are similar to those expressed by their 
neuronal neighbours and are most likely influenced by the local 
neurotransmitter environment.16,17

Association of Astrocytes with Ion Channels

K+ release-related depolarization can be used by astrocytes to 
detect neuronal activation. Gap junctions connect astrocytes 
to nearby astrocytes, allowing ions and tiny molecules to flow 
between them.18,19 Adenosine Triphosphate (ATP) binding to the 
P2X7 receptor is largely responsible for Ca2+ waves. By initiating 
the release of nutrients and controlling blood flow, these Ca2+ 

waves control neighbouring neuronal activity.20,21 Depending on 
the specificity of the brain area, subtypes of astrocytes such as 
protoplasmic and fibrous astrocytes, ependymal glia, bergmann 
glia, marginal glia, radial glia, perivascular glia, and tanycytes 
have been reported in adult mice.8 Human astrocytes are more 
complex than rodent astrocytes. Human astrocytes, viz., glial 
fibrillary acidic proteins, are larger and more complicated than 
their rodent counterparts. Human astrocytes have superior Ca2+ 
responses, a higher Ca2+ velocity wave, and more connections 
with the surrounding cells.9 In the human cortex, the astrocyte-to-
neuron ratio is 1.65, while in rodents it is 0.35. The brain becomes 
more complex and larger if it has a higher astrocyte-to-neuron 
ratio.22,23

Voltage Gated Ca2+ Signal Role of Astrocytes

In the cell membrane, astrocyte Ca2+ channels can be responsible 
for intracellular Ca2+ influx. Voltage Gated Calcium Channel 
(VGCC) is composed of 1-subunits that interact with modulatory 
accessory subunits (different β- and α 2δ-subunit isoforms) to 
form a hetero-oligomeric complex.24,25 Separate genes encode 10 
α1-subunits with different properties, and different expressions 
throughout the tissues have been reported. VGCC has two 
main groups: (i) high-voltage-operated Ca2+ channels, and 
(ii) low-voltage-activated channels.26-28 Throughout the brain, 
astrocytes enclose tiny arterioles and capillaries to generate 
connections between the terminals of astrocyte processes and 
the basal lamina that surrounds endothelial cells. Astrocyte 
hypertrophy is characterized by enlargement of astrocyte 
size and variations in morphology. It commonly occurs in 
neuroinflammatory illnesses.29,30

Active synapses release glutamate, which can attach to astrocyte 
G protein-coupled receptors. High extracellular K+ causes 

Figure 1:  Representation of astrocytes functions in healthy CNS. Re-drawn 
with permission from Sofroniew and Vinters.5 Copyright© 2009, The Author(s) 

and Springer Nature.
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depolarization of astrocytes, resulting in an increase in the 
frequency of Ca2+ events via VGCC activation in cultured 
astrocytes. Reactive astrocytes release inflammatory cytokines, 
viz., Tumor Necrosis Factor alpha (TNFα) and Prostaglandin E2 
(PGE2 through activated B cell’s kappa-light-chain-enhancer) 
(NF-κB) signaling.31,32 During CNS injury, astrocytes stimulate 
TNFα, PGE2, ATP, glutamate, and D-serine release, in addition 
to intense cytosolic Ca2+ waves.33

Role of Big Conductance K+ (BK) Channels in 
Astrocytes

Presynaptic astrocytes control the K+ ion's homeostasis and the 
regulation of extracellular Ca2+. VGCCs are spatially close to 
BK channels and have direct physical interactions with them. 
BK channels become activated at a membrane potential of 
zero mV at ≥10 μM Ca2+ concentration.34 In both excitable and 
non-excitable cells, BK and Ca2+ channels can form complexes 
to reduce energy expenditure and fine-tune Ca2+ regulation.35 In 
the mouse brain, dilation and constriction of arterioles through 
BK channels depend upon astrocytic endfoot Ca2+ levels.36 A 
moderate increase in this level causes dilation (300-400 nm); a 
large increase (>700 nM) causes constriction. K+ releases into the 
perivascular space due to the activation of astrocytic BK channels 
by astrocytic end foot Ca2+.37 Extracellular K+ ions are required 
for rapid dilation and constriction. In the rat brain, co-expression 
of BK channels with Aquaporin-4 (AQP4) water channels affects 
BK channels in the redistribution of K+ and cerebral blood flow 
regulation.38 Thus, the tone of cerebral vessels and flow of blood 
are influenced by BK channel activation in astrocytes mediated 
by calcium.

Ion Channel Homeostasis in Neurodegeneration

The optimal operation of these entities is crucial for the 
preservation of the intricate equilibrium of ions and the 
facilitation of effective transmission of electrical impulses. 
Neurodegeneration has been linked to ion channel dysregulation, 

highlighting the need to understand their complex role in disease 
development. Understanding ion channel homeostasis can lead 
to new neurodegenerative disease treatments and better lifestyles 
for those affected. Ion channel homeostasis defects can result 
from genetic mutations, environmental conditions, or aging.39 
Disrupted ion channel balance can cause excessive or inadequate 
ion flow, altering electrical impulses and neuron communication. 
This disturbance causes neuronal malfunction, oxidative stress, 
inflammation, and degeneration. Decoding neurodegenerative 
pathways requires understanding ion channel homeostasis.40 
Targeting ion channels and their regulatory processes may allow 
novel therapies to restore balance and delay neurodegenerative 
disease development. Ion channels allow sodium, potassium, 
calcium, and chloride to flow in and out of neurons via specialized 
proteins on the cell membrane. The precise equilibrium of ion 
mobility plays a pivotal role in the optimal operation of neurons, 
as it governs a range of cellular mechanisms, such as electrical 
signaling and synaptic transmission. However, dysregulated 
ion channels can harm neurons and cause neurodegenerative 
disorders. Abnormalities in ion channel homeostasis have 
been observed in AD, Parkinson's disease (PD), Huntington's 
disease, and amyotrophic lateral sclerosis.41 Disrupted calcium 
homeostasis in AD can impair neuronal transmission and cause 
amyloid plaques and neurofibrillary tangles. Mutations in ion 
channel genes cause dopaminergic neurons to malfunction 
in Parkinson's disease, causing movement symptoms. The 
mechanisms of ion channel deregulation in neurodegenerative 
disorders are complex and require multidisciplinary research.42 
The complicated relationships between ion channel homeostasis 
and neurodegeneration will hopefully help scientists find new 
therapeutic targets and develop techniques that reduce the 
progression of these fatal conditions.

Astrocytes Contribution in Neuronal Functions

Along with regulating blood flow, astrocytes are involved 
in mitochondrial transmission to neurons and provide the 

Figure 2:  Fibrous and protoplasmic astrocytes in the central nervous system: (a) contact of fibrous astrocytes with blood veins and axons in 
the white matter (b) contact of protoplasmic astrocytes with blood veins and synapses in the gray matter. Re-drawn with permission from 

Kim et al.10 Copyright© 2019, The Author(s) and MDPI.
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building blocks for neurotransmitters, which are used to power 
neuronal metabolism.43-45 Moreover, astrocytes are involved in 
phagocytosing synapses, altering neurotropin secretion, and 
clearing debris.46,47 Throughout development, astrocytes and 
neuronal crosstalk appear to begin, gliogenesis and synaptogenesis 
occur concurrently in the brain, and glial cell development 
signals the end of the synaptogenic and neuroplastic phases.48 In 
addition to astrocytic neuron cooperation, the astrocytic process 
overlaps with the nearby astrocytes.49 When these astrocytes 
establish gap junctions, the functional network forms, resulting 
in highly ordered anatomical regions.50 Concerning the CNS 
injury, astrocytes become reactive. The reactive astrocytes have 
heterogeneity, which divides them into two classes (A1 and A2 
reactive astrocytes) and results in gene expression alteration, 
cell hypertrophy, and glial scar formation.51 NF-κB pathway that 
controls A1 astrocytes also affects the neurovascular component.52 
On the other hand, the scar-producing astrocytes (A2-reactive) 
enclose the damaged BBB through glial scar formation.

A1-type astrocytes express more genes that are harmful to 
synapses during neuroinflammation. A2-type astrocytes enhance 
the production of genes that are helpful to the growth and 
survival of neurons during ischemia. Activated microglia cause 
A1-type astrocytes to grow by raising the levels of Interleukin-1 
(IL-1), TNFα, and C1q. The number of A1 astrocytes is increased 
in Alzheimer's disease (AD) and other neurodegenerative 
diseases. In neuro-inflammatory conditions, A1 astrocytes fail to 
promote astrocyte-neuron connections and become neurotoxic.53 
Neurotransmitters like ATP, glutamate, and D-serine are 
upregulated and released by astrocytes, influencing paracrine 
transmission among neurons, astrocytes, pericytes, microglia, 
and endothelial cells.54 Under physiologic conditions, interference 
between neurons and astrocytes plays an important role. It 
disrupts the interference between astrocytes, neurons, microglia, 
and endothelial cells, resulting in impaired neurodegeneration.55,56

Mechanism of Synapse Formation and Elimination 
by Astrocytes

Interactions between neurons and glia actively control brain 
homeostasis via correct synaptic plasticity and neurotransmission 
release. The tripartite synapse is related to the respective network 
of cells, including presynaptic neurons, postsynaptic neurons, 
and astrocytes.57 Astrocytes are responsible for the formation 
of synapses by constructing tripartite synapses. These synapses 
are multidomain glycoproteins present throughout the body 
and CNS. Tripartite Synapses (TSPs) are responsible for eliciting 
the cycling of synaptic vesicles. When TSPs are taken out of an 
astrocyte-conditioned medium for retinal ganglion cell cultures, 
synaptogenic activity goes down. In neurons, α 2δ-1 subunit of 
VGCCs binds to astrocytes generated from TSPs. It activates 
neuronal activities that lead to the development of synapses.58,59

Astrocytes might increase synaptic activity, altering the 
strength of synapses and influencing learning and memory. 
N-methyl-D-aspartate (NMDA) receptors can be activated 
by astrocytes releasing D-serine, an NMDAR co-agonist, in 
response to Ca2+.60 Phagocytic activity results in synapse removal 
and allows precise neuronal connection. Astrocytes use several 
Epidermal Growth Factors (EGF)-like (MEGF-10) domains to 
promote synaptic phagocytosis. Astrocytes identify apoptotic cells 
by detecting "eat-me" (phosphatidylserine) signals in the outer 
leaflet of the target plasma membrane or by coating the target 
with an opsonin. The intracellular protein engulfment adaptor 
phosphotyrosine binding domain is involved in MEGF-10-
mediated astrocytic phagocytosis. MEGF-10 leads to neuronal 
waste removal when astrocytes encapsulate the CNS synapses. 
Figure 3 represents the mechanism of formation and elimination 
of synapses by astrocytic signals.

Protein Aggregates Regulation Mediated by 
Astrocyte

The presence of β-Amyloid (Aβ) activates several signaling 
pathways in astrocytes. The asdvanced glycation end products 
receptors/NF-κB pathway that produces pro-inflammatory 
cytokines and chemokines is most important. IL-1, IL-6, TNFα, 
and inducible Nitric Oxide Synthase (iNOS) are examples of these 
cytokines.61 Astrocytes can generate Aβ, which causes oxidative 
stress, Reactive Oxygen Production (ROS), and nitrogen species. 
In the degradation of Aβ plaques, reactive astrocytes play a dual 
role. Reactive astrocytes' phagocytic activity in the physiology 
of amyloid may help in the assessment of defective synapses 
or synaptic debris, repairing neuronal circuits, and lowering 
the influence of inflammation in impaired neurons. Amyloid 
Precursor Protein (APP)/Presenilin1 (PS1) plaques engulf the 
axonal connections in the hippocampus of mice and AD patients.62 
Extracellular monomeric and oligomeric Aβ endocytosis are 
carried out by astrocytes via actin polymerization.63 Because of 
incomplete digestion, Transgenic (Tg)-ArcSwe mouse astrocytes, 
which have a lot of Aβ protofibrils, have a lot of toxic, partially 
shortened Aβ inside the cell and severe lysosomal dysfunction.64 

Dysmetabolism and Dysfunction of Astrocytes in 
Neurodegeneration
Dysmetabolism of Astrocytes of Neurodegeneration

Astrocytes are a type of glial cell in the CNS that plays a critical 
role in supporting and maintaining the functions of neurons. 
Dysmetabolism refers to an abnormality in the metabolic processes 
of cells, which can have detrimental effects on their normal 
functions.10 In the context of neurodegeneration, dysmetabolism 
of astrocytes has been implicated in the progression of various 
neurodegenerative disorders, including amyotrophic lateral 
sclerosis, Parkinson's disease, and AD.65 Astrocytes are involved 
in numerous metabolic processes in the brain, including the 
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regulation of glucose metabolism, neurotransmitter uptake 
and recycling, antioxidant defense, and maintenance of the 
blood-brain barrier.66 Dysfunction in these metabolic processes 
can disrupt normal brain function and contribute to the 
development and progression of neurodegenerative diseases.67 
In neurodegenerative disorders like AD, Parkinson’s disease etc. 
dysmetabolism of astrocytes can manifest in several ways:

Impaired Glucose Metabolism

Astrocytes are responsible for taking up and metabolizing 
glucose in the brain through a process known as glycolysis.68 In 
Alzheimer's disease, for example, there is evidence of reduced 
glucose metabolism in astrocytes, which may contribute to 
energy deficits in neurons and neuronal dysfunction.69

Mitochondrial Dysfunction

Astrocytes heavily rely on mitochondrial function to meet their 
energy demands. Impaired mitochondrial function in astrocytes 
can lead to reduced ATP production and energy deficits, 
which can impact their supportive functions and contribute to 
neurodegenerative processes.70

Impaired Glutamate and Neurotransmitter Handling

Astrocytes are involved in the uptake and recycling of 
neurotransmitters, including glutamate, which is a major 
excitatory neurotransmitter in the brain.71 Dysfunctional 
astrocytes may exhibit impaired glutamate uptake and 
recycling, leading to increased extracellular glutamate levels 
and excitotoxicity, which can contribute to neuronal damage in 
neurodegenerative diseases.72

Oxidative Stress and Inflammation

Dysmetabolism in astrocytes can lead to increased production of 
ROS and oxidative stress. Elevated ROS levels can cause damage to 
cellular components and trigger inflammatory responses, leading 
to further disruption of astrocyte function and neurodegenerative 
processes.73

Dysfunction of Astrocytes in Neurodegeneration

The dysfunction of astrocytes has been found in several 
neurological disorders, including amyotrophic lateral sclerosis, 
Alzheimer's disease, Parkinson's disease, and Huntington's 
disease.74 There are several significant aspects that contribute to 
the dysfunction of astrocytes in neurodegenerative disorders.

Reactive Astrogliosis

Reactive astrogliosis refers to the response of astrocytes in the 
brain to pathogenic alterations, wherein these cells undergo a 
series of morphological and functional modifications.75 Although 
the primary purpose of astrogliosis is to safeguard neurons 
and facilitate their repair, prolonged or excessive astrogliosis 
can potentially contribute to the process of neurodegeneration. 
Reactive astrocytes have the potential to display hypertrophy, 
modified gene expression, and atypical secretion of inflammatory 
chemicals.76

Impaired Glutamate Handling

Astrocytes play a crucial role in the regulation of glutamate 
levels inside synapses, facilitating the removal of excessive 
glutamate to maintain optimal neurotransmission and prevent 
excitotoxicity.77 Astrocytes in neurodegenerative disorders may 
have compromised functionality in the uptake and clearance of 
glutamate, leading to elevated levels of extracellular glutamate. 
This elevation has the potential to adversely affect neuronal 
health.

Disrupted Calcium Homeostasis

Astrocytes are essential in the regulation of calcium homeostasis 
within the brain, ensuring its proper balance.78 Astrocytes 
that are dysfunctional have the potential to display abnormal 
calcium signaling, resulting in disruptions in the regulation 
of intracellular calcium concentrations. The dysregulation of 
calcium in astrocytes has the potential to impact their supporting 
functions, interfere with neuronal communication, and play a 
role in the development of neurodegenerative conditions.79

Figure 3: Astrocytic signals promote formation and elimination of synapse. Neurons forming less synaptic neurotransmitter vesicle without 
astrocytes. Astrocytes promotes maturation of pre and postsynaptic synapse elements. Upregulation of complement component C1q 

expression in neurons by reactive astrocytes, leads to elimination by astrocyte mediated phagocytosis. Re-drawn with permission from Kim 
et al.10 Copyright© 2019, The Author(s) and MDPI.
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Mitochondrial Dysfunction

Astrocytes exhibit elevated energy requirements, and any 
impairment in mitochondrial activity might detrimentally affect 
their metabolic capabilities. The presence of faulty mitochondria 
within astrocytes has the potential to result in a decrease in 
Adenosine Triphosphate (ATP) synthesis, an increase in oxidative 
stress, and a disruption of the antioxidant defense mechanisms. 
These factors collectively contribute to the malfunctioning of 
astrocytes and the subsequent development of neurodegenerative 
conditions.80

Altered Neurotrophic Support

Astrocytes provide neurotrophic support to neurons by 
secreting growth factors and promoting neuronal survival.81 In 
neurodegenerative diseases, dysfunctional astrocytes may fail 
to provide adequate neurotrophic support, leading to neuronal 
vulnerability and degeneration.82

Inflammatory Responses

Astrocytes are involved in immune responses in the brain and 
can release pro-inflammatory cytokines and chemokines.83 In 
neurodegenerative diseases, activated astrocytes may produce 
excessive inflammatory molecules, contributing to chronic 
neuroinflammation, which can exacerbate neuronal damage.84

Function of Astrocytes in Neurodegeneration

Neurodegenerative diseases show dysregulation of Ca2+ 
homeostasis due to excitotoxicity, disturbance of energy 
metabolism, oxidative stress, and altered Ca2+ regulating 
mechanisms in cells. Astrocytes are important in the development 
of the nervous system. Tenascin C and proteoglycans that are 
generated from astrocytes guide the development of axons. 
Astrocytes play an important role in synaptogenesis. Astrocytes 
play critical roles in the formation, maintenance, and destruction 
of synapses. Astrocytes are also important for neurotransmitter 
generation and control, the fabrication of antioxidants, the 
uptake of potassium, the metabolism of energy, and the coupling 
of nervous tissues. In both normal and pathological settings, 
astrocytes control neuronal activity by absorbing extracellular 
potassium and ensuring the maintenance of ion gradients, 
such as potassium, as a crucial mechanism for regulating cell 
volume. Astrocytes relate cerebral blood flow to neuronal energy 
requirements by releasing vasoactive chemicals like prostanoids. 
In response to neuronal activity, astrocytes provide essential 
metabolites like lactate to neurons. Astrocytes are necessary for 
neuronal survival. Astrocyte dysfunction can be a major cause of 
neurodegeneration. Hepatic encephalopathy, a neuropsychiatric 
condition resulting from liver disease, represents a potential 
scenario in which dysfunctional astrocytes may play a significant 
role in the development of neurological disorders. Astrocytic 
glutamine synthase plays a crucial role in the detoxification of 

elevated amounts of ammonia in the brain, which can arise as a 
result of acute or chronic liver disease.

Synaptic Function Control

By creating synaptically active molecules known as 
gliotransmitters, astrocytes play a direct role in synaptic 
transmission. Astrocytes release these chemicals in response to 
neuronal synaptic activity that stimulates astrocytes, resulting 
in Ca2+ waves and neuronal excitability. Astrocytes secrete 
gliotransmitters by lysosomal exocytosis. These lysosomes release 
ATP. This ATP blockage inhibits calcium propagation to adjacent 
astrocytes. The release of ATP by astrocytes regulates synaptic 
transmission and plasticity.

Control of Blood Flow

Astrocytes control the flow of blood reaching the nervous system. 
Changes in cerebral microcirculation affect neuronal activity.85 In 
astrocytes, neuron signals create calcium waves, which release 
prostaglandins and nitric acid with dilation or constriction.86,87

CNS Energy and Metabolism

Astrocytes absorb glucose from the bloodstream and deliver it 
to neurons as an energy compound.5 Astrocytes are made of 
granules of glycogen in the CNS. These granules are present in 
ample amounts during the highest synaptic activity.88 Glutamate 
modifies glycogen levels, and these glucose metabolites are 
transmitted to astrocytes by gap junctions.

Control of Circadian Rhythm

By communicating with neurons via adenosine, astrocytes 
contribute to sleep homeostasis and the sleep deficiency effect.89-91

Metabolism and Secretion of Lipids

The brain, as a vital organ of the body, has the highest amount 
of cholesterol. Changes in cholesterol metabolism lead to the 
development of neurological disorders like AD. Cholesterol 
levels are regulated in neurons and glial cells.92,93 Instead of the 
blood, glial cells like astrocytes are responsible for producing 
lipids like cholesterol. In the CNS, LDL receptors are associated 
with signal transmission for lipoprotein ligand binding, which 
stimulates axonal growth and results in synaptogenesis.94 Many 
essential functions due to astrocyte-produced lipids may affect 
CNS homeostasis.

Neuromodulation by Astrocytes

Astrocytes, a specific type of glial cell, play a crucial role in 
maintaining and regulating neuronal activity within the central 
nervous system. Neuromodulation refers to the manipulation or 
regulation of neuronal activity and neural networks using various 
techniques. While neurons have long been associated with 
neuromodulation, recent research suggests that astrocytes may 
play a significant role in this process.95 The interaction between 
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astrocytes and neurons, referred to as "gliotransmission," has 
been widely acknowledged as a method via which astrocytes 
might affect synaptic transmission. During the process of 
gliotransmission, astrocytes are responsible for the release of a 
diverse range of signaling molecules, such as neurotransmitters 
and other substances. These released molecules have the potential 
to exert an influence on neighboring neurons.96 This process may 
lead to alterations in the strength of synapses and overall activity 
within the network. Astrocyte has the capability to modulate 
brain function by regulating the levels of extracellular ions and 
neurotransmitters. These substances assist in maintaining optimal 
levels of ions such as potassium and neurotransmitters like 
glutamate, both of which are essential for proper brain function. 
Disruptions in these regulatory systems can have a profound 
influence on synaptic transmission and neuronal excitability. The 
ability of astrocytes to respond to alterations in neuronal activity 
through the release of several signaling molecules, including 
cytokines, growth factors, and chemokines, can also lead to 
neuromodulation. The potential influence of these substances on 
adjacent neurons and glial cells could potentially affect the overall 
functioning and adaptability of the entire network.10 Astrocytes 
have been increasingly recognized in recent research for their 
involvement in several neurological disorders, such as epilepsy, 
Alzheimer's disease, and depression. Dysfunctional interactions 
between astrocytes and neurons can give rise to the emergence 
and progression of these illnesses. The role of astrocytes in 
neuromodulation can be signified by:

Regulation of Synaptic Transmission

Astrocytes can actively regulate synaptic transmission by 
controlling the levels of neurotransmitters in the synaptic 
cleft.97 They express neurotransmitter transporters, such as 
glutamate transporters, which remove excess neurotransmitters 
from the extracellular space, preventing their accumulation 
and maintaining optimal neurotransmitter levels. By regulating 
neurotransmitter availability, astrocytes can modulate synaptic 
strength and neuronal excitability.98

Release of Gliotransmitters

Astrocytes can release signaling molecules known as 
gliotransmitters in response to neuronal activity or specific 
stimuli. Gliotransmitters, including glutamate, ATP, D-serine, 
and various others, can act on neighboring neurons and modulate 
synaptic transmission. An instance of astrocytic glutamate 
release has the potential to stimulate presynaptic receptors, hence 
regulating the release of neurotransmitters. This process has a 
direct impact on synaptic plasticity and the overall activity of 
neuronal networks.99

Calcium Signalling

The phenomenon of calcium signaling in astrocytes is 
characterized by intricate dynamics, wherein alterations in 

the levels of calcium ions within the cell play a pivotal part in 
facilitating their neuromodulatory capabilities. The propagation 
of calcium signals in astrocytic networks and their subsequent 
impact on neighboring astrocytes and neurons can be attributed 
to neuronal activity or the release of neurotransmitters. The 
regulation of gliotransmitter release and modulation of synaptic 
activity can be achieved by calcium signaling in astrocytes.100

Metabolic Support

Astrocytes are crucial in facilitating metabolic support for 
neurons. Glucose is internalized and subsequently transformed 
into lactate, which can function as a viable energy source for 
neuronal cells. Astrocytes exert an indirect influence on neuronal 
activity and synaptic function by supplying neurons with 
metabolites that are rich in energy, so contributing to the process 
of neuromodulation.101

Regulation of Neurovascular Coupling

The regulation of neurovascular coupling involves the close 
association between astrocytes and blood vessels in the brain, 
as well as their active involvement in coordinating neuronal 
activity and local blood flow.102 Astrocytes possess the capability 
to perceive alterations in neuronal activity and instigate 
signaling cascades, which subsequently result in the dilatation or 
constriction of blood vessels, thereby modulating the blood flow 
to accommodate the metabolic demands of active neurons.103

Reactive Astrogliosis-Neurotoxic and 
Neuroprotective Processes

The astrocytes' response to CNS injury is referred to as reactive 
astrogliosis. It is related to the alteration in astrocytes at 
functional, cellular, and molecular levels due to damage and CNS 
diseases.104 Reactive gliosis includes everything from hypertrophy 
to proliferation and migration, which is a multi-staged response. 
Extracellular compounds released by reactive astrocytes include 
inflammatory modulators, chemokines, and cytokines, as well as 
different neurotrophic factors. Neuroprotective factors such as 
cytokines, transforming growth factor-β, and others are among 
these.105,106

The glial scar assists in the isolation of the injured area and 
prevents harm from spreading by limiting inflammatory cell 
infiltration. Although neurite growth can be inhibited by the 
chemicals produced by reactive scar-forming astrocytes.107,108 
Glial scar formation comprises tissue reorganization as well as 
long-term structural alterations that persist when the triggering 
stimulus is no longer present. Reactive astrocytes perform a 
variety of functions, including CNS cell protection by capturing 
potentially excitotoxic glutamate, glutathione release to combat 
oxidative stress, β-amyloid peptide degradation, and BBB 
repair.109-111 These also limit inflammatory cells and the diffusion 
of infectious agents.112-114
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Alzheimer’s Disease

AD is a progressive brain disorder that gradually debilitates 
memory and thinking skills and eventually diminishes a person’s 
ability to carry out routine tasks. Clinically, AD is defined as 
cognitive impairment in two or more domains, such as memory, 
language, arithmetic, orientation, and judgement. The impairment 
must be severe enough to cause social or occupational incapacity.

Astrocytes in Alzheimer’s Disease

It is a leading cause of dementia.115 Astrocytes are crucial in 
Aβ-peptide (amyloid-β) clearance, which prevents plaque 
formation. Higher Aβ concentrations lead to neurofibrillary 
tangle formation, which results in severe synaptic and neuronal 
loss.116-118 On the other hand, peptides decrease the uptake of 
glutamate in astrocytes, which increases oxidative stress and 
activates the protein kinase cascade that mitogens activate. 
Pro-inflammatory cytokine levels are enhanced in the brain of 
AD patients by reactive astrocytes that respond to interleukin 6, 
interleukin 1β, and TNFα.119,120

During the progression of AD, astrocytes release feed-forward 
signals that stimulate other CNS cells to interact with neurons 
and microglia, contributing to the complex chain of events that 
ultimately results in neurodegeneration. Reactive astrocytes may 
play both protective and harmful roles in AD; atrophic astrocytes 
may lose their homeostatic capabilities. The role of astrocytes in 
β-amyloid breakdown and clearance influences AD progression 
(Figure 4).

Astrocytes are associated with the amyloid plaque in the cerebral 
cortex layer. Human amyloid may stimulate astrocytes, implying 
a link between the protein and astrocyte function modification. 
Neurodegeneration may lead to the accumulation of amyloid 
material derived from astrocytes. Due to the accumulation of 
these fragments, the astrocytes themselves may undergo cell 
death, which results in the formation of GFAP+ amyloid plaques. 
Astrocytes treated with Aβ improve the calcium-signaling 
waves in the middle of these cells. Calcium fluctuations occur in 
AD-expressing cells at lower levels of ATP and glutamate, which 
may not contribute to the death of neurons.

The involvement of genes conveyed by glial cells (such as 
oligodendrocytes, astrocytes, and/or microglia) is primarily 
responsible for AD.17 Apolipoprotein E (APOE) is a critical 
genetic risk factor for late-onset AD. It causes β-amyloid 
deposition in the brain in healthy people.122-125 Clusterin and 
Fermitin family member 2, two more genes linked to AD, are 
also primarily produced by astrocytes.126-128 Reactive astrogliosis 
is commonly associated with AD. It can happen even before the 
formation of β-amyloid plaques, indicating the role of astrocytes 
in the etiology of AD. Morphological findings in the postmortem 
brains of AD patients revealed a strong relationship between 
β-amyloid and astrocyte deposition. When astrocytes are linked 
with senile plaques, they undergo morphological hypertrophy, 
as evidenced by thicker processes and enhanced production of 
GFAP (intermediate filament proteins), vimentin, nestin, and 
synemin.129,130

Figure 4:  Representation of astrocyte’s role in Alzheimer’s disease. Image concept adopted from Preman et al.121 Copyright© 2021, the 
author(s) and MDPI.
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The brain of AD patients and AD mouse models have shown the 
presence of reactive astrocytes. Astrogliosis in AD, induced by 
pathological signals, could link damaged cells. Ca2+ release from the 
endoplasmic reticulum mediates β-amyloid-induced astrogliotic 
remodeling, which inhibits astrocytic reactivity. Astrocytes 
undergo modest isomorphic gliosis in AD with no overlapping 
of their domains. It demonstrates a defensive astrocytic response. 
In AD mice, inhibiting astrogliosis worsens pathophysiology and 
β-amyloid accumulation. In reactive astrocytes, calcium dynamics 
in the domain of plaques are abnormal. Hyperactivity of astrocyte 
Ca2+ may stimulate the release of harmful substances, change 
neuron-glia communication, and cause synaptic transmission 
impairment.131-134 Postmortem brains of AD patients showed 
atrophic astrocytes in addition to significant astroglial reactivity. 
Precisely, severe disruption or complete disappearance of 
interlaminar astrocytes is the major characteristic of the human 
AD brain. Morphometric analysis of cells immunolabeled with 
antibodies against GFAP, S100, and GS showed that atrophic 
astrocytes are smaller and have thinner processes than GFAP, 
S100, and GS. In the presence of β-amyloid plaques in a mouse 
model, 3xTg-AD, atrophic astrocytes emerge in the Entorhinal 
Cortex (EC) after 1 month of life, and the atrophy lasts until 12 
months of age.135,136 Astroglial atrophy has been seen in mice with 
AD, such as PDAPP-J20 transgenic mice, 5xTG-AD mice, and 
Swiss 3 mice. When compared to normal cells, human astrocytes 
made from induced pluripotent stem cells (iPSC) in patients with 
familial and sporadic forms of AD show atrophic characteristics. 
Atrophy may result in the loss of astrocyte homeostatic functions, 
resulting in synaptic conditions, improved excitability, and/or 
degradation of the BBB. Neurodegenerative processes may harm 
astrocytes subsequent to clasmatodendrosis (described as distal 
fine process fragmentation and absence, as well as enlargement 
and vacuolation of the cell body).137-140

Astrocytes upregulate Amyloid Precursor Protein (APP) and 
beta-secretase 1 in a diseased brain. This could theoretically be 
involved in β-amyloid formation. However, there is no evidence 
that astrocytes are the primary generators of β-amyloid. Astrocytes 
play a major role in the clearance and elimination of β-amyloid 
by various mechanisms. Astrocytes take part in the glymaphatic 
system associated with the clearance of β-amyloid by expressing 
AQP4 water channels in their vascular end-feet. Astrocytes also 
produce β-amyloid degrading proteases, which disrupt peptides 
into minor pieces.141-143

Metalloendopeptidases like ECE1 and ECE2 
(endothelin-converting enzymes 1 and 2), insulin-degrading 
enzyme, and neprilysin are expressed in astrocytes and 
cause the breakdown of monomeric β-amyloid species. 
Matrix metalloproteinases MMP-2 and MMP-9 break down 
both fibrillar and single-stranded β-amyloid in astrocytes. 
Extracellular proteins produced by astrocytes such as APOE, 
α1-antichymotrypsin, ApoJ/Clusterin, and α2-macroglobulin 

(α2-M) mediate clearance of β-amyloid. These proteins, singly 
or in combination with receptors (LRP1 and very low density 
lipoprotein receptor) stimulate the passage of β-amyloid across 
the BBB.144,145

APOE4-expressing astrocytes in mice and humans are less 
effective at clearing β-amyloid than APOE3 expressing astrocytes. 
APOE regulates the seeding and clearance of β-amyloid. APOE4 
has a greater effect on seed development than APOE3. APOE 
influences plaque size and neuritic dystrophy. It does not 
influence the overall amyloid burden. APOE4 expression also 
causes pericyte degeneration, which facilitates BBB disintegration 
and APOE4 carrier damage.

Reactive astrocytes provide feedforward signals in AD by 
interacting with microglia and neurons, contributing to the 
neurodegenerative vicious cycle. In astrocytes, β-amyloid can 
trigger the NF-B pathway and produce C3 (a complement 
protein). β-amyloid phagocytosis modification occurs when C3 
binds to microglial receptor C3aR. Neuronal receptor C3aR and 
C3 binding impair dendritic shape and network function, which 
contribute to the etiology of AD.146 NF-κB and C3 cascades are 
stimulated in AD brains and AD mouse models. Microglia can 
activate astrocytes through the secretion of specific cytokines 
(IL-1α, TNFα, and C1q). Reactive astrocytes upregulate the 
expression of classic complement cascade genes, including C3, 
and lose their ability to support synapse growth and function, as 
well as phagocytoze synapses and myelin debris. C3-expressing 
astrocytes form about 60% of the astrocytes in the prefrontal 
cortex of Alzheimer's patients. These may play a role in neuronal 
degeneration.147,148 In AD, reactive astrocytes play an important 
role in shifting the excitation-inhibition balance via the secretion 
of GABA. Astrocytes do not significantly contribute to GABA 
synthesis in a normal brain. GABA is synthesized by astrocytes 
in AD via the putrescine-MAO-B pathway.121 Reactive astrocytes 
increase inhibition by secretion of GABA, which is probably a 
defensive response in contrast to neuronal hyperexcitability, 
which could result in AD progression universally. Increased 
MAO-B expression in astrocytes associated with AD leads to 
an increase in hydrogen peroxide generation, which can cause 
neuronal damage and death.149,150

AD progression also leads to deficiencies in metabolism 
and mitochondrial dysfunction. In AD brains, extensive 
transcriptomic and proteomic analyses have demonstrated 
a lack of mitochondrial bioenergetics. In the mouse brain, 
constant infusion of β-amyloid results in significant hydrogen 
peroxide enhancement, whereas β-amyloid contact with mouse 
astrocytes up-regulates superoxide dismutase and oxidative 
stress improvement.151 It has been found that astrocytes in the 
AD mouse model produce an abnormally high amount of H2O2. 
β-amyloid causes mitochondrial depolarization, leading to the 
disruption of Ca2+ homeostasis. Astrocytic mitochondria are 
clustered around homeostatic transport sites. These provide 
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energy to Na+/K+ ATPase, which accumulates neurotransmitters, 
the most prominent of which is glutamate. A lowered ATP 
supply affects glutamate removal and results in excitotoxicity. 
Human astrocytes with the APOE4 genotype display reduced 
mitochondrial dynamics and function. Through transmitophagy, 
astrocytes support neuronal mitochondrial recycling when 
transfer between damaged neuronal mitochondria and astrocytes 
occurs and is degraded.151-154 Furthermore, some evidence shows 
that the shuttling of astrocytic mitochondria into neurons aids 
neuronal bioenergetics, which precisely appears to enhance 
neuroprotection following stroke. Although neuronal-astrocytic 
transmitophagy provides neuroprotection in PD, it is unclear 
whether this process contributes to AD.

Astrocytes may contribute to the neuronal damage in human 
neurodegenerative disorders such as amyotrophic lateral 
sclerosis, PD, multiple sclerosis, and Huntington's disease. 
This indicates a direct role of these cells in neurodegeneration. 
Probably, astrocyte states and phenotypes vary between diseases 
and phases of the same disease. However, more investigations are 
needed to identify specific molecular pathways associated with 
precise phases of the disease.

Similarly, astrocytes can provide neuroprotection in various 
phases of AD. In response to β-amyloid, both astrogliosis and 
microgliosis enhance transforming growth factor β (TGF- β) 
secretion in glia, which in turn protects the β-amyloid toxicity 
of neurons and improves its clearance by microglia. β-amyloid 
plaques surrounding astrocytes in mice and AD patient brain 
show phagocytic activity by phagocytosing neuritic dystrophies. 
This suggests that astrocytes have a beneficial role in the aetiology 
of AD.155

AD is characterized by the accumulation of amyloid plaques 
outside cells and the formation of intraneuronal neurofibrillary 
tangles by modified tau. Mutations in PS1 and PS2 have been 
linked to the increased release of pathogenic amyloid from 
neurons. Tau is released by the neurons. Tau spreads when it is 
transferred from one set of neurons to another through synapses. 
The transcription of genes involved in the autophagic breakdown 
of tau is mediated by the transcription factor EB. Astrocytes, 
which express APP and beta-site APP-cleaving enzyme 1 
(BACE1), can take up and remove Aβ produced by neurons, but 
they can also create Aβ. TNFα and Interferon gamma (IFN-γ)-
induced increases in APP and BACE1 expression Red arrows 
showed an inhibitory effect.

Contribution of Astrocytes in Parkinson Disease

PD is described by dopaminergic neuron depletion in the 
substantia nigra and α-synuclein in a precise region of the 
brain stem, cortex, and spinal cord. It is a dopaminergic 
neurotransmission disruption in the basal ganglia. A reduction 
in dopaminergic neurons in the substantia nigra and cytoplasmic 
inclusions containing α-synuclein in residual dopaminergic 

neurons occur. Nonneuronal cells have neuropathological or 
neuroprotective activities in PD.156 Aggregation development 
(responsible for cell-autonomous neuronal death) is influenced 
by the neuronal type and α-synuclein species. Astrocytes soak up 
axon terminals that deliver α-synuclein and allow intercellular 
transport to accumulate α-synuclein in astrocytes. This 
clearance mechanism is presented by α-synuclein localization 
in the astrocyte compartment. Inclusive uptake fails to degrade 
α-synuclein oligomers due to lysosome overload, causing deposit 
formation and mitochondrial damage.

In the early stages of sickness, astroglial acceptance and clearance 
of toxic α-synuclein molecules represent a neuroprotective 
mechanism. The data suggest that when aggregate formation 
keeps going on, the function of astrocytes is hurt by problems 
with endolysosomal degradation pathways and mitochondria. 
As a result, in PD or other synucleinopathies, a pathological 
buildup of α-synuclein in astrocytes causes injury to astrocytes 
by inducing loss of physiologic function and an increase in toxic 
activity.157

Unbalanced astrocyte-specific activity of progressive PD genes 
like DJ-1 and parkin is the contributory element to astrocyte 
dysfunction in PD. Interference in astrocyte-specific processes 
emphasizes many ways in which astrocytes can help to preserve 
brain conditions after damage. The protection of neurons 
from astrocytes against stress inducers is harmed when DJ-1 is 
down-regulated in an astrocyte-neuron co-culture system.158 
Antioxidants may not reverse the death of neurons. Drugs 
inhibiting mitochondrial complex I show neuroprotection. The 
release of glutathione or the upregulation of astrocytic heme 
oxygenase do not promote neuroprotection in this system. Thus, 
DJ-1's participation in astrocyte-mediated neuroprotection is 
restricted to the mitochondrial complex-I mediated mechanism 
and is unrelated to the oxidative stress response.

Parkin is a gene associated with PD. Perkin mutations are 
responsible for autosomal recessive Parkinsonism. Astrocytes 
and neurons have different levels of parkin. In stressed astrocytes, 
parkin is upregulated and redistributed, signifying that parkin 
might have a precise and astrocyte-specific role. Parkin mutations 
resulted in astrocyte impairment, followed by the death of 
neurons.159,160 In PD, nitric oxide generation and glutathione 
depletion are similarly typical characteristics. Glutathione release 
is another way that astrocytes may protect neurons in a PD model. 
Glutathione formation increases when astrocytes are exposed to 
nitric oxide, and this high availability of glutathione by astrocytes 
could make neurons less sensitive to sensitive nitrogen strains. 
This pattern is followed in PD individuals with dopaminergic 
neurons in preserved areas holding glutathione-containing cells.

Astrocytes in Amyotrophic Lateral Syndrome

Amyotrophic Lateral Syndrome (ALS) is a progressive and 
serious disorder in which both upper and lower motor neurons of 
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the brain and spinal cord are dead, leading to muscle atrophy.161 
Multiple components of motor neuron cellular functioning are 
disrupted, and neuromuscular connections are destroyed. This 
has resulted in voluntary muscle paralysis. The fundamental 
pathogenic basis for ALS, as well as the precise insult that kills 
certain types of motor neurons, remain unknown. The astrocyte 
glutamate transporter EAAT2 is lost in both familial and 
sporadic ALS. Animal studies showed toxic effects such as loss 
of the EAAT2 transporter, which begins before the loss of motor 
neurons and is associated with reactive gliosis; transplanted ALS 
astrocytes generated reactive astrocytosis; the NMDA receptor 
coagonist d-serine has been hypothesized as a glia-derived 
enhancer of glutamate toxicity; and in ALS mice, the extent of 
d-serine and serine racemes, the enzyme generating d-serine, 
rises as the disease progresses, primarily in glia. Mitochondrial 
failure coupled with an increase in Reactive Oxygen Species 
(ROS) from ALS astrocytes is the hypothesized mechanism 
leading to neurotoxicity.162–164

IFN-α has been proposed to drive motor neuron-selective 
cell death through the activation of Lymphotoxin-Receptor 
(LT-R) by LIGHT as one of the multiple inflammatory 
mediators (prostaglandin D2, IFN-α, and TGF-α) implicated in 
astrocyte-neuron communication in ALS. IFN-α (treated human 
astrocytes are neurotoxic, most likely through a STAT3-dependent 
route.165,166 In human tissues and transgenic ALS models, there is 
abundant evidence that astroglial abnormalities and functional 
dysfunction occur before clinical illness. These variations include 
reactive astrocytosis (G85R), glutamate passage loss, and GLT1 
protein expression.

Multiple Sclerosis

Multiple sclerosis (MS) is a demyelinating inflammatory disease 
of the central nervous system in which glial cells play a crucial 
role. In multiple sclerosis plaques, astrocytes release IL-6 and 
lack-2 adrenergic receptors. It may act as an antigen-presenting 
cell, allow T cells to invade, and activate more easily. Repeatedly 
exposing astrocytes to inflammatory cytokines leads to 
uncontrolled inflammatory responses and elevated noradrenaline 
levels. This results in the formation of localized regions of myelin 
and axonal injury.

CONCLUSION

Astrocytes are required for the proper operation of the 
mammalian nervous system. The involvement of astrocytes in 
the pathophysiology of neurodegenerative diseases is most likely 
due to the loss of their normal homeostatic role and the onset of 
toxic functions in disease. In astrocytes, intracellular aggregates 
are observed in a variety of neurodegenerative disorders. 
The presence of these aggregates disrupts normal astrocytic 
functioning in a variety of ways, putting neuronal viability at 
risk. Astrocytes regulate K+ buffering, glutamate clearance, 

brain antioxidant defense, intimate metabolic interactions 
with neurons, and neuronal excitability control. Astrocytes are 
involved in both exacerbation of damage and neuroprotective 
mechanisms in various clinical conditions, including AD, PD, 
ALS, and MS. Astrocytic dysfunction is linked to the cause of 
neurodegenerative diseases. Because of this, changing the activity 
of astrocytes could be an effective therapeutic approach to treat 
several chronic CNS problems.
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